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ABSTRACT

The goal of this thesis is to present some new results and techniques related to the non-
linear steepest descent method for Riemann—Hilbert problems. The first application deals
with the long-time asymptotics of solutions to the Korteweg—de Vries equation with steplike
initial data. We discuss an ill-posedness of the associated matrix problem and construct the
necessary singular global parametrix solution in order to perform the asymptotic analysis.
This construction is then further explicated by formulating the global parametrix problem as
a scalar Riemann—Hilbert problem on the complex torus. This approach reduces the explicit
construction of the global parametrix solution to finding quasiperiodic meromorphic func-
tions with prescribed poles. We also present an alternative solution to the aforementioned
ill-posedness, which does not rely on the existence of a matrix solution and uses a vector
solution instead. This approach is based on Fredholm theory of singular integral operators
of Cauchy-type.

The second part of the thesis deals with local parametrix problems, which comprise
another class of auxiliary Riemann—Hilbert problems frequently appearing in the context of
the nonlinear steepest descent method. We discuss a novel approach, which granted certain
a priori estimates, makes these local problems superfluous. As an application we study the
Plancherel-Rotach asymptotics for a class of orthogonal polynomials on a finite interval. The
corresponding weight functions lack certain analytic continuation properties, which makes
the usual formulation of the local parametrix problems impossible. However, using our new
technique we are able to perform the nonlinear steepest descent analysis rigorously, without
relying on the formulation or solvability of any local parametrix problems.



ZUSAMMENFASSUNG

Das Ziel der vorliegenden Arbeit ist die Prisentation einiger neuen Resultate und Ver-
fahren im Zusammenhang mit der Deift—Zhou Methode fiir Riemann—Hilbert Probleme. Die
erste Anwendung beschéftigt sich mit der langzeit Asymptotik von Lésungen der Korteweg—
de Vries Gleichung mit stufenartiger Anfangsbedingung. Wir diskutieren das dazugehorige
Matrix Problem und konstruieren die notwendigerweise singulére globale Parametrix Losung.
Diese Konstruktion wird naher erlautert, indem das dazugehorige globale Parametrix Prob-
lem als ein Riemann—Hilbert Problem auf dem Torus formuliert wird. Diese Vorgehensweise
erlaubt es uns die explizite Konstruktion der globalen Parametrix Losung auf das Finden
von meromorphen quasiperiodischen Funktion mit vorgegebenen Polen zuriickzufiihren. Wir
prasentieren auch einen alternativen Zugang bei der auf eine Matrix Lésung zu ganze
verzichtet wird. Diese Methodik basiert auf der Fredholm Theorie fiir singulédre Integralop-
eratoren.

Der zweite Teil dieser Dissertation behandelt lokale Parametrix Probleme, welche eine
weitere Klasse von Riemann—Hilbert Problemen darstellen, die in Anwendungen héufiger
vorkommen. Wir diskutieren eine neue Angehensweise bei der, mit Hilfe von a priori
Schétzungen, diese Probleme {iberfliissig gemacht werden. Als Anwendung behandeln wir
die Plancherel-Rotach Asymptotik fiir eine bestimmte Klasse von orthogonalen Polynomen
auf einem endlichem Intervall. Die dazugehédrige Gewichtsfunktion kann dabei bestimmte
Regularitdtsbedingungen nicht erfiillen, was dazu fithrt, dass die géngige Formuliereng eines
lokalen Parametrix Problems unmoglich wird. Mit unserer neuen Methodik kénnen wir je-
doch diese Schwierigkeit umgehen und die Deift-Zhou Analyse rigoros angewenden, ohne
das lokale Parametrix Problem zu formulieren.



1. INTRODUCTION

1.1. Riemann—Hilbert problems. The term Riemann—Hilbert problem (R-H) was origi-
nally reserved for Hilbert’s twenty-first problem on his famous list of unsolved mathematical
problems, published at the turn of the centuries [47] E|In a nutshell, it asks whether any given
monodromy group of the fundamental group of a punctured Riemann sphere can be realized
as the monodromy group of a Fuchsian linear system. This problem has a fascinating his-
tory. A variation of Hilbert’s problem was solved affirmatively by Plemelj [70] in 1908 and
believed to be equivalent to the original version. However in 1989, Bolibruch [9], [10] found a
counterexample implying a negative solution to Hilbert’s twenty-first problem. We will not
go into more details on the early history of R-H problems or the monodromy problem for
Fuchsian systems, referring instead to [6]. Let us just mention that the Sokhotski—Plemelj
formula for singular Cauchy integrals, first shown by Sokhotski [76] and rediscovered by
Plemelj during his study of Hilbert’s twenty-first problem, remains of central importance in
R-H theory to this day.

The crucial development for us will be the nonlinear steepest descent method for R-H
problems, formulated by Deift and Zhou in their seminal paper [22] on the modified Korteweg
de—Vries equation (mKdV). Since then, it has developed into an established method with
applications in various fields, among others integrable wave equations ([15], [21], [22], [23]),
random matrix theory ([8], [14], [16], [18], [58]) and Painlevé transcendents (|24], [35], [38]
Ch. 8]). The general approach can be summarized in three steps as follows:

I. The original R-H problem is deformed so that the oscillatory terms in the jump
matrices become exponentially decaying.

II. The exponentially decaying terms are ignored leading to an explicitly solvable matrix-
valued global parametrix R-H problem.

IIT. In the vicinity of stationary points of the phase function, local parametrix R-H
problems are solved explicitly.

The global and local parametrix solutions glued together lead to a uniform approximation of
the original R-H problem, which implies an asymptotic formula for the quantity of interest.

The present thesis contains applications of the nonlinear steepest descent method, for
which one of the above steps becomes problematic. The first three papers [30], [66], [68]
deal with a R-H problem related to the Korteweg—de Vries (KdV) for which the associated
global parametrix problem, which will be referred to as the model problem, is not always
solvable. In particular, step II can only be partially performed. Two strategies around this
issue are presented in the two papers [30] and [66], with [68] offering an alternative point of
view by reformulating the model problem as a scalar-valued R-H problem on the torus.

The final paper [67] deals with instances where step IIT concerning local parametrix
problems cannot be performed. Instead, it presents an alternative approach based on a
priori estimates, such that the local parametrix problems can be skipped altogether. We
also apply our method to obtain improved estimates on the Plancherel-Rotach asymptotics
of orthogonal polynomials with a new class of weight functions.

In the following we give a short account of the two aforementioned topics, for which we
use the nonlinear steepest descent method in this thesis: the KdV equation and Plancherel—
Rotach asymptotics.

1.2. The Korteweg—de Vries equation. This nonlinear wave equation given by
Qt('r7t) = GQ(I,t)qt(l',t) - quT(xat)7 (.T,t) € R x R-i—a

was first described by Boussinesq [11] and independently by Lord Rayleigh [71] in the 1870s
to model shallow water waves and solitons. The latter were first experimentally observed by
Russell in 1834, who gave a detailed account in [72]. The equation is named after Korteweg

1Riemann’s contributions are less documented and more speculative, see [6, p. 7]
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and de—Vries [54] who rediscovered and analysed it in 1895. For a more in-depth account of
the early history of the KdV equation see [51].

Interest in the KAV equation grew after Zabusky and Kruskal [56] observed using numer-
ical simulation that nonlinearly interacting KdV solitons pass through each other without
changing their shape. Gardner et al. [39] explained this phenomenon by introducing a new
method to solve the KdV equation with fast decaying initial data via the scattering trans-
form. The idea is to regard the initial data as a potential of a one-dimensional Schrédinger
operator. Then, the direct scattering transform linearizes the KdV equation, meaning that
the KAV flow translates to a linear evolution of the scattering data. As this method is
analogous to solving linear differential equation via the Fourier transform, the scattering
transform is also known as the nonlinear Fourier transform. For an account of the scatter-
ing transform for one-dimensional Schrodinger operators see [20].

Zakharov and Faddeev [33] noted that the KdV equation can be understood as an infi-
nite dimensional completely integrable Hamiltonian systems with the scattering transform
playing the role of a canonical transformation mapping physical coordinates to action-angle
variables. In particular, the KdV equation has an infinite number of conserved quantities
(see [40] for a simple proof using the Miura transform). Moreover, Lax [60] rewrote the KdV
equation using a Lax pair leading to the discovery of an infinite hierarchy of KdV equations.
Subsequently, Zakharov and Shabat showed in [75] that the Lax pair approach can also
be used for the nonlinear Schrédinger (NLS) equation by introducing the Zakharov—Shabat
system. More PDEs have been found to be integrable since, many of which are special cases
of the AKNS system [I]. Further reading on this topic can be found in [4], [7], [32], [42],
[59] and references therein.

While integrability is of great interest by itself, the natural question emerged whether the
scattering transform can be used to compute the long-time asymptotics of solution to the
KdV equation and other integrable equation. The first results in this direction were obtain
by Ablowitz and Newell [2], Manakov [61] and Shabat [73] in 1973. Based on the work of
Zakharov and Manakov [62], Ablowitz and Segur [3] determined the leading asymptotics for
solutions of the KdV, mKdV and sine-Gordon equations with rapidly decaying initial data
and no solitons. These asymptotics were extended for the KdV equation to all orders by
Buslaev and Sukhanov [12].

R-H theory entered the picture with the work of Its [48], who reformulated the aforemen-
tioned approach by Manakov [61] as a R-H problem. He obtained the long-time asymptotics
for solutions of the NLS equation with decaying initial data by solving explicitly a model
isomonodromy problem involving the parabolic cylindrical functions. However, this method
leads in the case of other integrable equations to monodromy problems related to the classical
Painlevé transcendents (see [50]), for which no explicit solutions of the associated isomon-
odromy problem were known. The next breakthrough came from the work of Deift and Zhou
who introduced in [22] the nonlinear steepest descent method, which analogously to the clas-
sical steepest descent method allows for the systematic extraction of leading asymtptotics
from oscillatory R-H problems. Shortly afterwards, these methods were applied to the KdV
equation in the collisionless shock region with decaying initial data [21]. The associated R-H
formulation of the KdV equation was obtained by Shabat [74]. For a more detailed survey
on the early developments of R-H techniques applied to integrable PDEs see [15].

A detailed discussion of the KAV asymptotics in the soliton and similarity regions using
the nonlinear steepest descent method is given by Grunert and Teschl in [44]. The authors
observed that the associated vector R-H problem can have nonunique solutions. To guarantee
uniqueness an additional symmetry condition on the R-H solution was introduced. Note that
the issue of uniqueness is more subtle for the KdV equation than for most other integrable
PDEs, because the associated R-H problem is vector valued instead of matrix valued. This
feature plays an important role in the first three papers of this thesis [30], [66], [68].

More recently, there has been interest in the long-time asymptotics for solutions of the
KdV equation with steplike initial data. Because of Galilean invariance, it suffices to consider

2A related phenomenon was already observed by Fermi et al. [34] and led to the Fermi-Pasta-Ulam-
Tsingou problem which can be explained by the reversible interactions of KdV solitons observed by Zabusky
and Kruskal.
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the two cases
lim go(z) = £c*, ¢>0,
Tr—r—00

where gg denotes the initial data which decays at +co. Here, the + sign corresponds to a
rarefaction wave analyzed in [5] and the — sign to a shock wave analyzed in [27] and [2§].
For the necessary scattering theory for steplike potentials see [29], [31]. The interesting case
for us will be that of the shock wave in the transition region [27, Sect. 4], also called the
elliptic wave region. That solutions indeed have asymptotically the form of a modulated
elliptic wave was first shown by Gurevich and Pitaevskii [45], [46] for the case of a shock dis-
continuity initial data and further analyzed with the help of the inverse scattering transform
by Khruslov [52], [53]. The analogous problem for the mKdV equation was studied through
the nonlinear steepest descent method in [55]. Recently, modulated elliptic waves appeared
in the asymptotic analysis of a KdV soliton gas in [43], where the authors encountered the
same ill-posedness of the global parametrix problem as the one we describe in [30].

In [30], [66] and [68] we take a closer look at the elliptic wave region in the KdV shock
case. While the expected asymptotics were announced in [27], the rigorous justification was
given in [30]. The papers [66] and [68] are follow-up work motivated by the aforementioned
ill-posedness of the global parametrix problem.

1.3. Plancherel-Rotach asymptotics. Plancherel-Rotach asymptotics refer to asymp-
totics of orthogonal polynomials as the degree n goes to infinity, scaled by the largest zero
(see [13], [19], [77])E| They have been first studied for Hermite polynomials by Plancherel
and Rotach in [69] and since then extended to a wide class of orthogonal polynomials, see
for example [8], [17], [18], [57]. The case of the orthogonality measure having support on
the unit interval or unit circle has been studied in great generality by Bernstein and Szego,
and can be found in Szegd’s book on orthogonal polynomials [77, Ch. 12].

The R-H formulation for orthogonal polynomials was introduced by Fokas et al. in [36],
[37] in the early 90s. Some of its first applications to the study of large degree asymptotics
of orthogonal polynomials were done by Bleher and Its [8] and Deift et al. [17], [18]. Study-
ing such asymptotics was motivated by the Wigner-Dyson—Mehta universality conjecture in
random matrix theory in genera (see [26], [64], [78]). It states that the local eigenvalue sta-
tistics are determined solely by the symmetry class of the underlying matrix ensemble. Here,
one needs to distinguish between the three classes of orthogonal, unitary and symplectic en-
sembles which display increasingly strong eigenvalue repulsion, as pointed out by Dyson in
[26] E| For a standard reference on the Wigner-Dyson-Mehta conjecture and random matrix
theory in general consult [65].

The connection to orthogonal polynomials was discovered by Gaudin and Mehta [41],
[63]. They showed that eigenvalue correlations can be characterized through the Christoffel-
Darboux formula for orthogonal polynomials. This implies that questions regarding eigen-
value universality can be reduced to Plancherel-Rotach asymptotics of orthogonal polyno-
mials. A self-contained exposition of this method can be found in Deift’s book on orthogonal
polynomials and random matrix theory [14].

The key paper for our purposes is by Kuijlaar et al. [57]. There, the authors derive via
the nonlinear steepest descent method a series expansions in the degree n for orthogonal
polynomials and related quantities. The associated orthogonality measure is an analytic
perturbation of the classical Jacobi weight function. The R-H analysis is based on [18§]
where the case of exponential weight functions was studied, while the global parametrix
solution is constructed in terms of the Szegd function [77, Ch. 10]. Interestingly, while the
Szeg6 functions determines the leading term in the series expansion of the polynomials, all
the other terms are explicitly computable from the local parametrix solution given in terms
of Bessel functions. In a follow up work [58], these results are used to show bulk and edge
universality for the corresponding unitary ensemble.

The final paper presented in this thesis follows the nonlinear steepest descent analysis
performed in [57]. The main difference is the class of admissible weight functions, which

3In our case of the orthogonality measure having finite support, there is no need for scaling.
4This classification has been further extended to so-called '8 ensembles’, see [25] and references therein.
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has implications for the associated local parametrix problems and the aforementioned series
expansion. While bulk universality remains unchanged, the choice of weight functions has
a strong effect on edge universality.

1.4. Outline of the thesis. As already mentioned, the main focus of the thesis is on R-H
problems that have to be explicitly solved in the framework of the nonlinear steepest descent
method. Indeed, the first three papers ([30], [66], [68]) concerning the KAV equation will
deal with the global parametrix problem, also referred to as the model problem. The final
paper is focused on local parametrix problems.

The four papers are summarized in more detail below and listed as chapters of the present
thesis. Note that [30] has been co-authored by Iryna Egorova and [30], [68] by Gerald Teschl.
The underlying mathematical theory is based on the work of countless researchers over the
past few decades. Thus, it is unavoidable that some important contributions will be over-
looked, for which the author sincerely apologizes.

1. Asymptotics of the Korteweg—de Vries shock waves via the Riemann—
Hilbert approach,
(joint with I. Egorova and G. Teschl), in preparation.
The first paper deals with the long-time asymptotics of solutions to the KdV equa-
tion with steplike initial data in the elliptic wave region and justifies rigorously
Theorem 5.1 in [27] (see also |28]). As explained in Section 3, the main obsta-
cle in a straightforward application of the nonlinear steepest descent method is an
ill-posedness of the matrix model problem. In fact, while the holomorphic vector
solution containing the KdV asymptotics is constructed explicitly in Section 5, a
second linearly independent holomorphic solution fails to exist for certain arbitrary
large times ¢t. The specific conditions under which such ill-posedness occurs can be
found in Theorem 3.3.

The existence of a holomorphic matrix valued solution to the model problem is
necessary for matching with the local parametrix solutions around the stationary
points of the phase function and thus is an integral part of the nonlinear steepest
descent method. Similarly as in [43], we construct in Section 6 a second linearly
independent meromorphic solution to the vector R-H model problem with a simple
pole at the origin. It turns out that due to certain symmetry conditions imposed
on the R-H solution, the pole becomes removable in the final analysis involving a
small-norm R-H problem. This allows us to extract asymptotics for solutions of
the KdV equation with steplike initial data in the elliptic wave region, uniformly as
t — oo. As announced in [28], the KdV solutions converge to a modulated elliptic
wave related to a genus one compact Riemann (see [45], [46], [49]).

2. Parametrix problem for the Korteweg—de Vries equation with steplike
initial data,
submitted.
The second paper deals also with the R-H analysis of solutions to the KdV equation
with steplike initial data in the elliptic wave region. The ill-posedness of the model
matrix R-H problem discussed in the first paper [30] raises the natural question
whether instead of the matrix solution a vector solution would suffice. This is
further supported by the fact, that the symmetric vector solution already contains
the desired asymptotic information.

To address this question we use the singular integral formulation for R-H prob-
lems, summarized in Section 4. However, instead of showing invertibility of the
associated singular integral operators via a Neumann series, we use the fact that
these operators are Fredholm of index 0 (see [79]). In particular, unique solvability
of such a singular integral equation implies invertibility of the underlying operator.
This insight allows us in Section 5 to directly approximate the exact R-H solution
by the vector model and parametrix solutions glued together. Hence, we avoid
the formulation of a small-norm R-H problem, which requires the construction of



matrix-valued model and parametrix solutions. In the appendix we also state an
abstract result, generalizing the approach presented in the main text.

3. A scalar Riemann—Hilbert problem on the torus: Applications to the
KdV equation,
(joint with G. Teschl), in preparation.
This is a brief article motivated by the first paper [30] on the KdV equation with
steplike initial data. In it we present an alternative approach to constructing mero-
morphic vector solutions to the model problem, by formulating it as a scalar R-H
problem on the complex torus. As the scalar jump function is just a phase, mero-
morphic solutions to this R-H problem correspond bijectively to quasiperiodic mero-
morphic functions. As finding these is a classical problem, we can easily write down
all possible meromorphic solutions in terms of ratios of Jacobi theta functions and
characterize them by a simple condition on their divisors.

This approach also allows us to deduce the form and uniqueness of the vector

model solution and simplifies the construction of singular matrix solutions.

4. Riemann—Hilbert theory without local parametrix problems: Applica-
tions to orthogonal polynomials,
submitted.
The final paper illustrates a new method for avoiding local parametrix problems
in the framework of the nonlinear steepest descent method. It is motivated by the
observation that the explicit construction of local parametrix solutions is often re-
quired for rigorous analysis, but does not contribute to the leading asymptotics (see
Section 6 in the first paper [30] for an explicit example). Central to our approach
are a priori estimates for the exact solution of the R-H problem that one tries to
approximate. The abstract framework is laid out in Section 2 and the general result
is summarized in Theorem 3.1.

We also demonstrate our method on a specific problem, namely the Plancherel-
Rotach asymptotics of orthogonal polynomials on the interval [—1,1]. This part is
based on the paper [57] where the nonlinear steepest descent analysis is performed
for the R-H problem associated to a wide class of orthogonal polynomials. There, the
authors solve the local parametrix problems explicitly in terms of Bessel functions.

In our application the weight functions are not required to have an analytic con-
tinuation around the end points +1. In particular, the local parametrix problem
cannot be formulated as in [57]. However, the a priori estimates needed for our
approach can be obtained, and thus we can nonetheless rigorously perform the non-
linear steepest descent analysis, without solving any local parametrix problems. The
resulting error estimates in the Plancherel-Rotach asymptotics can be found in The-
orem 4.4. We also comment on possible relations to edge universality in random
matrix theory.
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ASYMPTOTICS OF THE KORTEWEG-DE VRIES SHOCK
WAVES VIA THE RIEMANN-HILBERT APPROACH

IRYNA EGOROVA, MATEUSZ PIORKOWSKI, AND GERALD TESCHL

ABSTRACT. This paper discusses some general aspects and techniques associ-
ated with the long-time asymptotics of steplike solutions of the Korteweg—de
Vries (KdV) equation via vector Riemann-Hilbert problems. We also elabo-
rate on an ill-posedness of the matrix Riemann—Hilbert problem for the KdV
case in the class of matrices with L? integrable singularities. Furthermore,
we refine the asymptotics for the shock wave in the Whitham zone derived
previously and rigorously justify it for a more general class of initial data. In
particular, we clarify the influence of resonances and of the discrete spectrum
on the main asymptotical term.

1. INTRODUCTION

The nonlinear steepest descent (NSD) analysis for oscillatory Riemann—Hilbert
(R-H) problems is a versatile tool in asymptotic analysis. This procedure naturally
starts from a reformulation of the original scattering problem as a R-H factorization
problem. In most cases this will be a matrix R-H problem as these are typically
more convenient to analyze. Indeed, the fact that a nonsingular solution can be
used to cancel jumps on certain parts of the contour is a crucial trick which lies
at the heart of the theory. However, for some problems, most prominently the
Korteweg—de Vries equation

(1.1) qi(x,t) = 6q(2,t)qz (2, t) — Guax(z,t), (2,t) ER X R4,

it turned out that a vector R-H is the right choice. This is related to the fact
that even in the simplest case of a single soliton there is a nontrivial solution of
the associated vanishing problem (see [18]). However, this is in contradiction to
the classical uniqueness result for matrix R-H problems and shows that the matrix
problem cannot have a solution in this situation. The remedy, as pointed out in
[18], is to work with the vector R-H problem and impose an additional symmetry
condition to retain uniqueness.

Next, recall that the asymptotic analysis of such a R-H problem usually con-
sists of three steps: The first step deforms the problem in such a way that the
leading asymptotic contribution is revealed. In the second step the parts of the
jump which are expected not to contribute to the leading asymptotics are dropped,
yielding a model problem which then needs to be solved explicitly. In most cases,
it is possible to find a matrix solution to this model problem and hence the final
step, namely showing that the solution of the model problem indeed asymptotically
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approximates the solution of the original R-H problem, can be performed using the
well-established tools for matrix problems. However, for model problems leading to
explicit solutions in terms of Jacobi theta functions, finding a nonsingula matrix
solution is not always possible (see [3, Thm. 5.6], [2, Sect. 3], [16, Sect. 3])

The main purpose of the present note is to study in depth such a R-H problem
coming from the KdV equation, having only singular matrix model solutions for
certain exceptional values of the parameters x and t. Indeed for these values, the
initial and the model problems do not have invertible bounded matrix solutions with
admissible L?-integrable singularities in the points of discontinuity of the contour.
We will refer to this feature as the ill-possedness of matrix R-H problems for the
KdV equation.

The specific example that we will consider is the R-H problem associated with
the long-time asymptotical behaviour of the shock waves for the KdV equation.
The shock wave is the solution to the initial value problem , with initial data
q(z,0) = q(z) satisfying:

(1.2)

2

q(z) — 0, as T — +oo,
q(x) = —c*, as x— —o0, c¢>0.

We recall that the asymptotic behavior of the shock wave was first described on
a physical level of rigor in the pioneering work of Gurevich and Pitayevskii [19],
[20]. By applying the Whitham approach to the pure step initial data (g(x) = 0
for z > 0 and q(x) = —c? for x < 0), the authors derived the leading asymptotics
in terms of a modulated elliptic wave. For arbitrary steplike initial data the
analogous asymptotic term was calculated in [11] and [13] using the NSD method.
In particular, it was shown that in the elliptic zone —6¢?t < x < 4c?t the shock
wave is expected to be close to a modulated one gap solution of the KdV equation
in the limit of ¢ — co. However, this has not been rigorously justified till now.

The main result of this paper is the completion of the asymptotic analysis for the
shock wave in the Whitham zone, in the framework of the standard NSD method.
Even though the inverse scattering transform for the KdV equation is given in terms
of a vector R-H problem, the NSD approach involves building a matrix solution to
the model R-H problem in order to match it with the local parametrix solutions.
Since the nonsingular matrix model solution does not exist for certain arbitrary
large pairs x and ¢, we will instead use a singular matrix model solution which,
despite its singular behaviour, can be used to bound the error term in the asymp-
totics, as shown [16 Sect. 3]. Note that for decaying initial data or rarefaction
waves, meaning ¢(z) — 0 as x — +oo and ¢(z) — ¢? as x — —o0, the nonsingular
matrix model solutions always exist (see [1], [18]).

As for the shock wave case, to characterize the pairs (z,t) for which the non-
singular matrix model solution fails to exist, we must recall the trace formula for
a finite gap KdV solution. Denote by & = 1%; the slowly varying parameter and
consider values (x,t) satisfying

2 02

c
(1.3) Eel. = [*?+€,§*€],
for an arbitrary small € > 0. Then, as is shown in [19], [11], there exists a smooth

monotonously increasing positive function a = a(€) such that a(fé) = 0 and

n what follows nonsingular refers to the R-H matrix solution being invertible with at most
L2-integrable singularities on either side of the jump contour
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a(%) = c. This function characterizes the Whitham zone of the modulated elliptic
wave ¢™°d(x,t, &), which is the periodic one gap solution of the KdV equation on

the ray £ = const. This one gap solution is associated with the spectrum

(1.4) B(¢) == [~c?, —a*(§)] URy,
and with the initial Dirichlet divisor (A(0,0,£), ) defined via the scattering data of
the potential (1.2]) by the formulas (5.16)) and (4.6) later. Let A(z,t,&) € [—a?(£),0]

be the solution of the Dubrovin equations ([24, Ch. 12]) corresponding to the initial
value (A(0,0,&),+). Then the trace formula reads

qud(xa t, E) = _Cz - a(g)Q - 2/\(x7 t, g)
We will show (see Remark [5.2)) that the set of local minima of ¢™°4(z, ¢, £):

O) ={(z,1) = A=,t,£) =0},
coincides with the set of points where the associated matrix model problem has no
nonsingular solution. Evidently, these pairs (x,t) appear for each £ € I. and for
arbitrary large t.
In turn, the circumstances which lead to the ill-possedness of the initial R-H
problem associated with the shock wave for certain (arbitrary large) points (z,t)
are the following. Let ¢(k, x,t) be the right Jost solution to the underlying spectral

equation of the problem (1.1)—(1.2):

2

d
(1.5) Lt)y = =25y +alx, t)y = K2y,

normalized as
(1.6) wginoo e Rk, x,t) = 1.
In Section 3 we show that if ¢(0,x,t) = 0 for a pair (z,t), then the nonsingular
matrix solution for the initial R-H problem does not exist. In connection with this
observation an additional spectral problem appears: to find conditions which would
guarantee that the right Jost solution associated with the shock wave is nonzero at
the edge of the continuous spectrum for sufficiently large « and ¢ with (z,t) € D,
where
(1.7) D, = {(z,t) ER x R : %
It should be noted that the same condition ¢(0,z,t) = 0 leads to the ill-posedness
of the matrix R-H problem in the decaying case ¢(z,t) — 0, x — +oo. In this
case, assuming then the discrete spectrum is absent, the Jost solutions are positive
below the spectrum (cf. |15, Corollary 2.4]) and hence also at the boundary of
the spectrum k& = 0 by continuity (note that the zeros of a nontrivial solution of
a Sturm-Liouville equation must always be simple). Thus a nonsingular matrix
solution always exists in this situation (this also follows from [27, Theorem 9.3]).
However, in the presence of the discrete spectrum this is no longer true.

Our main result is the following

€L}

Theorem 1.1. Let q(x,t) be the unique solution of the initial value problem (1.1)—-
(1.2) with the initial data satisfying

+o0 )
(1.8) / M (g(2)] + la(—2) + )z < oo, 25D (z) € L'(R), i=1,...4,
0
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for some positive n > 0. For any £ € T, withe > 0 (see (L.3)), let a = a(€§) € (0,c¢)
be defined implicitly by

ia 2 2 k2+a2
1. ;2 CER Y dk = 0.
(1.9) /o ( + &+ 5 ) o 0

Let po = po(§) be the point on the two-sheeted Riemann surface associated with
B(&) (see (1.4)), uniquely defined via the Jacobi inversion problem

Po d\

1.10 A
( ) —a? \/A()\ + 62)()\ + 0,2) (g)
with
ic 2log)T(s) HJN=1 % +10g|#|d
(]. ].]-) A(g) _ fia 4 |(82+(12)(32+a2)|1/2 S - 71'76
fom ((52 + 02)(82 + a2))71/2 ds 9
where:

o T(k) is the right transmission coefficient for the initial data ;

o —r? < ...< —K3 is the discrete spectrum of the problem;

o ( = —1 if the initial data has a resonance at the point ic, and ¢ = 1 in the
general (nonresonant) case.

Let ¢™°4(x,t,€) be the periodic (one gap) solution to the KdV equation associated
with the spectrum &(&) and the initial Dirichlet divisor po = (A(0,0,€),%£). Then
for all  — o0, t = +00 such that (z,t) € D., the following asymptotics is valid
uniformly with respect to & € Z.:

(1.12) q(z,t) = g™z, t,6) + Ot 1).

Formula is obtained in the framework of a standard NSD approach ap-
plied to a vector R-H problem. It includes some transformations (conjugations
and deformations) which lead to an equivalent R-H problem with the jump matrix
asymptotically close, as t — 00, to an exactly solvable model R-H problem except
in small vicinities of two extreme points +ia(£). The approach also involves the
construction of a proper matrix model solution and an associated matrix solution of
the local parametrix problems. However, when performing this analysis in the KdV
steplike case, it is essential to take into account some specific features of the vector
R-H problems. Note that unlike the matrix R-H problem, the proof of uniqueness
for a vector R-H problem is typically more sophisticated and depends on particular
properties of the jump matrix and of the contour, as well as on the class of admissi-
ble singularities for the solution. That is why it seems important for us to perform
NSD deformations and conjugations in a way that does not affect this uniqueness.
To this end, in each transformation we impose additional symmetry assumptions
on the contour, on the jump matrix and on the solution itself, including the model
problem solution (see Remark [3.2).

The initial R-H problem solution (m;(k,x,t), ma(k,x,t)) is unique (see Theo-
rem and satisfies the aforementioned symmetry assumption. This symmetry
requirement implies a symmetry of the "error vector”, which in turn, allows us to
apply a new formula

(1.13) q(z,t) = klim 2k? (my(k, z,t)ma(k, x,t) — 1)
—00
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for computing the leading term of the asymptotics, and this simplifies essentially
the final asymptotical analysis.

Note that the traditional formula which connects the potential ¢(z,t) with the
solution of the initial R-H problem (4)—(iii) is the following one:

(1.14) 9 lim 2ik(mq(k,z,t) — 1) = q(x, t).

T k—o0
Formula not only avoids the necessity to justify the differentiation in
in an asymptotical expansion but also allows to extract the asymptotics from the
model vector R-H solution in a shorter and more transparent way (see Section 4)
compared to [11], [13] and [16].

2. WELL-POSEDNESS OF THE INITIAL (MEROMORPHIC) VECTOR R-H PROBLEM

In this section we recall the statement of the initial R-H vector problem for the
KdV shock wave (see [11]) and prove its well-posedness. Note in the present study
we weaken the decay conditions on the initial data compared to [11], where it is
assumed that

la(@)] + la(=2) + | = O(e™ ™), & — +o0, 7> 0.

We choose the still quite restrictive condition (1.8)) to avoid complications with
the analytical continuation of the scattering data in the framework of the NSD
method. However, (1.8]) also guarantees the existence of the unique classical solution

q(z,t) for the Cauchy problem (1.1)—(1.2) (cf. [14,[17]) satisfying
“+oo

(2.1) | lellate, ) + (o) + Hhde <0, teR,
0

In turn, this means that the use of the inverse scattering transform for the formu-
lation of the respective R-H problem is well grounded.

We start with recalling some well known facts of the scattering theory for the
step-like Schrodinger operator with emphasis on analytical properties of the
scattering data due to and with a detailed description of the influence of
resonance on them.

The spectrum of the operator with potential consists of an absolutely
continuous part [—c?,00) plus a finite number of eigenvalues —7 € (—o0, —c?),
1 < j < N enumerated as in Theorem

Let ¢(k, x,t) be the right Jost solution of satisfying and let ¢y (k,,t)
be the Jost solution asymptotically close to the free exponent associated with the
left background:

(2.2) mgmoo e (k,x,t) = 1, ki = k% + 2

Here k1 > 0 for k € [0,ic),. The last notation denotes the right side of the cut
along the interval [0,ic]. Accordingly, k1 < 0 for k € [0,ic);, the left side of the
cut. The left Jost solution admits the usual representation via the transformation
operator:

¢1(k7x7t) = eiiklx +/ Kl(xvyat)eiiklydyv
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where K;(z,vy,t) is a real-valued function with
I;y

(2.3) Ky (. 1)] < c/ lq(s, ) + |ds.
Note that the function ¢(k,z,t) is a holomorphic function of k in C* := {k €
C: Imk > 0} and continuous up to the real axis. It is real-valued for k € [0,ic],
and does not have a discontinuity on this interval. As for the function ¢ (k, z,t), it
is holomorphic in the domain C* \ (0, ic] and continuous up to the boundary, where
[p1(k, z, )], = [p1(k, x,t)], for k € [0,ic].

We observe that condition together with imply that for ¢t = 0 the
second left Jost solution:

V)

¢1(k7xa O) = eiklaj + / Kl(xaya O)eiklydya

defined for k; € R, where <51 = ¢, admits an analytical continuation into the
domain

V={k:Reky € [—¢c, 0<Imki(k)<n}.
Note that V is a neighbourhood of the interval [ic,0). Then the limiting values
satisfy

(2.4) [ (k,z,0)], = [p1(k,2,0)]1, [b1(k,2,0)]; = [p1(k,z,0)]., for k€ [0,id].
For k € V introduce two Wronskians :
W (k) = ¢1(k,2,0)¢'(k, z,0) — ¢
W (k) = 61(k, ,0)¢' (k, z,0) — ¢} (k, z,0)$(k, z,0),

where [/ = %f. Then by
(2.5) (W (k)] = W (k)] = W E)] = [W (k)]

The Wronskian W (k) of the Jost solutions is in fact a holomorphic function in
C*\ (0,ic] with simple zeros at points ix; of the discrete spectrum. It is continuous
up to the boundary of the domain, with the only possible additional zero at the
point k = ic, the edge of the continuous spectrum. Unlike the case considered in
[11], we admit the possible resonance at the point ic, that is, we do not assume the
condition W (ic) # 0 corresponding to the nonresonant case. In the resonant case
the Wronskian has a square root zero at k = ic (cf. [12]).
In V introduce also the function

(2.6) x(k) = I/V(lefl;ll?/(k)

From it follows that its limiting values satisfy

(2.7) (B =ilx(B)],  Ix(B)l = —=ilx(k)], k€ [0,id].
We also observe that

(2.8) x(k) = C(k —ic)"?(1 + o(1)), C#0, k— ic
where

o 1, if W(ic) #0 (nonresonant case);
"] -1, if W(ic) =0 (resonant case).
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Let R(k) be the right reflection coefficient of the initial data satisfying (1.8]) and let
7 = 9k - 0)| 72,
be the right normalizing constants for j =1, ..., N. The set

constitute the minimal set of the scattering data to reconstruct uniquely the solution
of the initial value problem (1.1)—(L.2) (cf. [5], Corollary 4.4)
Next, the Jost solutions (2.2]) and (1.6 are connected by the scattering relation

(2.10) T(k,t)p1(k, z,t) = ¢(k,x,t) + R(k,t)o(k, x,t), keR,

where T'(k,t) = Wz(ilf 7y and R(k,t) are the right transmission and reflection coeffi-
cients. We use the notation T'(k) = T'(k,0) and R(k) = R(k,0). Observe that

VE2 + 2
We define a vector-valued function m(k,z,t) = (mq(k,z,t), ma(k,z,t)), mero-
morphic in the spectral parameter k € C\ (R U [—ic,ic]) for fixed z,¢, as follows
(2.12)

(2.11) IT(E)> =k [X(k)] K k € [0,ic].

_ [ (T 0)n(k, @, )™, (k,z,t)e™) ke CH\(0,id],
mik,z,t) = { m(—k,z,t)o1, k€ C\ [~ic, 0),
where o1 = (1) 0 is the first Pauli matrix. The vector function m(k,x,t) evi-

dently has at most simple poles at the points +ix;. It is known that the following
asymptotical formula, for & — oo, holds:

m(k,z,t) = (1,1) ﬁ (/:w q(y,t)dy) (—1,1)+ 0 (;) .

This expansion allows us to extract the shock wave solution using formula .
However, as was mentioned in the introduction, the formula , which can be
computed using the well-known asymptotic formulas for the Weyl functions, is more
convenient,.

Indeed, it is known that for k large enough both functions ¢(k, x,t) and ¢ (k, z,t)
do not vanish for all 2 and t. Thus,

ml(kv z, t)mZ(ka z, t) = T(kv t)(b(ka z, t)(bl(k, z, t)
B 2ik _ 2ik
T ¢(kait)  Ph(kat) T _ ’
¢(k,xx,t) — (bi(k,a:,t) m(k,x,t) ml(kvxvt)
where m and m; are the right and left Weyl functions corresponding to the potential
q(z,t). For k — oo we have (cf. [6]):

_ o d@t) | [t 3
m(k,z,t) =ik + R + 12 +O(k™7),
L amd)  f@t
my (k,x,t) = —ik o1k + 102 +O(k™7).
Thus,
my(k,x,t)mo(k,z,t) — 1 = 21k -1= gl 1) +O(k™),

2ik + 4% 4 O(k=3) 2k
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which proves (1.13). O

The following existence/uniqueness result is then valid:

Theorem 2.1. Let

the potential q(x) satisfy and ,'

the set be its right scattering data;

Y =RU [ic, —ic] be the jump contour oriented left-to-rightU top-down;
the phase function ®(k) = ®(k,x,t) be defined by the formula:

O(k) = 4ik® + ik:%, keC.

Then m(k) = m(k,z,t) defined in (2.12) for all (z,t) € R x Ry is the unique
solution of the following vector Riemann—Hilbert problem:
Find a vector-valued function m(k), meromorphic away from X, satisfying:

(i) The jump condition my (k) = m_(k)v(k)
_ 2 ) e—2t2(k)
(LolAmp FEe)

R(k’)thq)(k) 1
(2.13) (k) = 1 0 .
i|X(k)|e2t<I>(k) 1)° ke [107 0]7
o1(v(—k)) Loy, k € [0, —ic];
(ii) the pole conditions
: 0 0
Resirej m(k) = kli)rﬁj m(k) (i,yjzettb(inj) 0) )
(2.14) e
Res y m(k) = Tim m(k) (O 05T
OBy TAR) = 20 0 0 ’
(iii) the symmetry condition
(2.15) m(—k) =m(k)oy, keC\X,
(iv) and the normalization condition
(2.16) lim m(ik) = (1 1).
[ de el

(v) In addition, the function m(k) has the following behavior in a vicinity of
the point ic: If x(k) satisfies (2.8) with £ = 1 then m(k) has continuous
limits as k approaches ic from the domain C\ X. If £ = —1 then one has
m(k) = (Ol(x,t)(k ~ie) V2, C2(z,t)) (1+0(1)) Ci1Cy #0; or
m(k) = (C(z,t),0) (L+o0(1)) as k—ic.
At the point —ic the analog of condition (2.17)) holds by symmetry (2.15)).

Proof. The facts that m satisfies the jump condition and the pole conditions
(2.14) are established in [1I]. Note that the jump matrix on R also satisfies the
symmetry v(k) = o1(v(—k))~to1. To prove uniqueness, assume first that m(k) and
m(k) are two solutions for the R-H problem (i)-(v). Then p(k) := m(k) — (k)
satisfies (1)—(iii), (v) and instead of (iv) we have

wk) =0k, k— oo.

(2.17)
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In C* \ (0,ic] introduce the meromorphic function

F(k) = pa(k)p1(k) + pa(k)p2(k),

where p; 2 are the components of p. Then F(k) = O(k™2) as k — co. Note that
since the exact values of the constants C1, Ce and C in (2.17) are not specified, they

may be different for m and m. Furthermore, since —k = k for k € iR, it follows
from the symmetry condition (#i) that for such k, u;(k) = p;(k), i # j. We thus
get F(k) = O((k —ic)~*/?) as k — ic when £ = —1. For the nonresonant case £ = 1
the function F'(k) has continuous limits everywhere on RU|[0,ic]. Let us denote for
simplicity F,.(k) and Fj(k) the limiting values of F' from the right and left sides of
[0,ic], and F4 (k) for the limiting values on the real axis from above. Then by the

symmetry condition (2.15) we get

Fy (k) = (k)= (k) + pa,4 (k) pa,— (),
Fr (k) = pn,r (k) p2,1 (k) + pio,r (k) pa i (K),
Fy(k) = p (k) o, (k) + p2,i (k)i e (k).
The jump condition implies

Py (k) = (1= RO, 2 + oo, P+ 28T (RO (s, (8) )

Fi(k) = Re (ju10 (k)12 (R) ) = lpaa. (0) 2 (k) 2,
F,(k) = Re (m,z(k)uz,l(k)) + il (K))? | x (k)2 2™,

Note that ®(k) € R for k € iR. From this and (2.18)) it follows that

(2.18)

Re Fy(k) = Re Fy (k) = Re (pu11(K)jiza(k))
ImFy(k) = —Im F,.(k) e R_.

(2.19)

The pole condition ([2.14) is satisfied by the vector p(k). Alongside with the sym-
metry property this implies

Resiw, F(k) = 2i7|p2(ix;)|* € iRy

Let now w > ¢ be arbitrary large and let C, be the boundary of the domain
(CTNn{k: |kl <w})\ (0,ic]. We treat C, as a closed contour oriented counter-
clockwise. By Cauchy’s theorem

N
f F(k)dk =2mi» Resi, F(k),
C

w j=1

and since F(k) = O(k™2) as k — oo, the integral over the upper semicircle will
asymptotically vanish as w — oo and we get

ic 0 N
R 0 i

c j=1



10 I. EGOROVA, M. PIORKOWSKI, AND G. TESCHL

Taking into account (2.19)), the real part of this integral reads

0= [ (@~ RWP -
N
Ay liaing)*.

Jj=1

c
*+ \,u2,7|2) dk + 2/ |/1’2»l(iS)|2|X(iS)|62tq>(ls)d8
0

But |R(k)| < 1 for k € R\ {0}, and therefore all summands in the last formula are
non-negative. Thus, we obtain po(ik;) = 0 (which implies that (k) does not have
a pole at ix;) and

po,—(k) =0, for k€R; poy(k)=0, for k€ [ic,0]; pi,—(k)=0, for keR.

From this and (2.13) it immediately follows that pi +(k) = po (k) = 0 and
por(k) = pog(k) = 0 for k € [ic,0]. Thus, the function ps(k) is a holomorphic
function in C with pg(k) — 0 as k — co. By Liouville’s theorem ps(k) = 0 in C.
In turn, this identity and formula imply: p1,-(k) = pa,(k) for k € [ic, 0].
Therefore, pi(k) is also a holomorphic function in C vanishing at infinity, thus
w1 (k) = 0. This proves uniqueness.

It remains to verify (v). The case £ = 1 implies that the Wronskian W (k,t) of
the Jost solutions ¢(k,z,t) and ¢1(k,z,t) does not vanish at k = ic for all ¢ (cf.
[13], formula (6.2)). This implies that T'(k,t) is bounded and continuous as k — ic,
and the same is true for the components of the vector m.

If £ = —1 then W(ic,t) = 0. Now, if, in turn ¢(ic, x,t) # 0, then ¢ (ic, z,t) # 0
(otherwise the Wronskian would not have zero at k = ic). This proves the first line
of 217). If ¢(ic,x,t) = 0, then also ¢1(ic,z,t) = 0. Since W(k,t) = Ct)(k —
ic)'/2(1 4+ 0(1)) and ¢1(k, z,t) = Cy(z,t)(k —ic)/2(1 4 o(1)) as k — ic, this proves
the second line of (2.17). d

Theorem [2.1] guarantees the well-posedness of the initial meromorphic vector R-
H (IM R-H) problem for all (z,t) € R x R. In the domain D, given by (L.7),
where we intend to study and justify the asymptotics of its solution m(k,z,t) as
k — oo, the IM R-H problem admits an equivalent holomorphic statement.

3. HOLOMORPHIC STATEMENT OF THE INITIAL VECTOR R-H PROBLEM

In this section we take a closer look at the ill-posedness of the associated matrix
R-H problem. Let a(€) be defined implicitly by (1.9), then as shown in [11]:

2 02

0< a(f%+s) <a(€) < a(§ —eg)<ec.
Recall that the discrete spectrum is denoted by —H?, j=1,...,N, withc < Ky <
... < k1. Choose p > 0 sufficiently small, such that

2

1
p < 4min{\/02+772 —¢, KN — G, a(—%—f—s),
(3.1) 2
- a(§ —e), jzf{l,l_?N ki1 — K4, P1} )

where n > 0 is the decay estimate from (1.8) and p; > 0 is defined implicitly by

formula (4.3) below. Note, that since k1 = v/¢? + k% and n > /c2 + 12 — ¢, the
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reflection coefficient R(k) and the function y (k) from (2.13) are well defined in the
domains

Qr:={k:p>Imk >0}, and

3.2
(32) Q= {k:Tmk € (0. + p), |Rek| < p}\ (0.ic]}.
respectively, up to their boundaries.
Denote by
D :={k: |k—ir;| <p}, j=1,...,N
and by

’]TJ:aD]:{k‘ |]€71/€]|:p}, jzl,,N
the small nonintersecting contours around the points of the discrete spectrum ori-
ented counterclockwise. Let C := {k : Imk = p} be the upper boundary of Qg
considered as a contour oriented from left to right. We observe that with our choice

of p (cf. (3.1))
dist (Ty, Q) > 2p, dist (ia (—c*/2+¢€), Qr) > 3p.
Introduce also the functions:

N .
33) P =TT pec o ;:(

o k —ik;
j=1 g

k —ic
k +ic

£
) , keC\[-igic;

where ¢ is as in Theorem and Q(o0) = 1.
Redefine now the solution m(k) = m(k,x,t) of the IM R-H problem as follows:
(3.4)

m(k)A;(k) (P(E)Q(R)™"*, keD;, j=1,..N;

iy = | A PRIQED ™ k€
m(k) (P(k)Q(k))~"*, k€ CH\ (QrU[0,ic UUL,D;);
mi"(—k)oy, keC,

where we denoted

k—ik;
_ (1 et _ 1 0 _(1 o0
Aj(k)_ (O k& 1 ’ AO(k)_ 7R(k)et<1>(k) 1) 03 = 0 —1)/°

Introduce the contours in the lower half plane: C* := {k : —k € C} oriented right-to
left, and T} := {k : —k € T;}, j = 1,..., N oriented counterclockwise. Define the

functions (cf. (3.2),(3.3)):

R(k) := R(E)P™2(k)Q%(k), keC;
(3.5) _ _

X (k) == x(k)Q2(k)P2(k), keQ,.
Note that
(3.6) X1 (k) = #i|X(k)|, K€ [ic,0].

Then we have the following

Lemma 3.1. For all (x,t) € D. the vector function m™ (k) = m™(k,z,t) is the
unique solution of the following R-H problem:
Find a vector-valued function, holomorphic in the domain

C\Z™, £™:=CuC*UU;(T; UT) U lic, —ic]),
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satisfying
1n1( )0,17 keC \ Zini’.
ini(k), k € ¥ where

e the symmetry condition m™ (—k
e the jump condition ml}r“(

mit (J
0
1 )

Jv
ex il 0 o
<i|X( I;(e%q)) (&) exp(= ‘ZT‘)> , ke licip],

| (i) PPDQR(R)

)
1
(R(k)e%‘b(k) ke C’

| iv?e”f“"” : ke Ty,
exp(*5r o), k € [ip, —ip],
o1 [v™(=k)] "oy, k € [—ip, —id],
o1 [v™(—k)]o1, keC*UUN,T;.

e the normalizing condition m™ (k) — (1, 1) as k — oo.
e at points tic it has at most fourth root singularities:
m"(k) = O(k Fic)~* as k — ic.

T,

"

: Ty
wv ()

°ic

Y
¢ ip _

------------------------------------- 4

E}* —1p D

Y

—ic

_H1®TT

FIGURE 1. Jump contour ™

Proof. The proof is very similar to that one given in [11], with only one difference:
we can use the identity R_(k) — Ry (k) + i|x(k)] = 0 (Lemma 3.2, [11]) on the
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interval [—ip, —ip] and take into account the influence of the function Q(k). In
particular, we used that Q_(k)Q3 ' (k) = exp(*&), and Q4 (k)Q— (k) = |Q2(k)| for
k € [ic, —ic]. O

Since mi™(k) is a piecewise holomorphic vector function, we call the problem
stated in Lemma the initial holomorphic (IH) R-H problem. As already men-
tioned in the Introduction, the symmetry condition is crucial for uniqueness and
plays an essential role in the final asymptotical analysis. That is why, all transfor-
mations steps carried out to get from the initial R-H problem to an R-H problem
asymptotically close to an exactly solvable model vector R-H problem, should re-
spect the following symmetry conditions:

Hypothesis 3.2. FEach vector R-H problem should satisfy:

o The jump contour X is symmetric with respect to the map k — —k;

e On C\ X the vector solution m(k) is holomorphic and satisfies m(—k) =
m(k)al;

e Let L C X be a subcontour. We denote by L* = {k : —k € L} C X its
inversion, if L* has the orientation of the following type: when k moves
in the positive direction along L, then —k moves in the positive direction
along L*. In this case, the jump matriz v(k) of the jump problem

(3.8) my (k) =m_(k)v(k), kex,
should satisfy detv(k) =1 and the symmetry
(3.9) v(=k) = ov(k)or, ke LUL"

If the inversion of L has the opposite orientation, we denote it by (£*)~1.
For example, L = [ic,0] and (L*)~! = [0, —ic| are both oriented top-bottom.
In this case,

(3.10) v(=k) =ow(k) tor, keLuU(LHh

e The vector-function m(k) is continuous up to the boundary, except at the
node points of the contour (the ends and self intersections of ¥, and a
finite number of points of discontinuity of the jump matriz), where fourth
root singularities are admissible;

e m(k) — (1,1) as k — oo.

Evidently, the TH R-H problem formulated in Lemma satisfies all these re-
quirements. Alongside with it, we can write down an analogous matrix R-H problem
with the same jump matrix v (k) given by (3.7). This can be done in two ways.
Either by imposing a symmetry condition (see @D below), or by the standard
normalization to the unit matrix I at infinity. Simultaneous use of both conditions
may seem excessive. In fact, we observe the following.

Let ¥ C C be a union of finitely many smooth curves (finite or infinite) which
intersect in at most a finite number of points and all intersections are transversal
(this condition can of course be relaxed, but it is sufficient for the applications we
have in mind). We will also require ¥ to be symmetric with respect to the inversion
k— —k.

Let now v(k) be a piecewise continuous bounded matrix function on ¥ satisfying
or (3.10), with det v(k) = 1. The points of discontinuity of the jump matrix,
together with the (finite) set of boundary points 0¥ and the self intersection points
of X, are denoted by G. We assume that 0 ¢ G.
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Finally, let 7 be the class of 2 x 2 matrix functions M (k) holomorphic in C\ X,
which have continuous limits up to the boundary ¥\ G and have a limit as k — oo
(avoiding ¥). At points of G we allow singularities of the form:

(3.11) Mk)=0(k—r)"Y, as k> keg.

Now for an admissible M € H(X) we consider the following R-H factorization
problem

(3.12) Mo (k) = M_(k)v(k), ke,

together with the normalization condition

(3.13) M(oo) := lim M(k) =1
k—o0

and the symmetry condition
(314) M(—]{J) =U1M(l€)0'1, ke C\E

Theorem 3.3. Suppose & C C is an admissible contour and v(k), k € ¥ an
admissible matriz as specified above. Then the following propositions are valid:

(a) If a solution M € H(X) of (3.12) exists for which det M(o0) # 0, then
M (00)"tM (k) solves (]ET,_Emd every other solution of is given
by M (k) = M (00)M (00)~ M (k) in this case. Moreover, det M (k) = det M (c0).

(b) If has a nonsingular, that is invertible solution from H(X), then every
solution M € H(X) of satisfies the symmetry condition provided

M(00) satisfies the symmetry condition. In this case M is of the form

_ (o) B(k) _(a b
v = (50 alh) ve=(G
with det M (c0) = a? — b%. If M is nonsingular then a + b # 0.
(¢) Suppose (3.12) has a nonsingular solution M satisfying (3.14). Then the vector

function m(k)

1 1
=——(1, )M = — — —k)).
m(k) = — (1, DM() = ——(alk) + 5(=), 5(K) + ()
solves the same jump problem my (k) = m_(k)v(k) and satisfies (2.15) and
(2.16). Moreover, in this case m is the unique solution of this problem with
admissible singularities of the type (3.11)).
(d) Suppose the vector problem described in Remark has a solution m which

satisfies the condition m+(0) = (0,0). Then there is no invertible solution of
the problem (3.12)), (3.14) in H(X).

Proof. (a). This follows similarly as in |7, Theorem 7.18].

(b). Let M(k) € H(X) be the solution of the problem (3.12)-(3.13). By (a) it
sgfﬁces to show tlilat M satisfies (3.14]). To this end set M (k) = o1 M(—k)o1. Then
M(oo) =T and M (k) € H. Taking into account the symmetry of X, for example,

, we see that
My (k) = o1 M_(=k)o1 = oy My (—k)v ™  (—k)oy
= o1 M, (—k)orov (=k)oy = M_(k)v(k).

Thus M (k) solves (3.12)(3.13) and by uniqueness, M(k) = M(k). This proves
(3.14). The rest is straightforward.



KDV SHOCK WAVES 15

(c). By assumption we have a solution M as in (b) and hence one easily checks

that m satisfies s well as and . If m is a second solution, then as
in (a) we see that (3.8)) implies that ¢ = m(k)M ~!(k) is a constant vector. Hence
by we see ¢ = a%rb(L 1).

(d). Suppose that there exists an invertible symmetric matrix M (k) satisfying
(3.12). Without loss of generality we can assume M (oo) = I and hence by the
previous item our assumption implies m4 (0) = (a4 (0) + 8-(0), +(0) + a—(0)) =

(0,0). Consequently
_ [ a+(0)  B4(0)
0= (2 50)
implying det M (k) = det M (0) = 0. O

In particular, item (d) implies that any technique relying on existence of a
bounded nonsingular matrix solution is bound to fail at all points in the (z,t)-
plane where m (0) = (0, 0) holds. Recall now that the vector function is the
unique solution of the IM R-H problem, making m™ (k) the unique solution of the
IH R-H problem. After the transformation the point k¥ = 0 became an inner
point of the contour ™. Moreover, taking into account the scattering relation
(2.10) and the fact ¢p(+0,x,t) = ¢(—0,z,t) = ¢(40,z,t), it is straightforward to
check that

m(0,z,t) = <mP*1(O)Qj—[1(O), gb(:l:O,a:,t)P(O)Qi(o))
= (1) p(0,0,1) (5, )

Thus, if ¢(0,2*,t*) = 0 for arbitrary large (z*,t*) € De, then mP(0,z*,¢*) = 0
and by Theorem (d) we can talk about ill-posedness of the respective matrix
R-H problem. Moreover, even for the one-soliton (reflectionless, decaying) case this
occurs as pointed out in the discussion after Lemma 2.5 in [18].

4. FroM THE IH R-H PROBLEM TO THE MODEL R-H PROBLEM
Now we recall briefly the conjugation and deformation steps which lead to the
model problem solution in the domain D.. As is shown in [L1], (see also [13]) for
§=15 € (—%, g) the equality (1.9) generates an implicitly given positive smooth
function a(£), monotonously increasing such that a(—%) =0, a(g) = c. In the
domain C \ [ic, —ic] we introduce the function

k 2 2 2 2

— k?+a
4.1 = =1 24480 \/ .
(4.1) g(k) :== gk, x,t) Q/ic (kz £ 5 ) 2 C2dk

Here we use the standard branch of the square root with the cut along R_.

Lemma 4.1. ([11]). The function g possesses the following properties

(@) g(k) = —g(=Fk) for k € C\ [ic, —ic];

(b) g—(k) + g+(k) =0 as k € [ic,ia] U [—ia, —ic|;

(c) g—(k) — g4+(k) = B as k € [ia, —ia], where B := B(£) = —2g4(ia) > 0;
(d) the asymptotical behavior

®(k.6) ok =0 (7).

holds as k — oo.



16 I. EGOROVA, M. PIORKOWSKI, AND G. TESCHL

The signature table for the imaginary part of function g is shown in the following
figure:

FIGURE 2. Sign of Im(g)

STEP 1. Let m™™(k) be the unique vector solution of the TH R-H problem.
Redefine it by

(4.2) m(l)(k) — mini(k)e(itg(k')—td)(k))oa.
Then m() (k) is a piecewise-holomorphic function in C which satisfies the symmetry
requirements of Remark and solves the jump problem msrl)(k;) = m(_l) (k)v(l)(kj)

with
1 0
eit(g+—g—)+15F 0 o
i| X (k)|ett(9++9-) e—itlg+—g-)=1F | € [ie,ip),
1) — .
S N kT, i=1.,¥,

0 1

exp((—itB + i )o3), k € [ip, —ip],

01 [v(l)(ik)]ilglv ke [71p7 716]5

o1 v (=k)]oy, kecCruu,Ts,

where R(k) and X (k) are given by (3.5) and
hi(k,t) == hj(k,t,€) = —i(k — ir;)P? (k)Q? (k)y; % 2H(®lrs) =2 (k) =2tig (k)

Since Img(ik;) < —6 < 0 (cf. Figure , uniformly with respect to £ € Z., we
conclude that there exists p; > 0 such that

(4.3) max  sup  (|®(ik;) — ®(k)[ + Img(k)) < —C(e) < 0.
I=Les N jl—rej | <p

Taking into account (3.1), we prove

Lemma 4.2. The following estimate is valid uniformly with respect to £ € I,
max sup |h;(k,t)| = O(e=¢E)t).
J k?ETj

2by C(e) we will denote any positive constant with respect to k, &,  and ¢
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Put now b := a— p. Recall that the smoothness of the initial data up to the
6-th derivative implies that R(k) for k € R is a smooth function with R(k) = O(k~%)
as k — +oo (see [12 Thm. 4.1]). From item (c) of Lemma and the
signature table of g(k) we conclude that the following proposition is valid:

Lemma 4.3. Uniformly with respect to £ € I,
Hv(l)(k) — || poo(c) + Hv(l)(k:) —1Illzic) = O(e—c(s)t)7

[0 (k) — (THBHE)T|| 0.4y = O(e T,

STEP 2. Our next conjugation step deals with a factorization of the jump
matrix on the set [ic,ia] U [—ia, —ic]. To this end consider the following function
F(k)=F(k,§), k € C\ [ic, —ic]:

(4.4) ) .
F(k):exp{“;(l’<_ Fopass [ S | M)}
where

w(k) = \/(k2 +c2)(k2+a?), ke C\ (Jlic,ia) U [—ia,—ic]), w(0) > 0,

log | X (k)|

(15) (k) = 25

k € lie, —ic],

(4.6) Ap = Ap(¢ _21/ (s (/Zﬂ;)len@.

Remark 4.4. Putting together (2.11)), (3.5) and ( we conclude that A = A(§)
, ‘ 4.5)

given by (1.11) and Ap given by are connected by

(4.7) A=Ap— 5
Next, since X (k) = x(k)Q 2(k)P~2(k) has bounded non-vanishing values at
points +ic, we get

Lemma 4.5 ([11],[26]). The function F(k) possesses the following properties:
(1). F(=k)=F~Yk) for k € C\ [ic, —ic|;
(2). Fy(k)F_(k)=|X(k)| for k € [ic,ial;
(3). Fi(k)=F_(k)eAF fork € [ia, —ia);
(4). F(k) =1 ask — oo;
(5). Fp(k)F_(k) = (Fu(—k)F_(=k))"" for k € [—ia, —ic];
(6). F(k) has finite limits as k — =ic.

Taking into account these properties and property (2.7) we observe that the
matrix v} (k) can be factorized on [ic,ia] as follows:
1) (1) — 0 i -1

1
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where (cf. (2), @5), G3), [0)):

F_l i B F(k)e—2itg(k)
G(k) = ( (k) X (k) , keQ,.
0 F(k)

Inside the domain €, introduce the subdomain €2; surrounded by the contour X
oriented as depicted in Figure Denote by ¥ its inversion in C~. Define m(? (k)

as
G(k), ke Q,

m@ (k) :=mM (k) (F(k)~7, keCF\Q,
m(2)(71€)0’1, keC.
Since F(k) — 1 as k — 0o, the normalization condition is preserved for m® (k).
The correctness of its definition by symmetry in the lower half plane is due to

properties of (1), (2), (5) of Lemma [4.5] Moreover, due to property (6), [{£.2) and
Lemma [3.1] we have

m® (k) = Ok Fic)" V4, as k — +ic; m® (k) = O(1), as k — +ia;
m® (k) = 0(1), as k — =ip.

Note that the set G(2) = {=ic, +ia, £ip} is the set of all node points of the R-H
problem for m( (k). Taking into account property (c) of Lemma property (3)

of Lemma and (4.7), we see that

F_(k) . . s
(48) F+Ek; elt(g+(k)—g7(k)+1é7r/2) — e—ltB—lA7 ke [ia, —ia],
and therefore the jump matrix for m( (k) looks as follows
(4.9)
(? 6) ) k € [ic,ia],
%eit(w—gf)-&-ifﬂ/? 0 o
AIXT Git(g4+9-))  E) Git(g-—g4)—iln/2 k € [ia, it]
FyF_ F_
e—itB—iA 0 .
(0 s AW, ke fib.0],
@) (f) — _F%(k) —2itg(k)
v (k) <(1) X(k)i g 7 key,
1 0
(R(k)F—Z(k)GQitg(k) 1) ) ke Ca
2 .
((1) F Uﬂ)’fj““””), keT;, j=1,.,N,
o1 (v (=k)) oy, k € [0, —ic]
o1v@ (—k)oy, keXiucruy;Ts,

where the matrix
Ak, ) = [P (k)7 (00 (k) = el P+ ) [ (k)=
is supported on [ib,ip] and admits, according to Lemma the estimate
Ak, )| oo 0,187y = O(e™ ).
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FIGURE 3. Jump contour %(?) in C* (without the T;’s)

Lemma [£.3] and Lemma [4.2] together with properties (7) and (4) of Lemma
also imply

Lemma 4.6. Uniformly with respect to € € I,
0@ (k) — I oo (1) + [0 (k) — Iz k) = O(e™ "), as t — oo,
where K =CUC* UU;(T; UTY).
Remark 4.7. Formula allows us to shorten the expression for v (k) on
the interval [ia,ib]. However, we use the form of the jump matriz on [ia,ib] U

[—ib, —ia], because it simplifies further considerations of the local parametriz prob-
lem.

Let B be a vicinity of point ia with the boundary 0B satisfying
g < dist (9B, ia) < 2p,

where p is defined by (3.1]). Its precise shape will be described later in Section
Without loss generality one can assume that ib € 9B. Denote B* = {k: —k € B}
and the jump contour for m(? (k) by

(4.10) 2@ =CUC UL UL UU;(T; UTS) U [ic, —id],

and let

(4.11) ¥, =@\ (BUB)

be the part of our contour outside the small vicinities of the points +ia. Put
iUl';\ k € [ic,ia],

(4.12) o (k) = ill(vz;d(—k))-lal, ve %’—01&1,
I, ke 2@\ [ic, —id],

where

(4.13) A=tB+AER.
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The consideration above shows that uniformly with respect to £ € 7.
(4.14) 0@ (k) = 0™ K[| oo (5, )npr (s,) = O ), ¢ — o0,

The matrix v™°4(k) is piecewise constant with respect to k. In the next section
we study briefly the respective vector R-H problem. It was solved in [11], [13], how-
ever the uniqueness was not established there. Moreover, using the trace formula
we propose here a shorter and more transparent way to compute the expansion of
miPed(k)ymied(k) as k — oo, which will approximate the analogous expansion for

the initial R-H problem, because of
(4.15) m® (kyms? (k) = miM (k)mi(k),  [Tmk| > k1 + p.

5. UNIQUE SOLUTION FOR THE VECTOR MODEL R-H PROBLEM

Lemma 5.1. The following R-H problem has a unique solution: find a vector-valued
function m™°4 (k) = (miP°d(k) my¥°d(k)) holomorphic in the domain C\ [ic, —ic],
continuous up to the boundary except for points of the set G™°9 := {ic,ia, —ia, —ic}
and satisfying the jump condition:

(5.1) o () = mmed ()umod k),
0 1 -
: O> , k € [ic,ial,
o 0 —i .
(5.2) V() = i 0) ) k € [—ia, —ic],
e” 0

0 eiA> s ke [ia, —ia],

the symmetry condition

(5.3) mmod(_k) _ mmOd(k‘) (2 (1)> ,

and the normalization condition

(5.4) lim m™ (k) = (1 1).
k—ioco

At any point k € G™°4 the vector function m™°4(k) can have at most a fourth root
singularity: m™(k) = O((k — k)~Y4), k — k.

Proof. To prove uniqueness, assume that m and m are two solutions of the R-H
problem. Their difference m = m — 1 is a holomorphic vector in C\ [ic, —ic] which
satisfies conditions ([5.2)) and (5.3) and has the following behavior

m(k) = (1,—1)%(1+0(lf1)), as k — ioo.

Moreover, m(k) = O((k — k)~"/4)) as k — r for k € gmod,
In C\ [ic, —ic], introduce a holomorphic function

(5.5) f(k) :=ma(k)ma (k) + o (k)i (k).
Due to this function is even: f(—k) = f(k) and satisfies
(5.6) f(k) = 20" (1+0(k™%), as k— ioc;

k2
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(5.7) f(E)=0((k—r)"Y?), as k—k, for regmd
Since —k = k for k € iR and taking into account , we get

J+ (k) = ma g (k)ig, (k) + 12 4 (k)ma,— (k),

[ (k) =1, - (k)ma 4 (k) + g, (k)i 4 (k),
By use of

Fi(k) = i (Iiz, - () + i, - (0)[*) = =/ (k) € IR,k € [ic, +ia],
(5.8)
fie(k) = e iy _(k)mg_ (k) + emg,_(k)imy _ (k) = f_(k) €R, k € [ia, —ia].
Thus the function f(k) has no jump on [ia, —ia] and is the solution of the following
scalar jump problem
fr(k)=—f_(k), k€ lic,ia] U [—ia, —ic],

which satisfies and . The unique solution of this problem is given by the
formula

k € [ic, —ic].

2|h|?
[ L —
V(K2 + 2) (k2 + a?)
Therefore, if h # 0 then ~f(O) < 0. But according to (5.5) and (5.8) we have
f4+(0) = f_(0) > 0. Thus, h =0 and hence

my,—(k) = m1 +(k) = ma (k) =me_(k) =0, k€ [ic,ia] U[—ia, —ic].

In particular, we see that the jump along [ic,ia] U [—ia, —ic] is removable and the
only solution of this problem is trivial: m(k) = 0. |

Now we recall briefly how to solve problem (5.1)~(5.4) (cf. [11]). Consider the

two-sheeted Riemann surface X = X(&) associated with the function
w(k) = v/ (k2 + c2) (k2 + a2),

defined on C\ ([—ie, —ia] U [ia, ic]) with w(0) > 0. The sheets of X are glued along
the cuts [ic,ia] and [—ia, —ic]. Points on this surface are denoted by p = (k, %).
To simplify notations we keep the notation k& = (k,+) for the upper sheet of X.
The canonical homology basis of cycles {a,b} is chosen as follows: The a-cycle
surrounds the points —ia,ia starting on the upper sheet from the left side of the
cut [ic, ia] and continues on the upper sheet to the left part of [—ia, —ic] and returns
after changing sheets. The cycle b surrounds the points ia,ic counterclockwise on
the upper sheet. Consider the normalized holomorphic differential

_pod¢ A
(5.9) dw = Fm, where T' := (/a w(C)) ciR_,
then [ dw =1 and
(5.10) =6 = /bdw € iR,.
Let

O3(z|7) = Z exp {(n°T + 2nz)mi}, z€C,
nez
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be the Jacobi theta function. Recall that 65 is an even function, 03(—=z } T) =
05(z | 7), and satisfies

O03(z +n+7()l| 1) = 0s5(z | ) exp { —mirl? — 2milz} for I,n € Z..

Furthermore, let A(p) = fli dw be the Abel map on X. We identify the upper
sheet of X with the complex plane C\ ([ic,ia] U [—ia, —ic]) with cuts, and put
(k,+) = k. Allowing only paths of integration in C\ [ic, —ic] we observe that A(k)
is a holomorphic function in that given domain with the following properties:
Ay(k)=—-A_(k) (mod1) for k € [ic,ia] U [~ia, —ic];

Ay (k) — A_(k) = —7 as k € [ia, —ia];

A(—k) = —A(k) + 3( mod 1) as k € C\ [ic, —ic],

Ay(ia) = -3 = —A_(ia), A4 (—ia) = -3 + 3, A_(—ia) = 3 + 3.
A((oo,+)) =15 A(k) — A((00,+)) = =Tk~ + O(k™3) as k — oo.

On C\ [ic, —ic] introduce two functions

1 A A
A P —_— _—e— — — — —_——
B(k)-@g( A(k) 5 2|T>03< A(k) 2|7>,
where A = 2 € R and A(k) = A((k,+)) for k € C. The properties of the Abel

integrals listed above imply that the functions a’(k) and 3°(k) have square root
singularities at the points tia. Using the formula (cf. [10])

0 (u| ) 0s <u_;yf> _o, <2u—;’27> 0, (;]27),

we can represent the functions o (k) and 8* (k) as
oM (k) = 0y <2A(k) - % Y 2T> 0, (; (27) ,
BA(R) = 6, (—QA(k) + % Y 27> 05 <;| 27> .
Introduce the functions

(5.11) a(k) == ) _ .

gy O (240 + 3 - Af2r)

BO(k) 05 (—2A(k) + 3 | 27)
Evidently, both functions & (k) and B(k) have square root singularities at the points
+ia if A ¢ Z. Moreover,

(5.12) B(k) :

) R . . 93 ([\ ’ 27’)
) = B P = g e

Due to the first three properties of the Abel map we get
oy (k) = B_(k) and By (k) = a_ (k) for k € [ic,ia] U [—ia, —ic],
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Go(k)=ca_(k) and fBy(k)=eB_(k) for k € [ia, —ial,

a(—k) = p(k) for k € C\ [ic, —ic].

Now introduce the function

. 4/ k% + a?
(5.13) y(k) = R

defined uniquely on the set C\ ([ic,ia] U [—ia, —ic]) by the condition arg5(0) = 0.
This function satisfies the jump conditions

:}/-‘r(k) = 1:)/—(k)7 ke [iC, ia]a

54 (k) =~ (k), K € fia, —id].

Then the vector function

. B(k)
5.14 mmd (k) = [ A(k)- , (k)=
(5.14) (k) (()a(oo) ()ﬁ(oo)
solves problem (5.1)—(5.4).

Note that both components of the vector-valued function m™°4 (k) are bounded
everywhere except for small vicinities of the points of the set G™°9, where they have
singularities of the type (k — )~ Y/4, k € gmod,

Remark 5.2. We observe that
03 (:1:7'717]\|27')

03 (£7+1-A|2r)
aiO = 5 =
05 (£7+1|27)

05 (£7 +1]27)

B+ (

This means that for A = 3 (mod n) we have m$2°%(0) = (0,0). From Theorem@

it follows then that for A = 2rA = n(2n+1), n € Z the matriz model R-H problem
associated with the jump (5.2) does not have an invertible solution.

Remark 5.3. For A € Z we have é(+ia) = B(+ia) = 1. By (5.13), (5.14),

therefore:
m™d(+ia) = (0 0), as A= 2mn.

Thus the points (xz,t) for which A € 7 are those points where the vector model
solution does not have singularities at the points +ia. However, the matriz model
solution will have fourth order singularities at +ia for these pairs (x,t).

Recall now that we constructed the solution for the jump problem ([5.2) with
A= % and A given by formula (4.13). Due to (5.3), the asymptotic expansion of
the vector components product should be the following:

g™ (z,t,§)
22

Let us show that in fact for any fixed ¢ coefficient, ¢™°4(z, ¢, ) represents the
classical one-gap solution for the KdV equation associated with the spectrum & (&)
(cf. (L.4)) and with the initial Dirichlet divisor py defined uniquely by the Jacobi
inversion (compare (1.10), (T.11)):

Po

(5.16) do =1iA, po = (A(0,0,§),%).

—a?

(5.15) mPY(E)mPed(k) =1+ +O0(k™4).
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Here dw is the normalized holomorphic Abel differential of the first kind on the
elliptic Riemann surface M = M(¢) associated with the function

R(A€) = VAA+ ) (A +a(€)?),
with cuts along the spectrum. Let i), a be the canonical basis on M, where the
cycle b surrounds the interval [—c?, —a?] counterclockwise on the upper sheet and
the cycle a supplements b by passing along the gap [—a?, 0] in the positive direction
on the lower sheet and then changing the sheet. The normalization for dw is given
by formula [, do = 27i. Denote [; do = 7. Then it is straightforward to check
that 7 = 4rir (cf. (5.10)).

Furthermore, let fl(p) = fopo do be the associated Abel map and

K :=—A(-a?) = —g + i

be the Riemann constant. Introduce the wave and frequency numbers V = V(£) and
W =W (¢) ([22], [25]), which are b - periods of the normalized Abelian differentials
of the second kind d€2; and d23 on M, uniquely defined by the order of the pole at
infinity

(1+00"1)d\,  dQs = —% N1 +0A )N, A— oo,

i
2V A

and by the normalization conditions fﬁ dQ; 3 = 0. Thus,

iv ::/dﬂl, iw ::/dﬂg.
b b

The following result is obtained in [13].

Lemma 5.4. Let B = B(£) be as in Lemma[{.1, (c) and T = T'(§) be given by
(56.9). Then the following identities hold

tB=Vz—4Wt, Armil = —V.

Recall now that the one-gap solution corresponding to the spectrum &(£) and
to the initial divisor (5.16]), can be expressed by the trace formula:

(517) qper(x’t7 f) = _C2 - (L2 - 2)\(%, tv 5)7

where \(z,t) = \(x,t,€) € [—a?,0] is the projection of p(z,t) = (A\(z,t),+) € M,
which is the unique solution of the Jacobi inversion problem

)y =

p(2,t)

(5.18) / do =1(Ve —4Wt) (mod 27i).
Po

‘We can also represent it as

p(z,t)
/ dio = i(Ve — AWt + A).

—a2
Evidently A(x,t) = 0 corresponds to the local minimum of ¢P**(z,¢). Indeed,
ANa,t) =0 iff Y==tWA — 1 (mod Z).

2
To compare ¢P*(z,t,£) with the second term of the expansion for the product
miPed(k)ymied (k) =: p(k), which is given by formula (see (5.11)), (5.12))
o, 03(2A(k) — 5 — A) O5(—2A(k) + 5 — A) 05(0)?
p(k) =7 (k) : S

(05(2A(k) — 3))*(65(A))?

)
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we first prove

Lemma 5.5. The function p(k), k € C, admits the following representation:

2 _ X
(5:19) p(k) = \/(kf T aj)((kj)wL 2)

Proof. Given (5.11)) and (5.12)), consider the function

5(k) = p(k)7—2(k) = 2BBKE)
p(k) = p(k)y~=(k) 2(00)B(00)
By the symmetry property we have p(—k) = p(k). Moreover, this function does
not have jumps for k € [—ic,ic], and p(k) — 1 as k — oo. Thus, it must be a
meromorphic (in fact, rational) function of A = k? in the whole complex plane.
Due to and the function &(k)3(k) has the only zero, simple with
respect to A, at the point A = A(z,¢), and the only simple pole (again with respect
to \) at A = —a?. We conclude that

a(k)B(k) k2= X, t)

50k — ’ _ ’
p(k) &(00)B(o0) k2 + a2

which together with (5.13)) implies (5.19)). O
In turn, decomposing (5.19)) with respect to # we get the same trace formula

(5.17) for ¢™°d(x,t, &) in (5.15). It proves that

(5.20) ¢ (x,t,6) = ¢"* (z,1,€).

Moreover, the property of the combination of theta functions in mi°d(k)mied (k)

to be a rational function of the spectral parameter A = k2 is tightly connected

with the analogous property of the product of two branches of the Baker—Akhiezer

function. It allows us to expect that this approach may considerably simplify the
evaluation of asymptotics in the case of finite gap backgrounds.

6. THE MATRIX MODEL R-H PROBLEM SOLUTION AND ITS PROPERTIES

In this section we propose a proper matrix model solution with a nonintegrable
singularity at the point k = 0.

Theorem 6.1. There exists a matriz model solution M™% (k) of the model R-H
jJump problem which satisfies the following conditions:

(1) It is holomorphic in C\ [ic, —ic], continuous up to the sides of the contour
[ic, —ic] except at the points G™°4 U {0};

(2) At points of G™°4 it has weak singularities, M™°Y(k) = O((k — k)~'/*) as
k— k€ g™ and M™ (k) = O(k™") as k — 0f]

(8) It possesses the symmetry condition:

(6.1) M™Y(—k) = oy M™ Y (k)oy;
(4) It satisfies the normalization condition
(6.2) M) =1, k— oo

(5) det M™4(k) =1 for all k € C;

3we can not call it a pole, because the matrix has a jump in this point



26 I. EGOROVA, M. PIORKOWSKI, AND G. TESCHL
(6) The vector m® (k)[M™°4(k)]~" is a holomorphic function in a vicinity O of
the point k = 0;
For the proof of this theorem we will need the following

Lemma 6.2. There exists a vector solution v(k) = (v1(k),va(k)) to the model R-H
problem (5.2)) which satisfies the following properties:

e The symmetry condition v (k) = va(—k), k € C\ [ic, —ic];
o The asymptotical behavior:

(6.3) v(k) =ik(-=1,1)(1+O(k™1)), k— .

o The vector function v(k) is holomorphic in C\ [ic, —ic]|, continuous up
to the boundary except of points G™°4, where fourth root singularities are
admissible.

Proof. From Lemma [5.4] it follows that the vector v solves the jump problem
vy (k) = v_(k)v™°d(k) where

io1, k € [ic,ia],
(6.4) v™d(k) = vk, z,t,6) = { —ioy, k € [—ia, —id],
W (©t—iV (©a—iA©)73 | ¢ [ia, —id].
From formulas (2.3) and (2.6) of [13] it follows that:
iV(¢) = Z(k) — Z_(k), for k € [ia, —ia],
k (s2 — h)ds
e VE@NZF @)

Z(k) == Z(k,€) = i

-1
0 s2ds 0 ds
h:= .
o VAT ) o T A+ @)
Recall also that
Zy(k)+Z_(k) =0 (mod 2xi), k € [ic,ia] U [—ia, —ic].

B2y
2w =i [ At

In fact

is the classical quasimomentum associated with the Riemann surface M(¢). Thus,
00k, z,t, &) = AW O ZL () =Z-()e—iA@))os L ¢ [ig, —ia).

We see that the vector

(6.5) S(k) == S(k,x,t,6) = m™(k, x,t,&)e ZRwos

solves the jump problem S, (k) = S_(k)vS(k),
ioy, k € lic,ia],

v (k) = 0O (k,t,6) = —ioy, k € [—ia, —ic],

WA - | ¢ [ia, —idal.
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Let us treat the variables z, t, £ as independent variables. Then %vs(k) =0
and the vector

S(k) = %S(k,m,t,g)
= () = 2mg=t())e 200, (L) + 2 mg=(0) 4

solves the same jump problem as S(k):
Sy (k) = S_(k)vS (k).

Reversing the conjugation step (6.5) applied to the vector S, we conclude that
the vector

v(k) == S(k)e?®=as

= (Gt h) = ZEmE R, ) + ZmEn)).
solves the model R-H problem , which is the same as .

Next, since Z(k) = ik(1+0(k~1) as k — oo, it is easy to see that is fulfilled.
The singularities of v(k) at the points of G™°? are the same as for m™°d (k). This
follows from formulas (5.11)—(5.14) and the fact, that the differentiation 2 m™°d (k)
does not affect the part of the denominators in (5.14), which are responsible for
singularities, for example

-
gmmod(k) — :)(/(k)V(g) 93(0 | 27-) i 93 (QA(k) B 5 B A } 2T>
or 1 21 05(2A(k) — | 27) dA 0, (]\ | 27> )
because % = %ﬂ) O

Corollary 6.3. The vector function v(k) := % solves the jump condition (5.2)
and satisfies the antisymmetry condition

(6.6) n(—k) = —in(k),
with normalization
(6.7) v(k) = (-1 1), k— oo.

It is holomorphic outside the contour [ic, —ic], has fourth root singularities at points
of G™°4 and a singularity (k) = O(k™1) as k — 0.

Proof of theorem[6.1. Set
. 1 (m?(’d(k) —oi(k) myei(k) — ’72(k)>
MY (k) = =
myPod (k) + (k) m5ed(k) + va(k)

2
which evidently solves the model jump problem (5.1). Equalities (5.3) and
guarantees the structure

mo _ 1 wl(k) %(k)
M7 (k) = 2 (d’z(lf) ¢1(k)) '

and, therefore (6.1). Equality (6.2) follows from (6.7). Singularities described by
item (2) are evident.



28 I. EGOROVA, M. PIORKOWSKI, AND G. TESCHL

Let us discuss the invertibility of M™°4(k). Put s(k) := det M™°4(k). Comput-

ing it, we get
ml(k)Vg(k) — Vl(k)mg(k')
s(h) = 21k ’

where v(k) is defined in Lemma Evidently, s(k) does not have jumps. It
is meromorphic with the only possible pole at £ = 0, and bounded at infinity:
limg 00 $(k) = 1. Thus, we get s(k) =1+ %, where C' is a constant. But due to
we know that it is even: s(—k) = s(k), implying C = 0 and det M™° (k) = 1.
This proves item (5).

It remains to prove item (6). We have

-1 _ 1 /ahi(=k)  —a(k)
Mmod k 1 _ = ( 1
[ ( )] 2 \—¥2(=k)  ¥i(k)
1 (mi“‘)d(—k) —i(=k)  —myoi(k) + vo(k) )
2\ —mped(k) — (k) myo(=k) + ia(—k)
Define f(k) := m® (k)[M™d(k)]~!, k € O, where O is a small vicinity of the point
k = 0 with diam O < p (that is, O is situated inside the strip between C and C*).

Since f(k) does not have jumps in O, and we have the symmetry f(—k) = f(k)oy,
it is sufficient to prove that

Lemma 6.4. f1(k) has a removable singularity at the point k = 0.

Proof. The singularity at the point k£ = 0 is at most a simple pole for f;. To show
that it is removable, it is sufficient to prove that fi(k) = o(k~!) from any fixed
direction. As an appropriate direction we take the real positive ray k > 0. We use
the trivial fact that if £ — 0 then —k — 0.

To simplify notation, put m (k) = m® (k), m(k) = m™°4(k). Then

’ﬁl1(/€) — Th17+(0), ﬁll(—k) — ThL_(O), 1/1(]'(}) — 1/17_;,_(0), Vl(—k) — 1/1,_(0),
and
m,+(0)r1,—(0) =y —(0)r1,4(0),

because the jump in O for the model R-H problem is diagonal, and satisfied by
m® and v. Due to symmetries,

o~k = m (k) + A
thus X
Fi(k) = 5 (M (k)r(=k) — ma(k)ipa(—F))
- ﬁ (1 (=k)ma (k) = va(=k)ma(k)) + O(1), & — 0.
But

vi(=k)ma (k) — va(=k)ma(k) = vi(=k)ma (k) — vi(k)m (=k) —
ma,4(0)v1,-(0) — 1, —(0)r1,4(0) =0, k—0, keRy.
(]
Corollary 6.5. The vector m® (k)[M™°4(k)]~! is a holomorphic function in O.

This proves Theorem
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7. THE MATRIX SOLUTION OF THE PARAMETRIX PROBLEM

In this section we study the matrix solutions of the local R-H problems in vicini-
ties of the points tia. Consider first the point ia. Let B be a vicinity of this point
as described at the end of Section [4] Introduce in it a local change of variables

_sit

(7.1) w?(k) = 5

(9(k) — g=(a)), keB,

with the cut along the interval J := [ic,ia] N B. We observe that

3mi

Tt(k —ia)*%(1 + O(k —ia)), P(a)> 0.

(7.2) w2 (k) = P(a)e

Indeed, from (4.1) and Lemma it follows that for is — ia £ 0

o s 2 —qa? a+s
Re(—ig(is)) = 12/ ( +&— 52> 2 avae- sds

a=£0 2

2_32 2
(S5 e) | a9+ Ofa— o)

Since a(§) is a monotonous function with a(%) = c and a(,%) = 0, this implies
with P(a) > 0. Thus, w(k) is a holomorphic function in B with w(ia) = 0,
w' (k) # 0.

Till now we did not specify a particular shape of the boundary 0B and the
shape of the contour ¥; inside B (cf. Figure [3)). Treating w(k) as a conformal map,
let us think of B as a preimage of a disc O of radius P?/3(a)pt?/? centred at the
origin. Since w(k) = Py (a)t?*/?(ik+a)(140(1)), the function w(k) maps the interval
[ia,ic] N B into the negative half axis. We can always choose the contours ¥; N B
to be contained in the preimage of the rays argw = i%.

Next, in B introduce the function

X(k) six ziem
=" e
r(k) F k) et4e 2 | keBn{k:+Rek >0},
where X and F are defined by (3.5)) and (4.4]) respectively, and B = —2¢. (ia). By
(3.6) and Lemma [4.5| we conclude that

IX(k)| _up IX(R)| wn :
ri(k)= e 2, ro(k)= e, kelic,0NnB.
Therefore,
(7.3) re(BR)r_(k) =1, kelJ; ry(k)=r_(k)e 2P ke,

where we defined

J = [ic,ia) N B, J' :=[ia,ib] = [ia,0] N B
Denote also

L4 ::ElﬂEQ{RekZO}; Lo :zZlﬂEﬁ{Rekgo}.
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Lo

FIGURE 4. The local change of variables w(k).

Recall that the vector function m(? (k) satisfies the jump condition m(f)(k) =
m(_z)(k)v(z)(k), with the jump matrix [@.9). Redefine now m® (k) inside the do-
mains 5 and B* by the formula

m®(k)[r(k)] =, k€ B,
(7.4) m® (k) =< m®(=k)oy, ke B,
m® (k), ke C\ (BUB¥).

Using (73) we get m® (k) = m™ (k)o® (k) with

1 0 ,
(164/3w(k)3/2 1) s kelJ N
ioq, ke J,
s 4/3w(k)3/?
((1) 1 1 > ) ke L:l;
(3) _

(7.5) v (k) = 1 _164/3w(k)3/2 By r

(0 1 ) ) S 2

r(k)—s, k € 0B,

o1 [v® (=k)]oy, ke oB* UX5,

v (k), ke S®\ (T USs),
where £ is defined by (#.10) and
(76) Yp:i=JU J U LU £2, E% = {k -k € EB},

are orientated as in Figure [7] In particular, B* should be oriented counterclock-
wise.
We observe that transformation ((7.4) applied in B to the matrix model solution,

(7.7) M(k) := M™4(&)[r (k)] 7%, ke B\ g,

wipes out the jump along J’, i.e. in B the matrix M satisfies the jump condition
M, (k) = iM_(k)o1, k € J. Next by (7.1), the function w'/*(k) has the following
jump along the interval J:

w (k) = w’* k)i, ke
Recall that O = w(B). It is now straightforward to check that the matrix

1 wl/A wl/4 .
N(w) = —= (_w—1/4 w—1/4> , we,
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solves the jump problem
Ni(w(k)) =iN_(w(k))o1, ke

Therefore, in B we have M (k) = H(k)N (w(k)), where H (k) is a holomorphic matrix
function in B. Moreover, since det N(w) = det[r(k)?3] = 1, we have

(7.8) det H(k) = det M™°4 (k) = det M (k).
According to we get then
(7.9) M™4 (k) = H(k)N (w(k))r(k)°, k€ 0B.

Next, by property (b) of Lemmaw+(k)3/2 = —w_ (k)32 k € J, that is
v (k) =d_(k)7*Sd,(k)~%, kebB,

where B ~ o
d(k) := d(w(k)), d(w)=e*""",
and
ioq, kedJ,
1 0 ,
Y kelJ,
S = 1 i
0 1)’ ke £1,
1 —i
0 1 ) , keLs.

Let us consider the constant matrix S as the jump matrix on the contour I' :=
w(Xg) (see (7.6)). Let A(w) be the matrix solution of the jump problem
Ap(w) =A_(w)S, weT,
satisfying the boundary condition
Aw) = N(w)¥(w)d(w)?, wedO, t— oo,
where

C
U(w) =T+ W(l +0(w™>?)), w— oo,

is an invertible matrix and C is a constant matrix with respect to w, ¢ and £. The
solution A(w) can be expressed via the Airy functions and their derivatives in a
standard way (see, for example, [8], [4] Chapter 3, [16] or [1]). In particular,

1 /-1 6
(7.10) 0_48(_6 1),

and in the domain between the contours w(J’) and w(L;) we have
—y1(w) iya(w) )’

2mi

where y (w) = Ai(w) and yo(w) = e~ 5 Ai(e™ " w). The precise formula for A(w)
in the other domains can be obtained by simple multiplication of the jump matrix
S, but it is not important for us.

Define the matrix

MP¥ (k) := H(k)A(w(k))d(k)™ 7%, ke B\ZXg.
This matrix then solves in B the jump problem
(7.11) M2 (k) = MP* (k)o@ (k), keXg=JUJ UL UL,
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and satisfies for sufficiently large ¢ the boundary condition
(7.12) MY (k) = H(k)N(w(k))¥(w(k)) = M(k)¥(w(k)), keIB.
In B* we define MP?" (k) by symmetry

Mpar(k,) = UlMpar(—k’)O'l.

8. COMPLETION OF ASYMPTOTICAL ANALYSIS

The aim of this section is to establish that the solution m®) (k) is well approx-
imated by (1 1) MP*"(k) inside the domain B U B*, and by (1 1) M™°4(k) in
C\ (BuUB*). We follow the well-known approach via singular integral equations
(see e.g., [9], [18], [21] Chapter 4, [23]). To simplify notation we introduce

» =@ yoBUIB*.
Set

MP(k), ke (BUB),

(8.1) (k) = mP (R)(M™(k)) ™", M*(k) := {Mmod(k) keC\ (BUB).

Formula (7.11) implies that 77 does not have jumps inside B U B*. Moreover, from
(7.4) and item (6) of Theorem this vector is a holomorphic bounded function
inside the strip between C and C*. Let us compute the jump of this vector on 9B

by use of , , and :
My = mf) (Miar)_l _ m(3)T—03\I,—1M;1 — m(3) (Mfmd)_l MinOd'l"_US\I’_lMJ:l

= o MMy os g1 pos (Mmed) T =gy M MY

Here we took into account and the fact that M™°? does not have a jump on
0B. Note also that both matrices My (k) and M™°4(k) are bounded with respect
to t uniformly on 05.

Next, the structure of the matrix ¥(w(k)) implies that

F(k,t)
t(g(k) — g (ia))’

where the matrix norm estimate O(1) is uniform with respect to k on the compact
OBUOB*, and uniform with respect to £ € Z.. Hence (k) solves the jump problem

(8.2) U (w(k)) =1+ [F(k, D)l <O), t— o0,

s (k) = i (K)o(k),
where (cf. ([£.10), (4.11)):

F(k,t) 1
ﬁ(k) = alﬁ(_k)a'la ke 88*7

Mz (k)o®) (k) (MEY(K) Y, keX,,
and satisfies the symmetry and normalization conditions:

(k) = m(—k)or,  m— (1, 1), k- oco.
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Abbreviate W (k) = 0(k) — I. Recall the estimate (4.14]). Hence

wtato—grayy M+ (k) F (k) M (k), k€ 0B,
W(-k)o1 k € 0B*
(8.3) W(k)={%" ’ P
M2 (k) (0@ (k) — o™ (k) (MPed(k) ™Y, ke X, )\ fip, —ipl,
0 k € [ip, —ip],

where we treat v™°4(k) as in (4.12). Thus the error vector (k) has jumps on the
contour

Y =3,U0BU0dB"\ [ip, —ip]
only. This contour does not pass in the vicinities of the singular points ia, —ia and
0. We observe that for all (z,t) € D, the matrix W (k) is continuous on any smooth

part of the contour 3 and bounded with respect to k. Moreover, due to (4.14]) and
(7.5) we have

||kj(’l](3) (k) _ UmOd(k))||LP(EP\[1[),—ip]) — O(e—C'(E)t)7 pE [1, 00]7 ] = 0’ ]_7 2

(the estimates on the higher moments will be used later). Here we took into account
that the reflection coefficient R(k) decays as O(k~*) under condition ([1.8). Thus,

we get using (8.3) and (7.8) the estimate

Lemma 8.1. The following estimates hold uniformly with respect to £ € Z. and
(x,t) € De:

(8.4) W (k) sy < CEET, pefloc], j=0,1,2
Now we are ready to apply the technique of singular integral equations. Since
this is well known (see, for example, [9], [18], [23]) we will be brief and only list the

necessary notions and estimates.
Let € denote the Cauchy operator associated with X:

(€h)(k) 1/ﬁh<s>sd_—sk, KeC\%,

T 2ni

where h = (hi, hy) € L*(3). Let €, f and €_ f be its non-tangential limiting values
from the left and right sides of 3 respectively. R X R
As usual, we introduce the operator €y : L?(3) U L*®(X) — L*(X) by the
formula Cy f = €_(fW), where W is our error matrix (8.3). Then,
HQ:W||L2(2)—>L2(E) < OHWHLoo(i) < O(t71)7

as well as

1
-1
(8.5) I = &w) ™ 2y m 28y < 1-0@t 1)

for sufficiently large t. Consequently, for ¢ > 1, we may define a vector function
plk) = (1, 1)+ (I —Cw) ' Cw ((1, 1)) (k).
Then by (84) and (§3)

(k) = (1, Dl 2y < NT=Cw) g2y o 2@ €= 2 @) 225 Wl oo (5
(8.6) =0@t™).



34 I. EGOROVA, M. PIORKOWSKI, AND G. TESCHL

With the help of g, (8.1) can be represented as
1 W (s)d
k) = (1, 1) + 7/ M7
$ s—k

2mi

and in virtue of and Lemma [8.1] we obtain as k — +ioco :

(k) = (1, 1) + le/i(l’,f)vz(s)dHE(’f)’
where
1 O(t=2?)
|E(k)| < mllWlle@)lluUf) = (L Dl e < Im(k Fic)’

where O(t~2) is uniformly bounded with respect to & € Z., (z,t) € D. and k — co.
In the regime Rek = 0, Imk — 400 we have

1 (1, YW(s) . fol&, D) fi(§,1)
Dl P e A TE TG

+ 0@t HOok™3) + 0@t 2)0(k™),

where fy1(€,t) are uniformly bounded for ¢ — co and & € Z... Furthermore O(k~?)
are vector functions depending on & only and O(t~°) are as above. Hence,
fO (57 t)

m(3)(k;) — m(k)Mmod(k) _ mmOd(k) + Tkt(l’ 71)Mmod(k)

+f12<,f;f> m™ (k) + Ot )O(k™3) + Ot )0 (k™).

Now we are in a position to apply (1.13), making use of (4.15)), (5.15),(5.20),
(5.17). Note that since all conjugation steps in the vicinity of co involved diagonal

matrices with determinant 1, we have for the solution to IVM R-H problem from
Theorem 2.1t

ma(kyma (k) = m{Y (kym$? (k) = mid (k)m3°d (k) + O(tH)O(k2).

Here we used that the entries of M™°4(k) are uniformly bounded for ¢ € Z. and
that the k! term disappears by symmetry (2.15). Theorem is proved.
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PARAMETRIX PROBLEM FOR THE KORTEWEG-DE VRIES
EQUATION WITH STEPLIKE INITIAL DATA

MATEUSZ PIORKOWSKI

ABSTRACT. In this paper we study the asymptotics of the Korteweg—de Vries
equation with steplike initial data, which leads to shock waves in the tran-
sition region between the dispersive tail and the soliton region, as t — oo.
In our previous work we have obtained uniform estimates in x and ¢ by con-
structing a singular global parametrix solution. However in this work, we
present an alternative approach to the usual argument involving a small norm
Riemann—Hilbert problem, which is based instead on Fredholm index theory
for singular integral operators. In particular, we avoid the construction of a
matrix-valued global parametrix solution and utilize only the symmetric vector
solution, which always exists and is unique.

1. INTRODUCTION

The Korteweg de—Vries (KdV) equation is one of the most investigated nonlin-
ear wave equations that admits a Lax pair representation and thus can be solved
via scattering theory. The explicit asymptotic analysis can be performed by the
Deift-Zhou nonlinear steepest descent method for Riemann—Hilbert (R-H) prob-
lems, ([3], [B], [6], [7]). It involves contour deformations and the introduction of
auxiliary functions to obtain a R-H problem with jumps matrices that are either in-
dependent of the complex parameter k, or exponentially converging to the identity
matrix for ¢ — co. Ignoring the exponentially converging part, one obtains a model
problem, also referred to as the global parametriz problem. In most applications it
can be solved explicitly with the help of special functions (in our case Jacobi theta
functions), from which the relevant asymptotics can be obtained. The rigorous
justification of this method is however nontrivial and leads to a local R-H problem
which has to be solved around the oscillatory points (where the exponential conver-
gence fails). The solution of this so-called local parametriz problem again involves
the use of special functions (in our case Airy functions) and needs to converge to
the model solution locally uniformly away from the oscillatory points.

The above steps for the KdV equation with steplike initial data (shock wave) in
the region between the dispersive tail and the soliton region, also called elliptic wave
region after the form of the solutions, have been already performed in [8] and are
summarized in the next section. The main goal of this paper is the final part of the
analysis which differs from the usual argumentation involving the construction of a
model matrix solution (or equivalently two linearly independent vector solutions).
A peculiar feature of this step is, that while the relevant asymptotics can be read
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off from the symmetric model vector solution, the justification of the asymptotics
requires the construction of a second linearly independent model vector solution
([, 12, [15], [21]). The reason for this is that inverting the model matrix solution
results eventually in a singular integral equation of the form

(1.1) ([—-¢7)¢=ey((1 1))

where €2 is a singular Cauchy-type operator depending on u, which is a matrix-
valued L™ (; C**?)-function with [|ul| e (s;c2x2) = 0, as t — oo (see [2, Ch. 7]).
As [|€%] L2(sic2) = O(JJull Lo (s,c2x2)), we can invert I — €% for ¢ large enough by
writing down the Neumann series. In particular, we know that equation has
a unique solution, which can be then used to write down the corresponding unique
solution of the R-H problem. As the invertibility of the singular integral operator
I — ¢ is obtained by the smallness of |l oo (525022, we will refer to this approach
as the small norm R-H approach.

The existence of a second vector-valued solution fails in the case of interest for
discrete but arbitrary large times, as we have recently shown in [12]. The remedy
has been the construction of a vector-valued meromorphic solution with a simple
pole at the origin. Due to the inherit symmetries of the KdV R-H problem, the
pole cancels in the final step of the nonlinear steepest descent analysis (see [12]
Sect. 6]). However the natural question remains, whether the construction of the
meromorphic model solutions is necessary. In this work we show that it is not, by
proving a uniform error estimate for ¢ — co. Our approach avoids the construction
of a model matrix solution entirely and relies instead on Fredholm index theory
to argue for invertibility of the relevant singular integral operators. We shall refer
to this method as the Fredholm R-H approach. This idea can be found in [25]
Prop. 4.4] (see also [15], [18| Sect. 6] and [19]). While we concentrate on the KdV
case with steplike initial data, this paper can be regarded as an introduction to this
alternative method which generalizes to other problems solvable via the nonlinear
steepest descent method.

The structure of the paper is as follows. Section 2 summarizes the necessary
scattering theory to obtain the R-H formulation of the KdV equation. Section 3
contains a local change of variables which results in an explicitly solvable parametrix
problem. The necessary theory of Fredholm integral operators with emphasis on
the symmetries of our problem can be found in Section 4. The subsequent Section
5 contains the main idea of our new method: the construction of two auxiliary R-H
problems and an application of Fredholm theory from the previous section to prove
uniform error estimates for the approximation of the KdV solution. The discussion
section contains some further comments and a short scheme for obtaining the full
asymptotic expansion of the KdV solution. The two appendices contain some proof
technicalities left out in the main text and a general theorem which describes the
method used in this paper.

2. PRELIMINARIES
2.1. Initial data. We consider the KdV equation (cf. [§]), given by
gt (z,t) = 6q(x,t)qe (2, t) — Quaz(z,t), (2,t) ER X Ry
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with steplike initial data ¢(x) = q(x,0) € C*(R), i.e.
lim ¢(z) =0,

Tr—00

lim g¢(z) = —c* ¢>0

xr—r—00
such that
+oo
(2.1) / e (Jg(2)| + |g(—) + *|)dx < 00, Cp>c
0
and

o0
/ (25 + D)|q (@)|da < o0, i =1,...,11.
— 00

It has been shown that the above Cauchy problem has a unique solution ¢(-,t) €
C3(R) (cf. [11], [13]). Existence of classical solutions has been proven under more
general assumptions in [23], but we require the more restrictive condition for
analytic continuation in the frame work of the nonlinear steepest descent method.
We focus on the asymptotic behaviour of solutions in the elliptic wave region given
by —6c%t < x < 4c?t.

2.2. Scattering transform. To solve the KdV equation via the scattering trans-
form, we need to regard the solution ¢(z, t) as a potential of a self-adjoint Schrodinger
operator:

2

Cda?
Because of the behaviour of ¢(z,t) for £ — 400, one can find unique Jost solutions
d(k,x,t), p1(k,x,t) of the stationary Schrodinger equation

L(t)p(k,x,t) = k*p(k,z,t), Im(k) >0

L(t) = +q(-,t), D(L)=H*R)c L*(R).

determined by
lim e ¢k, z,t) =1, lim e*%¢(k,z,t) =1

Tr—r0o0 r—r—00
where k1 := vk? + ¢? is holomporhic in C\ [—ic, ic] with k; > 0 for £ > 0. We endow
[—ic, ic] with an orientation from top to bottom, hence + (—) denotes the limit from
the right (left), e.g. k1 4+ = —k1.—. The Jost solutions ¢ and ¢; are holomorphic
in the domain CY = {k : Im(k) > 0}, and CY := CY \ (0,ic] respectively and
continuous up to the boundary. Hence, we can evaluate ¢ and ¢, on the real axis,
which results in the scattering relations

T(k,t)pr(k, x,t) = (K, x,t) + R(k, t)¢(k, z,1), Kk €R,
Tl (kv t)¢(k7 €, t) = ¢1 (ka €T, t) =+ Rl(k’ t)¢1(ka €z, t)7 kl € R7
where T'(k,t) (T1(k,t)) and R(k,t) (R1(k,t)) are the transmission and reflection
coeflicients determined uniquely by the above equations. In the case of no solitons,
T(k,t) and T} (k, t) are holomorphic in CY and continuous up to the boundary, while

R(k,t) and R;(k,t) have an analytic extension to the domain {k : 0 < Im(k) <
Co}\ (0,ic], because of assumption (2.1). We also introduce an auxiliary function

x(k,t) := — slir& T(k+e,t)Th(k+e,t), ke(0,ic
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and extend it to [—ic,0) via

X(_ka t) = _X(kv t)
More properties of the above functions can be found in [8 Sect. 2], and shall be
mentioned when needed. The next step involves determining a minimal scattering
data, from which the potential can be reconstructed. From Theorem below, it
follows that one possible choice is given by

S(t) ={R(k,t), k€ R; x(k,t), k € [0,ic]}.

Here, S(t) denotes the scattering data of the solution g(x,t) of the KdV equation,
which evolves linearly from the scattering data S(0) of the initial data g(x) via

R(k,t) = R(k,0)e8*"t = R(k)e®F’t|
Xk, 1) = x(k, 0)e¥F"t = x(k)eS*™,

This method effectively linearizes the KdV equation. The R-H approach is then
used to perform the inverse scattering transform S(t) — ¢(x,t) and is outlined in
the following theorem taken from [g]:
Theorem 2.1. Let m(k) = m(k,z,t) be given by
T(k, )61 (k, 2,0, 6(k, 2,0~ #7), kK eCY
m(k,x,t) = ) )
¢(_k7 x, t)elkzv T(_k7 t)¢1(_k7 x, t)e_lkz) ) k € (CcL7

where CY := {k : Tmk > 0} \ (0,ic], CL :={k: Imk < 0} \ (0, —ic]. Then m(k)
is the unique solution to the following R-H problem:

Find a vector-valued function m(k) which is holomorphic away from R U [—ic,ic],
satisfying:
(i) The jump condition m4 (k) = m_(k)v(k)

- R —RRe 1)
<R(k)et‘1><k> 1 » kER,
1 0 .
v(k) = (X(k)et‘b(k) 1) ; k € (0,ic],
_ta(k)
<é X(k)el > ) ke [—iC, O)a
(i) the symmetry condition
0 1
22) mi-k) =m(h) (3 ).
(iii) and the normalization condition
(2.3) lim m(k)=(1 1).
k—o0

Here the phase ®(k) = ®(k,xz,t) is given by
o (k) = 8ik® + 211%,
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Remark 2.2. We have excluded solitons in our analysis, as they do not contribute
to the asymptotics in the region of interest. They can be included in the R-H formu-
lation by requiring certain pole conditions on m(k), which can then be transformed
to jump conditions (see 8], [15]).

Note that the jump matrix v(k) also satisfies a symmetry condition

(2.4) v(—k) = av(k) toy, o= (? (1)) .
There are two methods to obtain ¢(z,t) from m(k,z,t) = (mq(k,z,t) ma(k,z,t))
([2)):

q(z,t) = Oy hm 2ik(my (k,z,t) — 1) = =0y hm 2ik(mo(k, z,t) — 1)

k—o0 k—o0
(2.5) q(z,t) = klim 2k (my (k,z, t)Ymao(k, z,t) — 1).
— 00

The first formulas are more analytically demanding because of the differentiation,
so we will use the second formula ([2.5).

2.3. Conjugation steps. For further analysis we introduce the following function
k
k% + a?
_ o 2 2
o) = glhkyz,t) =12 | (2 4 ) Ty

ic

which is holomorphic in C\ [—ic, ic] and approximates ®(k) at infinity, while simpli-
fying our R-H problem on [—ic,ic]. As has been shown in [16, Sect. 4], a = a(£) and
@ = (&) can be chosen to depend continuously on the slowly varying parameter

§=15 € (—%, %) such that the following properties hold (see [8, Sect. 4]):
The function g is odd, i.e. g(—k) = —g(k), k € C\ [—ic, ic];

i).
(1; g—(k) + g+ (k )—Oforke[ ic,ic] \ (—ia,ia);
)

—-

—(k) — g4+ (k) = B for k € [—ia,ia], with B := —2g. (ia) > 0;
for k — oo we have
SB(k,€) —ig(k,&) = O(K™)

We modify the R-H problem from Theorem by conjugating with the matrix
o (12()/25it9(R)rs 0.

m(k) — (k) = m(k)e” t®k)/2=itg(k)os
v(k) — (k) :== e(t<1>(kr)/2*itgf(k))asv(k)ef(té(k)/%itw(kr))as

(1 0
03 = 0o —-1/-

The next step involves performing a standard factorization of the jump matrix on
the real axis (see [8 Sect. 4]), and shall not be repeated here. To further simplify
the jump matrices on [—ic, —ia] U [ia, ic], we introduce another function F (k) given
by

o =48 ([ S [ " a7 b))

with

w(k) ==/ (k2 + ) (k2 +a2), w(0) >0,
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_ log |x(k)|
wy (k)

A=A®) = zi/icw ds(/i; Wiz))l,

1a -

fk)

satisfying the following properties:
(i). Fy(k)F_(k) = |x(k)| for k € [ic, ia],
(ii). Fy(k)F_(k) = |x(k)|7* for k € [~ia, —ic],
(iii). Fy(k) = F_(k)e'® for k € [~ia, ia],
(iv). F(k) = 1as k — oo and F(—k) = F~1(k) for k € C\ [~ic, ic].
That F'(k) has these properties on the open intervals follows from Plemelj formulas.
The interval boundary points need a more careful analysis (see [20, Ch. 4]). Further
comments regarding the possible singularities of F'(k) near ia and ic can be found
n [12]. Again we conjugate our current R-H problem by the matrix F(k)~73.
Next, let us introduce the matrices

1 _E2 -2t 1 0
Ul . GL(k) = )
& (k‘) = (O X 1 ) 5 (k) = ( XIl:‘2 e211‘,g 1)

4k k
(‘Zla (b)W((bh ¢) ’

is the analytic continuation of x(k) in the vicinity of [—ic, ic], such that

X+(k) = 751—i>%1+ T(k +¢, O)Tl(k + 570)3 X+(k) = *X—(k)a ke [710, ic]'

where

x(k) := v x(=k)=—x(k), ke{k:0<Imk < Cp}\ [—ic,ic]

The function ¢, (k) is the analytic continuation of the function ¢, (k) restricted to
the imaginary segment [0, ic], and can be expressed via the transformation operator
Ki(z,y,t) (cf. [8, Sect. 2], [9]):

o1k, z,t) = eF1® +/ Ky (z,y,t)e*¥dy, ke {k:0<Imk < Co}\ [~ic, ic]

which converges because of the decay properties of g(x,t). We conjugate with GY (k)
and G* (k) in the domains QY and Qf depicted in Figure where all contours need
to be confined to the strip {k : —Cy < Imk < Cy}. The resulting R-H problem
takes the following form, where b € (0,a) can be chosen arbitrary (we shall only
write down the resulting jump matrix and the contour, where the notation 0(2)(k)
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is adopted from [12]):
(? 6) ’ k € [ic, ia),
e—itB 0 o
<i|X|eit(29—itB) eitg) , k€ [ia,ib]
1 0 .
(R(k)F_2(k)e2if9(k) 1> , kex

—itB
(e 0 SB> ) k € [—ia,ial,
e

v (k) =

o1 [v® (=k)] Loy, k € [~ia, —ic] U [~ib, —ia] U BT,
GY(k)™1, kexl,
G (k) ke Xf,

where B := B + %. We write ¥ for the union of all contours listed above.

FIGURE 1. The contour of the model R-H problem with exponen-
tial correction

As all conjugation and deformation steps are invertible, we know from Theorem
that there exists a unique solution to the above R-H problem with the usual
asymptotics at infinity and symmetry condition , which shall be denoted
by m®) (k,x,t). Moreover, we assume that ©¥ and ¥’ remain a finite distance away
from the real line, implying that for t — oo the jump matrices on Y, 3L 3 and
I converge exponentially fast to the identity matrix, and on [ia, ib] U [~ia, —ib] to
the diagonal matrix e~*573, We shall refer to the above R-H problem as the model
R-H problem with exponential correction, and the one where we ignore the jump
matrices converging to the identity matrix as the asymptotic model R-H problem
or just model R-H problem. The latter one is solved explicitly in [8] (see also [12],
[16]) and its solution is unique:
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Theorem 2.3. The model R-H problem, given by the jump matrix

0 i .
(i 0) , k € [ia,ic],
0 ) k € [—ia, —id],

(5
( —itB

1tB> , k€ [—ia,ia],
has a unique solution m™°%(k) satisfying the symmetry and normalization condi-
tions (2.2)), (2.3).

3. PARAMETRIX PROBLEM

3.1. Local change of variables. We now turn to the jump condition near the
points +ia (we will just consider +ia, analogous results hold for —ia). For k near
ia we can write

k 2 2
o 2 9 [8°+a
k [ 2 2
. . 2 2 s“t+a
—gi(la)+12[a (S +,U,) mds

= ;@ — 8™ (a? — u?) 22_“a2 (k —ia)3? + O((k — ia)>/?),

c
where the roots in the last two lines have a branch cut on the positive imaginary
axis (i.e. Imk > a, Rek = 0) and are chosen positive for k — ia > 0. The upper
(lower) sign is for the limit from the right (left), respectively.

Next, we have to define a local time-dependent holomorphic change of variables
k —ia — w, such that

3/2
g(k) = HFB;Q 4 swlk) :
t
where D is a disc around ia with a fixed radius smaller than min(c — a,a — b) such
that k — ia — w is bijective and ¢ = e~3™/4, The branch cut is defined again on
the positive imaginary axis. Furthermore, if convenient we will abuse notation by
writing f(w) for f(k(w)), if a f is a function of the variable k and vice versa.

We continue with the model R-H problem with exponential correction around
the critical point ia. To make it independent of our new variable w, we perform a
conjugation by the matrix e~*9(*)?s  This results in a local R-H problem with the
following jump matrices around k = ia (w = 0), where h := e'2:

keD
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F1GURE 2. The local R-H problem

In the next step we conjugate around the origin in the w-domain by the matrix

<p%v) p(u?)‘1>

where p(w) should be a holomorphic function with a possible jump on the imaginary
axis. The jump matrices transform as follows

1 —F?/x L —F?/xp~?
(0 1 ) - (o 1
0 i 0 ipy'pZ!
(i 0) — (ip+p 0

( h1 0) ( h=tp p! 0 )
R o ] — 1|5 9 — .
hx/F{ h hx/Fipyp— hpi p-

To simplify the problem, we require that

F2
7p—2 =1
X
which implies
F
pi=—.
VX

As the limit of F2/x from the right (left) to ia is equal to —ih (ih~!) which are of
modulus 1, we see that we can find locally a square root. We choose the normal-
ization
p+(0) _ efﬂ'i/4iL1/2
and
p (O) _ e7ri/4i171/2.
The following boundary values can be computed explicitly:
pip_ = FLF. x| _ x| _

VGV XV X X !

,  k(w) € [ia,ic] N D,
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BT h
vX+vail \/X+\/*X+71

The conjugated R-H problem, referred to as the Airy R-H problem, takes on the
form:

pap” = —ih, k(w) € [0,ia] ND.

2y
FIGURE 3. The Airy R-H problem

where we have used that R
hxpip— _ .
2
on the imaginary segment k(w) € [0,ia] N D.
Note that matrix solutions without any normalization constraint at infinity cor-
respond bijectively to matrices with entire entries. This follows from the cyclic
condition satisfied by the jump matrices (cf. [24]):

oo GHEYENE Y-

i.e. the product of the jump matrices when going around the point w = 0 and taking
into account the orientation of ¥;, i = 1,...,4 evaluates to the identity matrix. In
particular, to construct the local parametrix solution we will need to use entire
functions, such that later on the matching condition can be satisfied.
To obtain the correct asymptotic for w — oo, we shall make an ansatz involving
the Airy function (see [22] Ch. 9])
ir/3

Ai(z) = /OOC exp(s®/3 — zs) ds,

coe—im/3

(3.2) Ai(z) (271/4 + 0(277/4))672/3'23/2, z— 00, |arg(z)|<mw

1
=5
which is a solution of the Airy differential equation. The notation coe*™/3 means
that we integrate over a contour which asymptotically is a straight ray with angle
+im/3. Here, the error term is uniform in closed sectors excluding the negative real
axis. Two other solutions are given by Ai(pz) and Ai(p?z) with p := e*7/3. As the
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Airy equation is linear and of second order, there must be a linear relation between
these three solutions, which is given by

Ai(z) + pAi(pz) + p* Ai(p*2) = 0.

As it will be needed later, let us also write down the asymptotics of the first
derivative of the Airy function

(3.3) Ai'(2) = —% <z1/4 + 0(2_5/4))6_2/3Z3/2, z—o00, |arg(z)|<m

where the error is again uniform in closed sectors excluding the negative real axis.
Let us define

y1(w) = 2y/me™/5(3/2)/6 Ai(iw(3/2)*?)
Y2 (w) = py1(pw)
ys(w) 1= p*y1 (p*w)

With our prior definition of w?3/2 (branch cut on the positive imaginary axis) we
can deduce from (3.2]) the following asymptotics

pi(w) = (w44 O /) el arg(w) # /2
—<w_1/4—I—0(111_7/4))ei<w3/27 arg(w) € (—7/6,7/2)
v2(w) = i(w’1/4+0(w’7/4) emiwT arg(w) € (1/2,117/6)
B —(w_1/4 —l—0(111_7/4))ei“"?'/z7 arg(w) € (w/2,77/6)
us(w) = —iw V4 O )e Y arg(w) € (~5m/6,7/2)
with ¢ = e=3™/4 and for the derivatives
Vi) = f%( w4+ 0@ ) argw) £ 7/2
B e
S g(w) € (7/2,117/6)
) = — 3 (w4 4 O(w5/1) )elsw arg(w) € (m/2,77/6)

_% 1w1/4+0(w 5/4)) —icw /2’ arg(w) c (—57T/6,7T/2)

Next, we need to check whether we can indeed get the right boundary behaviour
from an ansatz involving y;(w). Because of the cyclic relation and the fact
that the Airy function is entire, it is sufficient to specify the two vector components
in one region, to automatically obtain a global vector solution to the Airy R-H
problem. Assuming the form

ai(w) = (y3(w), —y1(w))

in Q1 we get the following solution
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(93( ), _yl( ))’ w € (N,
(ya(w), w)), w € (o,
(—iya(w), *1213( ), weQs,
(—1y2( ) iy1 (w )), w € Qy.

As all jump matrices for the parametrix problem are constant, we know that
ai’(w) is another solution to the Airy R-H problem. Conjugating back with the
matrices p(w) 7% and e*9(¥)9s we can use these vector solutions to write down a

local matrix solution A(k) of the model R-H problem with exponential correction
in the k-domain defined as follows:

(3.4)
2i / /
eiﬂ'/4t7‘73/6 3c 0 yg(w) —U (’U}) p(k)70’3611{(](16)0'37 w e le
0 1) \~ys(w) yi(w)
2i
eiﬂ'/4t_‘73/6 3¢ 0 yé(w) yé ('lU) p(k})_o3eitg(k)g3, w e 927
0 1) \~ys(w) —ya(w)
A(k) =

2i : 1
ei7‘r/4t—0'3/6 (?E)g 0) <_1yé(w) —lyé(w)> p(k)_USGitg(k)037 w E 937

1 iy (w)  iys(w)

2i : :
ain/ay—os/6 [ 5 0\ (—iyh(w) iy} (w) p(k)=seitaos 4 € Q,
0 1 ya(w)  —iyr(w)

in some fixed disc D around ia with radius smaller than min(a — b,¢ — a) in the
k-domain, such that k — w is a change of variables for k € D.

Note that m® (k)A~" (k) will have no jumps inside D. For our subsequent anal-
ysis we need an analogous local solution for the model problem, i.e. we look for a
matrix N (k) defined on D, such that m™°d (k)N (k) has no jumps inside D. This
translate to the following jump condition for N (k)

N, (k) = (Bi Bi> N_(k), k€ [ia,ic]ND

(35) eité 0
( ; e_itB> N_(k), ke 0,iaND.

where B = B + %. Furthermore, on the boundary 0D we would like N (k) to
asymptotically cancel with A~1(k). The correct solution of (3.5) is given by

1 i 7/4)o o w_1/4 _w1/4 o
(3.6) N(k) = iei (6B/2+m/4) *p(k)7? (w1/4 wl/4 t 3/67

which is obtained from A~!(k) by taking the first term in the expansion of the Airy
function and their derivative (3.2), (3-3). Note that in A(k) the exp(isw(k)®/?)
factor cancels partially with exp(=Fitg(k)) = exp(FiB/2 + icw(k)?/?) leaving only
exp(+£itB/2), which is contained in formula (3.6). In fact, choosing N (k) as above
and using the normalization in we obtain the estimate

(3.7) A7Yk)=N(k)+0O(t™"), ke oD,
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which follows from (3.2), (3.3) and the fact that O(t'/6w="/%) = O(t=Y/6w=5/%) =
O(t™1) on dD. As both the determinants of A(k) and N (k) are constant equal to
1, we also have the estimate

N~Y(k) = A(k) + O(t™"), k€ aD.
4. SINGULAR INTEGRAL EQUATIONS

Our goal is to show that the contributions coming from the vicinities of +ia are
small, such that they do not affect the leading asymptotics of the KdV equation.
This can be achieved by reformulating our R-H problems as a singular integral
equations and is a rigorous justification of Theorem 5.1 in [§], giving uniform error
estimates of order O(t~1). Again, the arguments follow a similar line to the ones
given in [I], [12] and [21], except for the final analysis, which omits the construc-
tion of a model-matrix solution and the corresponding small norm R-H problem.
Instead, we rely on Fredholm index theory for singular integral operators. Relevant
literature on Cauchy operators and their connection with R-H problems can be
found in [2], [17]. We shall review the essential results here.

We write ¢! for the Cauchy operator defined on L?(T),

& I2(T) = OC\T), J(K) = € ()(K) = o [ 75) -2
2mi Jp s—k
where O(C\ T") denotes the space of holomorphic functions on C\ I". Here, we are

assuming that I' has an orientation and that the family of functions (s — k)1 are
in L2(T) for k € C\ I'. We define the operators €', €' by

eL(Nk) = lim_e"(f)(2)

where the limit is assumed to be nontangential. Standard theory tells us that if I"
is a Carleson jump contour on the Riemann sphere C=cu {o0}, the nontangential
limit exists a.e. and €Y. will be a bounded operator from L?(T') to itself (see [17]
Prop. 3.11]). Note that the contour ¥ of the model problem can be extended
to a Carleson jump contour ¥ U iR (the same is true for ¥ defined in the next
section). Hence, boundedness of €*“® implies boundedness of ¢*, which is all that
is required in [25] for the underlying operators to be Fredholm.

For a general 2 x 2 matrix-valued function u(k) € L>(T;C?*?2) we can define
with slight abuse of notation the following operator:

el LA C?) — LA(T;C?),  f el (f-u),

where T' is a Carleson jump contour. Here, ¢U' acts componentwise on vector-
valued entries. We assume that I' is invariant with respect to the transformation
k — —k and that sequences converging to the positive side still converge after this
transformation to the positive side. This is a different convention then the one we
used in [12] or the one from Theorem in order to simplify computations. The
jump matrix v (and also u := v — I) must now satisfy

v(—k) = orv(k)oy

which is the same as (2.4) when taking into account the different orientation. By
the previous arguments, we have that ||Q:5||L2(F;(C2) < Cllul| oo (ryc2x2y, where C' is
the operator bound of €L in L?(T'; C?).
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Remark 4.1. We emphasise that the orientation is essentially a free choice. While
some theorems in the literature (c.f. [17]) require particular orientation conventions,
one can always fulfill them by changing orientations of certain arcs and inverting
the corresponding jump matriz.

Next, let us consider the following integral equation
(I-&,)o(k) =CL((1 u),

where we also require that the matrix entries of u are in L?(T) in order for the right-
hand side to be well-defined. It turns out that there is a bijective correspondence
between solutions of the above equation, and vector solutions of the R-H problem
on the contour ' with jump matrices v(k) = I+ u(k) (in the L2-setting) given by

1 ds
k k=01 1)+ — 11
k) —> m(k) = (1 1)+ 5 [ 60+ (1 Dyl =2
m(k) — ¢(k) :==m_(k) — (1 1),
see [25]. The following result is of central importance for this paper and holds also
without our symmetry assumption on I':

Theorem 4.2. For u(k) € L>(T';C2*2), the operator 1 — €L is Fredholm of index
0.

Proof. The fact that this operator is Fredholm is proven in [25] Prop. 4.1]. Note
that 7 — I — ¢ for 7 € [0,1] is a continuous deformation of T — €L to T in the
space of Fredholm operators. As the Fredholm index stays invariant with respect
to such deformations, it follows that

ind (T—-¢)=ind T =0.

As the uniqueness statements in Theorems and only hold for vector
solutions satisfying the symmetry condition , we would need to restrict the
operator € to L2(T;C?), which is the Hilbert space of functions ¢(k) € L?(T;C?),
satisfying

P(—k) = ¢(k)o.
We write &L for the restriction to the symmetric functions, and % for the restric-
tion to the antisymmetric function satisfying

¢(—k) = —¢(k)o1.
The space of antisymmetric functions is denoted by L2(T';C?). Let us define the
operator
H: L*(T;C% — LAT;C?),  Ho(k) := ¢(—k)oy.

Note that L2(T';C?) is the eigenspace of H with eigenvalue 1, while L2(T;C?) is
the one with eigenvalue —1. Next, let us assume that u(k) (or analogously v(k))
satisfies the symmetry condition

u(=k) = oru(k)oy.
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We can then compute that H is a symmetry of €1, i.e. commutes with it

L Ho(k) = limii, / Hqﬁ)(s)u(s)%

K —k 2771 K
ds
N k/lgr}} 271 / p(=s)oruls s—k
= lim (b(s)u(s)L
T kSok- 2mi r s — (—k’)al
= théb(*k)ﬁ
— HES (k).

Hence, we conclude
[CE, H] =0

which implies that the range of &Y lies in the space of symmetric functions, while
the range of AL lies in the space of antisymmetric functions. This implies that
[ — &% and T — AL can both be restricted to be Fredholm operators on L2(T'; C?)
and L2(T; C?) respectively. Using an argument as in the proof of Theorem we
conclude that both operators are of index 0. Hence, we see that injectivity of the
operator I — &L which is equivalent to the uniqueness of the corresponding R-H
problem already implies invertibility. The same reasoning holds for T — 2.

5. MAIN RESULT

Next, we define two new R-H problems for which we know their unique solutions.
Similarly as in Section 3, denote by DV a disc around ia with radius smaller than
min(c — a,a — b) such that k — w is bijective for k¥ € DY. In particular, 2V is
assumed to be disjoint from DV. Note that the radius can be chosen to be constant
with respect to small variations of £ (see Remark . Let D be the image of DV
under the transformation & — —k. Furthermore, 9DV is oriented counterclockwise,
0D clockwise and let ¢ := DY UD¥. The two R-H problems satisfy by assumption
the symmetry condition for the contour and for the jump matrices specified in
the previous section. The same goes for the solutions, which are assumed to be
symmetric.

Riemann-Hilbert problem I. Find a vector-valued function m™°4(k), holomor-
phic in C\ ([—ic,ic] U dU), satisfying:

(i) The jump condition mPd(k) = m™°d(k)v! (k):
v (k), k € [—ic,id\U
vl (k) = { N(k), k e oDY
O'1N(—k5)0'17 k € oD~

with N (k) defined by (3.6),
(ii) the symmetry condition

"ol (—k) = " (k) <(1) (1)> |

(iii) and the normalization condition
lim m™4(k) = (1 1).

k—o0
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The solution has the form
5.1) m™ed (k) = m™4(k), keC\U
‘ Ao (k) = m™ (RN (k), k€U

where m™°9d(k) satisfies the model R-H problem and is taken from [§] (for a proof of
uniqueness see [12]), where it is given explicitly in terms of Jacobi theta functions:

mo Iy k2 + a2 9(A(k‘)—i7‘r—%)9<A(k)_1tB>92( )
mi d(k’) - \/EQ(A(I{) —im) 0 (A(k)) 6 (wi itB) ( )

2 2

mod 4 kK2+a? 0 (*A(k) —im — %B) 6 (—A(k) _ @) 2 (i)
miod (k) = MQ(—A(@ —im) 0 (—A(K)) 0 (m _ ﬁ> p (% N L).

2 2

Here, A: C\ [—i¢,ic] — C, is the Abel map restricted to the upper sheet (cf. 8|
Sect. 5]). Furthermore, uniqueness of m™°d(k) implies uniqueness of m™°4(k), a
any model vector solution would give rise to a solution to the R-H problem I

6.0

Riemann-Hilbert problem II. Find a vector-valued function m(? (k), holomor-
phic in C\ (X U oY), satisfying:

»n

via

(i) The jump condition 2 )(k) = ﬁzf)(k)vll(k):
v (k), kex\U
ol (k) = ¢ A= (k), k € oDY
O'1A ( )0'1, ke QDL
with A(k) defined by (3.4),

(ii) the symmetry condition

=@ () — @ (O 1
m(=k)=m (k;)(l 0),
(iii) and the normalization condition

lim m® (k)= (1 1).

k—o0

The solution has the form
m® (k) = m® (k), keC\U
m P (k) =mP(k)A™Y(k), kel

where again uniqueness of m(? (k) implies uniqueness of m(? (k).

Let us remark once again that N (k) is chosen to cancel the jump matrix inside
U, and the same is true for A=!(k). Hence, while R-H problem I has only jumps
on the imaginary segments [—ic,ic] \ U and oU, R-H problem II additionally has
jump exponentially converging to the identity matrix away from the discs.
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Note that v!(k) = vl(k) for k € [~ic,ic] \ (U U [ia,ib] U [~ia, —ib]). On the

boundary of the discs we have the estimate (3.7), hence we can conclude that
||UH - ")I”Loo(i;(czxz) = O(til)a

where 3 := (3 \ U) U U and we set v! (k) = 1 for k € ¥\ [~ic,ic]. We can now
use the results from the previous sections, to prove that m® (k) and m™°9 (k) are
asymptotically close to one another as ¢t — oo.

As we have an explicit solution of R-H problem I, we can use our uniqueness
result and Fredholm theory to solve the equation

(I— &%)l (k) = &>((1 1)ud).
with u! := v! — 1, by inverting I — 6%1. As u! is periodic in time, we can conclude

that the continuous family of operators I — (‘5%, is uniformly invertible
¥ -1
(T — Guf) HL2(§;C2) <C.

Here, C' can be chosen locally uniformly in the parameter { = {3; (see remark below
and Appendix A).

Remark 5.1. It should be emphasized that u'!1 are not only time dependent but

x

also dependent on § = 15;. As shown in appendiz A, we can choose the contour 3

such that it does not depend on the parameter &, as long as £ stays in some compact
2 2
subinterval of (=%, % ). As the jump matrices are continuous functions of &, we
can vary & when letting t — oo and all estimates would still hold. In our subsequent
computations we suppress the £-dependence as it does not change the asymptotics
as long it stays in (—c?/2 +¢,c?/3 — €), for some € > 0.
From now on we abbreviate the norms ||.||;, s.c2) and || (s.c2xzy by [I-llp, for
p € [1,00]. We note that
I_ 11 I IT -1
[07 =0 oo = [lu” —u loo = O(™7)
[v! = v l2 = Ju’ —u"T|lz =00
and . _ ~
165 — Syurllz = 165 _ il = O(™).
As the set of bounded invertible operators is open in the operator norm topology,

we conclude that for ¢ large enough the operator T — 65, ; must also be uniformly
invertible. Denote by ¢!/(k) the unique solution of

(5.2) [ —&50)e (k) =65 (1 1)ulh).

The following computations shows that ¢! (k) and ¢/(k) are in fact also close to
one another in L?(%;C?):

167 (k) = " (W)l = (1= &3) 7' 63(1 D) — (- &) &= (1 Du')
-850 = (1-63) 71651 D)o +]|(1- &%) ' &%(1 D’ —u))];
< O~ &0) &% i (0= &) 2 + Callu” — w2 = O(7)
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where we use the second resolvent formula. Furthermore, ||¢!*(k)||s are uniformly
bounded by the uniform invertibility of the corresponding singular integral opera-
tors, as well as the uniform boundedness of ||u'!!||s. Now, developing 1/(s — k)
into a truncated Neumann series

1 1 S 52 1

Py R R K

and taking into account the exponential decay of the matrices u
one obtains for k — oo such that |1 —s/k| >e>0forall se€ X

mm(E) = (1 1) =1 [0+ D)) ds

1
k2

I u!l at infinity,

/i(d)l(s) L1 1)Ul (s)s ds + Ok
and

m®) = (10 )= [+ )ulls) ds
—%/iw”(sna 1)ull(s)s ds + O(k~).

Next we compute

@+ (s ds= [+ (1 m)utl(s) as

b

<| L@ =0l ds| +| [ o) () = u(5)
+ ‘/5(1 1) (s) — u'l(s) ds| = O(t")

and analogously

| L@+ 0l s)s ds— [ (@7 + 1 D)l (95 ds] = 0,

b
Hence, we can conclude
1 1
m® (k) = m™ (k) + EO(t—l) + ﬁou—l) +O0(k™3).
We will now make use of the formula (2.5])

i (k, yma(k, 2, 8) = 1+ "(;;’J) +O(k™).

There is no need to trace back our deformation and conjugation steps, as we
are only interested in the asymptotics of m(k) at infinity, and conjugation by
e(t®(k)/2=itg(k))os (k)73 will not change the product m?)(k)mgz)(k). Hence we
can conclude that

o (K)ms (k) = m{2 (B () = mo (k)3 () + -5 0(~") + O(k™).

Note that the odd terms k=% k~3... drop out because of the symmetry condi-
tion (2.2) satisfied by m(k), m® (k) and m™°4(k), implying that all of the above
products are even functions. For the solution of ¢(z,t) of the KdV equation we
obtain

q(z,t) = ¢ (z,1) + Ot ™)
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where J
mo x, t _
Mo (k)ymgod (k) = 1+ ‘JT(Q) + Ok,
In [10] it has been shown that ¢™°9d(x,t) has the form of a periodic Its-Matveev
solution modulated by the parameter £. A general theorem summarizing the above
argumentation in the abstract setting is given in Appendix B.

6. DISCUSSION

The main difference in our nonlinear steepest descent analysis compared to the
usual one (see [2], [5], [6]), has been the avoidance of a small norm R-H problem.
Instead, to obtain invertibility of the associated singular integral operators, we
relied on Fredholm index theory (c.f. [25]). This Fredholm R-H approach could be
used in other scenarios where an invertible model matrix solution fails to exist. For
this purpose we have also included a general theorem in Appendix B.

An issue not covered here in detail, is the computation of a full asymptotic
expansion of the R-H solution, as it is done in [4] for the case of orthogonal poly-
nomials. This works analogously in our case, as we have a shifted Neumann series
given by:

0 -~ ~ n ~
-5 =Y [a-el) ek - &%) -6l
n=0
This in itself is not enough to write down an expansion of the solution to the
singular integral equation in powers of t~!. We also need an expansion of

6uII uI - 6511 - 651
which is equivalent to an expansion of
u'l (k) —u' (k) = A7 (k) — N(k)

on U, as ull(k) — ul(k) = o(t*) for £ € N on the rest of the contour. To this
end we make use of the full expansion of the Airy functions [22, Ch. 9] in powers

of w=3/? which translates to an expansion in t~'. This results in
o1 (k,, 1)
¢ (k,x,t) = Z e+ Br(ka,t)

§=0
for £ € N and ¢ fixed, with ¢§I(k,x,t) being a periodic function in t, ¢}/ = ¢!
and ||Er(.,z,t)|]2 = O(t~*~1). Consequently, one obtains a similar expansion of
m(k,x,t) in terms of t~1 and k~!

ij(@, 1) - n—
m(g)(k,a:,t): mod (k, 2, 1) +ZZ Cgki] Ok~ ——1y L 4 Ok,
=1 j=1

where ¢;;(x,t) are periodic in ¢ for fixed . Hence, we see that the existence of an
asymptotic expansion of the R-H solution follows from an asymptotic expansion of
the jump matrices, just as with the traditional small norm approach.

Another future challenge would be characterizing those R-H problems which
admit a vector solution but in general no matrix solution. Note that precisely for
nmw = té(f), n € Z, the model R-H problem has an additional symmetry:

v® (k) = 0109 (k)oy



56 M. PIORKOWSKI

where o7 is the first Pauli matrix. In particular, one can check that for those values
of t, m™°d(k)o; is also a solution. From uniqueness it follows that m™°d(k)o; =
m™°4d(k), or equivalently m°d(k) = m°d(k). This makes it easier to satisfy
the equation m™°4(k) = (0 0) for some k, which is related to the nonexistence
of an invertible matrix model solution (see [12, Sect. 3]). Indeed for odd n,
m™°4(0) = (0 0) holds and no holomorphic invertible matrix solution exists. It
would be interesting to explore the question whether such symmetric problems have
a distinguished role in the R-H analysis of integrable equations.

APPENDIX A. UNIFORMITY OF OPERATOR BOUNDS

Observe that the contour ¥ of the model RH problem with the exponentially
converging matrices depends on the parameter { = 3;, via the point a = a(§) €
(0, ¢). However, it is possible to make the contour & = (X \U/) UJU at least locally
in &, independent of £. To see this, note that while we for simplicity always assumed
ia to be the center of DY, this is not essential. Furthermore, we can always choose
the rays emanating from ia to hit the boundary of the disc at the same points. This
then allows us to choose the rest of the contour ¥ independent of £ as long as ia
stays in the interior of DV.

FIGURE 4. The inner rays in dependence of &.

This greatly simplifies the analysis, as we now have to deal with only one &-
independent Hilbert space LE(E;(CQ). While we might not be able to choose U
as large as possible because of the constraint that k& — w should be bijective, we
certainly can cover any compact interval contained in (0,ic) with finitely many
discs. Hence all our estimates will be uniform, as long as £ stays in some compact
subinterval of (—c?/2,¢?/3).

Another issue neglected in the main text is the uniform boundedness of

[-&Z,) "

Note that for two operators O and P where O is invertible and P is some pertur-
bation of O we have the formulas

1
Al o+P) <07 ———sr
(A1) 10+ Py < 107 Iy ==z
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and similarly
1

L+ o=HIPl
whenever ||O7!||[|P|| < 1. This implies continuity of the norm of the inverse. In
particular, we can conclude that for (£,t) € K x [T1,Ts], where K C (—c?/2,¢?/3)
is compact and T; < T, we have the estimate

J1-65) " < C < .
By periodicity of u! in time this inequality can be extended to ¢ € R. Analogously,
because of ||ul —ull| = O(t™1) we get

I - &%) 2 < ¢ < .

IO+ P)H =07

for t large enough.

APPENDIX B. A GENERAL THEOREM

We now mention a theorem generalizing the argumentation given in the proof
of the main result (c.f [2, Cor. 7.108], [14, Ch. 3], [25, Prop. 4.4]). Let I' be
an oriented contour, such that the associated Cauchy operators €1 are bounded
operators from L2(T) to itself. Explicit conditions on the contour for the above
statement to hold can be found in [17]. Furthermore, let an n x n matrix-valued
function v € T+ L?(I';C"*") be given, such that v=! € I+ L*(T;C"*"). We
associate to v a factorization data u = (u*,u~) € L?(I';C"*™) N L°°(I; C"*"),
such that v = (I — =)~ (I + u™) on the contour I'. Note that the factorization
data is nonunique, but always exists, as one can choose v~ = 0 and u™ = v — I, as
it is done in the main text. For any factorization data we define a singular integral
operator

e LA ey — LA(I;CY), ¢ €8 (gum) + €8 (gut).
Again, we are interested in solutions of the R-H problem on the contour I'" with
jump matrix v. The normalization for the vector-valued solution m(k) is assumed

to take the simple form
lim m(k) = me € C"

k—oc0
where the limit is taken such that |1 — s/k| > e > 0 for all s € T and some positive
constant €. As before the above R-H problem is equivalent to the following singular
integral equation

(B.1) (I-€,)¢ = €, (mo)
where m(k) can be obtained by the formula

1 _ ds
may M=t o 66 meer o)+ (9) 7

= Moo + QF(((b + mOO)(u+ +u”)).
Indeed, assume ¢ satisfies (B.1)) and define m(k) as above. Then
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Mg = Moo + € (¢ + moo) (" +u7))
=Moo + € (puT) + put + €5 (pu™) + €8 (moou™) + mecut + € (moou™)
=Moo (I+ut) + & (¢) + €, (o) +ou™
| ———
@
= (Moo + @) ([ +u™)
where we used QFF — ¢ =1. Analogously one computes
m_ = (Mo + &)L —u"),
which then implies
my=m_(I—u ) *I+u")=m_v.

Hence, m(k) is a solution of the R-H problem with limy_,oc m(k) = me. Con-
versely, assume m(k) be a solution to the R-H problem. Then by the Sokhotski—
Plemelj formula for additive scalar R-H problems, m(k) can be written as

m(k) = Moo + € (my (I —v71)) = mee + € (m_(v —1)).

Define
1

pi=m_(I—u" )" —me=m (T+u")™ —m.
Then relation is fulfilled. From the definition of ¢ it follows that
My = (¢ +moo)(T+u’),
m_ = (¢ +meo)(I—u7).
Meanwhile, together with €& — ¢- =T, implies as before
Mg = Moo (I +u™) + €, () + € (mog) + du™,
m_ =Moo (L —u”) + € (¢) + € (mec) — du™ .

Comparing the two expressions of either my or m_ results in (B.1). We are now
in a position to state a theorem generalising the arguments given in Section 5.

Theorem B.1. Let I be a contour such that the Cauchy operators €L are bounded
operators from L2(T') to itself with operator bounds less than C > 0, and let for
1=1,2
vi t Ry = T+ LA(T;C™%7), tes vi(t) = vi(t, k)

together with a factorization

vit) = (T =y (1) (T +u (1), t>0
be given, such that v (t) € I4+L?(T; C™*™) and ui (t) € L?(T; C™*™)NL®(T; C"*™).
Furthermore assume that the operator I — 651 is invertible for all t > 0 with

I =€) 2 < p(®)

and

i —uyllz < e(), flui —uj oo < 6(¢)
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where p(t), €(t) and §(t) are given positive functions and ||.||, := ||.||»ry, P € [1, 00],
where the norm is naturally generalized to matriz and vector functions. Then I—&L ,
is also invertible as long as Cp(t)d(t) < 1 with

t)

I— I \—1 < p( )

- €)M < =20

For t > 0 such that Cp(t)d(t) < 1, denote by ¢1,2 the unique solutions of
(H - QF )¢ = QtF (moo)

u1,2 Uy 2
for some fized my, € C™. Then
2Cp()e(t) 2022 (1)3 (1)
61 = 2lls < =55 TR
1= Cpt)(t) 1= Cp(t)(t)
Now, assume that the i-th moments of u¥ and ui exist, in the sense that
(), < 00

forj =12, p=1,2andi =0,...,£. Then for the vector solutions of the R-H
problem my and my associated to ¢1 and ¢ respectively, we have the formula

[[1m00]lo0 + [[17200 oo [l [|2-

4
m;(k) = Me — L (8) + moo) (ul (s) + ui (s))s' ds -1
3 (k) = o ;mﬁ@u+omju+ﬂn ds + O(k—~1)

for 3 =1,2 where k — oo such that |1 — s/k| > ¢ >0 for s € I'. Furthermore, if
[uy (k)K" = uy (R)K [l < pi?)
luy (k)K" = uy (R)K |1 < 04(t)

fori=0,...,0—1, then

14

ma (k) — mao(k) = %

i=1

+ Ok 1)

with
leil < llg1 = Ballall (i (k) + uy (B)K 2 + 2l d2ll2pi-1(t) + 2[moc|oci-1(1).

Moreover,
[ma (k) —ma(k)| < dist(k,T) ! [Ildn — ol (wf (k) +uy (k)ll2 + 2| d2(1200(2)
+ 2||Mmeo|locoo(t) |-

Proof. The statement concerning the existence and bound of (I — €} )~ follows
directly from formula in Appendix A. The estimates for ||¢1 — ¢2]|2 and ¢;
can be computed as is done in the proof of our main result concerning the KdV
equation, where we identify u; with ! and wus with u!//. The last estimate is
obtained similarly by bounding (k — s)~! by dist(k,T") instead of writing down the
Neumann series. O

Remark B.2. With the identification of u; with vl and uy with u! one obtains
analogously the estimates

2C2p2(1)6(t)
1= Cp0o(l)

[f1 = ¢2lla < 2Cp()e(t)|[moolloc + [[17200 [l o[22,
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leil < g1 — Ball2ll(ug (k) + uy ()K" l2 + 2| ¢1]l2pi—1 () + 2[mos lscoi—1(t),

[y (k) — ma(k)| < dist(k, D)7 61 — @212l (w3 (k) +uy (k)2 + 2 é1]l200(t)

+ 2[[Moolloc0(t) |-
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A SCALAR RIEMANN-HILBERT PROBLEM ON THE TORUS:
APPLICATIONS TO THE KDV EQUATION

MATEUSZ PIORKOWSKI AND GERALD TESCHL

ABSTRACT. We take a closer look at the Riemann—Hilbert problem associated
to one-gap solutions of the Korteweg—de Vries equation. To gain more insight,
we reformulate it as a scalar Riemann—Hilbert problem on the torus. This
enables us to derive deductively the model vector-valued and singular matrix-
valued solutions in terms of Jacobi theta functions. We compare our results
with those obtained in recent literature.

1. INTRODUCTION

1.1. Background. The main goal of this short note is to present an alternative
approach to the existence/uniqueness results for the model Riemann—Hilbert (R-H)
problem presented in [6] and the construction of a singular matrix-valued solution
found in [8] Sect. 6] (see also [10, Sect. 3]). Recall, that the objective of [6] and [8]
was to apply rigorously the nonlinear steepest descent method to the initial value
problem for the Korteweg—de Vries (KdV) equation,

qt(xat) = 6q(x,t)qz(w7t) - qmmt?(xvt), (.’E,t) € Rx R+7
with steplike initial data g(x,0) = g(z):
lim ¢(z) =0, lim g¢(z) = —c*, ¢>0.
Tr——00

r—00

For large t, solutions to this problem display different behaviours in three regions
of the (z,t)-plane characterized by the ratio x/t (see [6, Sect. 1]). Of particular
interest to us is the transition region given by —6¢%t < x < 4c?t, where solutions
asymptotically converge to a modulated elliptic wave. This result was proven in
[8], where an ill-posedness of the corresponding holomorphic matrix model R-H
problem was found.

The ill-posedness is closely related to the fact that the R-H problem for the
KdV equation is formulated as a vector-valued problem. Note that, the stan-
dard Liouville-type argument relating existence to uniqueness for matrix-valued
R-H problems having jump matrices with unit determinant (see for example [13]
Thm. 5.6]), cannot be generalized to the vector case in a straightforward manner.
In fact, uniqueness can fail despite existence, as demonstrated in [11] Sect. 2] for
the simple case of a one soliton solution. Uniqueness was restored by assuming an
additional symmetry condition.

Another feature of the KdV equation playing an important role in the present
note is the relationship between finite-gap solutions and elliptic Riemann surfaces
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(see |1, Ch. 3]). Algebro-geometric finite-gap solutions to the KdV equation can be
given explicitly in terms of Jacobi theta functions via the Its—Matveev formula [12]
(see also [7]). Unsurprisingly, the solution of the corresponding model R-H problem
is also expressed in terms of Jacobi theta functions. Given that these functions can
be regarded as multivalued functions on an underlying Riemann surface, the natural
question arises whether the model R-H problem in the plane found in [6] can be
viewed as a R-H problem on a Riemann surface instead. In our simple one-gap
case, that would correspond to a R-H problem on a torus.

1.2. Outline of this work. In the next section we will show that the one-gap
KdV model R-H problem can in fact be formulated as a scalar-valued R-H prob-
lem on the torus. Equivalently, solutions to this problem can be characterized by
quasiperiodic meromorphic functions in the complex plane (see Eq. ), leading
to the explicit R-H model solution found in [6] and singular solutions similar to the
one described in [§] (see also [10]) in a straightforward manner. Moreover, we show
that the symmetry condition from [11] Sect. 2] translates to halving the period (see
Eq. ), while uniqueness follows from Liouville’s Theorem.

Section [3| compares different regular and singular matrix-valued model solutions.
As shown in [8], there is no regular matrix-valued model solution satisfying all
the standard assumptions, hence it is necessary to drop some of them. We also
comment on the regularity of the determinant of the solution in each case.

In the final section we compare our singular matrix-valued model solution to
the ones found previously (see [8], [10]). We point out that the corresponding
vanishing problem has a nontrivial solution, meaning that there is no uniqueness
for the associated singular model problem. In particular, the solutions described in
[8] and [10] differ from the one we presented in Section

2. THE MODEL RIEMANN—HILBERT PROBLEM

In the following we recall the model vector-valued R-H problem for one-gap
solutions of the KdV equation. For the underlying scattering theory and nonlinear
steepest descent analysis leading to this problem in the transition region, we refer
to 6l Sect. 4].

Find a vector-valued function m™°4(k) = (m®"°d(k), m$°d(k)) holomorphic in
the domain C \ [ic, —ic|, continuous up to the boundary except at points G :=
{ic, ia, —ia, —ic} and satisfying the jump condition (with A = %(A + tB), cf. 8,
Sect. 3]):

(2.1) mi“)d(k) = m™°d(k)p™mod(k),
where

0 i ..

: O) , k € [ic, ial,

0 —i . .
(2.2) ™o (k) = 0 ) , k € [—ia, —ic],

o~ 2mik 0 . .

0 Q2 | k € [ia, —ial,

the symmetry condition

(23) met-n) =) ().
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and the normalization condition

(2.4) lim m™4(k) = (1 1).

k—ioco

At any point x € G the vector function m™°d(k) can have at most a fourth root
singularity: m™°4(k) = O((k — &)~ Y*), k — k.

ic

on
~—

ia

(e*zﬂ“\ ezgi[_x ) R

—ia

—ic

FIGURE 1. Jump contour for the model R-H problem

The solution to this problem was given in [6]. As mentioned in the introduction,
we want to solve this problem in a slightly different way, which should shed some
further light on the model problem. For this, it will be convenient to denote by
m(k) a generic vector-valued meromorphic function satisfying the jump condition

22).

For our first transformation we define

. /K% + a?
7(16) - k2 +02

with the branch cuts along [£ia, £ic] and the branch chosen such that 4(k) > 0 for
k € lic,00). Note that we have ¥(—k) = (k) and 4(k) > 0 for K € R. Then (k)
solves the scalar R-H problem

Sy(k) = £5_(k), K€ [Hia, %id],
and we set

(2.5) m(k) = 5(k)n(k)

such that n(k) satisfies the jump condition (2.2)), except that the jumps on [—ic, —ia

and [ic, ia] are replaced by

(2.6) ny (k) = n_ (k) (‘i é) .

The reason for this change is that it will be convenient to look at this problem on
the elliptic Riemann surface X associated with the function

w(k) = /(K2 + ) (k? + a?),
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defined on C\ ([—ic, —ia]U[ia, ic]) with w(0) > 0. The two sheets of X are glued along
the cuts [ic,ia] and [—ia, —ic]. Points on this surface are denoted by p = (k,+). To
simplify formulas we keep the notation k = (k, +) for points on the upper sheet of
X.

In this setup, the two components ny, ny of the vector n: C\ [—ic,ic] — C? can
be regarded as the values of a single function V: X — C on the upper, lower sheet,
respectively. Explicitly,

(2.7) n(k) = (N((k, +)), N((k, —)))-

In this case the jump condition implies that NV will have no jump along the
cuts, where the two sheets are glued together. However, the other jump will remain.
In fact, the jump contour on X is a circle through the two branch points —ia and
ia, on which we have the jump condition

(2.8) Ny (p) = N_(p)e>™™.
Note that the symmetry condition (2.3)) translates to
(2.9) N(p*) = N(-p),

where (k, £)* = (k, F) denotes the sheet exchange map and —(k,+) = (—k, £).
Next we choose a canonical homology basis of cycles {a,b} as follows: The a-
cycle surrounds the points —ia, ia starting on the upper sheet from the left side of the
cut [ic, ia] and continues on the upper sheet to the left part of [—ia, —ic] and returns
after changing sheets. The cycle b surrounds the points ia,ic counterclockwise on
the upper sheet.
Then the normalized holomorphic differential is given by

— dC R dC - :
dwaw(C), where I' := (/aw(C)> ciR_,
such that [, dw =1 and

T = / dw € iR,
b
Let
O3(z|7) = Z exp ((n®1 4 2nz)mi), z€C,
nez

be the associated Jacobi theta function (see for example [2]). Recall that 65 is even,
03(—z|7) = 05(z | 7), and satisfies

(2.10) O3(z+n+70|7) = 03(z| T)e ™ 2ME for (e L.

Furthermore, let A(p) = ff; dw be the Abel map on X. We identify the upper
sheet of X with the complex plane C\ ([ic,ia] U [—ia, —ic]). Restricting the path of
integration to C \ [ic, —ic] we observe that A(k) is a holomorphic function in that
given domain with the following properties:

Ay (k) =—-A_(k) (mod 1), for k € [ic,ia] U [—ia, —ic];

Ay (k) — A_(k) = —7, for k € [ia, —ia];

A(—k) = —A(k) + 3, for k € C\ [ic, —ic],

Ay(ia) = -3 = —A_(ia), A4 (—ia) = -3 + 3, A_(—ia) = T + 3.

A(co) =1, A(k) =12 —Tk ' + O(k™3), as k — oc.
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For points on the lower sheet we set A(p*) = —A(p). Finally, denote by K = 14~
the Riemann constant associated with X and abbreviate cor = (oco0,%), 01 =
(0,4). Note that A(04) = 1+ Z. By Riemann’s vanishing theorem [9] the zeros of
03 are simple and given by z = K + Z + 7Z.

According to the Jacobi inversion theorem [9], the Abel map A maps our Rie-
mann surface X bijectively to its associated Jacobi variety C/(Z + 7Z) depicted in

Figure [2| The jump contour is indicated by the dashed line, while the dark/light

-
—l1a ia —1la
e D Sy S --
0_ 04

—ic ic —ic 1
00_ 00+
R . J [ - -
—ia  O_ ia 04 —ia

FIGURE 2. Jacobi variety (dark/light gray denotes the up-
per/lower sheet)

shaded region correspond to the upper/lower sheet. Moreover, a meromorphic
function E(z) given by

(2.11) E(A(p)) = N(p)

will satisfy our original jump condition if and only if

(2.12) E(z+1)=E(z), E(z+7) = E(2)e>™4,

and it will satisfy the symmetry condition if and only if

(2.13) E(z+3) = E(2).

If this latter condition holds we will call E symmetric. If we have E(z+3) = —E(2),
we will call F anti-symmetric.

At this stage we remind the reader that we have four equivalent ways of describing
vector-valued functions satisfying the jump condition :

m(k) <+— n(k) +— N(p) <+— E(2)

related via , and respectively. The most convenient framework will
be given through the quasiperiodic meromorphic functions E(z). Let us consider the
space F (A) of all quasiperiodic meromorphic functions on C/(Z + 7Z) satisfying
, without imposing any symmetry requirements. Note that £ € F (1~\) is

uniquely determined up to a constant by its divisor (E) = Z?:l D., - Z?Zl Dy, ,
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since the quotient of two such functions with the same divisor is elliptic without
poles, hence a constant. Moreover, since % is elliptic, integrating this function

along a fundamental polygon shows that the number of zeros and poles must be
equal. Note also that there must be at least one pole (unless A = 0). Integrating

zg((zz)) along a fundamental polygon gives

(2.14) sz —ij =A (mod Z+ 7Z).
j=1 j=1
Choosing representatives z;, p; € C such that
(2.15) sz - ij =A (mod Z),
j=1 j=1

we can represent E as

03(z — z; — K|1)
03(z —pj — K|1)

(2.16) E(z)=Eo[]

j=1
Indeed the right-hand side has the required zeros and poles while ([2.10]) and (2.15))

ensure that it is elliptic.

Lemma 2.1. The divisor of E € ]-'(/1) is tnvariant with respect to translations of
% if and only if E is either symmetric or anti-symmetric

1
Proof. Observe that C' = Eg(t )2) is elliptic without poles and hence constant. More-

E(z+3)  E(z+1)

over, 0% = BEG)  BGHD) — 1 shows C' = +1. The converse is trivial. O

Lemma 2.2. If E € F(A) is (anti-)symmetric and has at most two poles, it is
already uniquely determined up to a constant by its poles. Conversely, for each
choice of two poles py, ps = p1 + % there is a unique (up to constants) symmetric
and a unique anti-symmetric function E € ]—"(/NX), with at most simple poles at p;
and pa. In fact py, pa are simple poles, unless A € 7, in which case the symmetric
solution is constant.

Proof. Let E be (anti-)symmetric and nonconstant. Denote its poles by p1, pe =
p1+ 3 (mod Z 4 7Z) and its zeros by 21, z2 = 21 + 5 (mod Z + 7Z). Choosing
representatives in C, implies 2(z1 —p1) = A +m + nr for some m,n € Z. In
particular, since adding a period to z; is irrelevant, we can assume m,n € {0,1}. If
m =1 this just amounts to exchanging z; and 22 and hence we can assume m = 0
without loss of generality. Now using z; = p; + % —&—n%, we can set zo = z1 + % —nT
and ps = p1 + % such that holds. Now one computes using that
fulfills E(z+3) = (=1)"E(z). In other words, p1 € C/(Z+7Z) and n € Z uniquely
determine F up to a constant. One can check, that the zeros and poles cancel if
and only if n = 0 and Aez, corresponding to a constant symmetric solution. [

Corollary 2.3. IfF € ]-"(]X) has at most two poles p1, pa = p1 —l—% then there exist
unique cs,cq € C such that E = csEs + coE,, where Ey, E, are the symmetric,
anti-symmetric solutions constructed in the previous lemma, respectively.
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Returning to our original model problem, we want the poles of E to lie at the
images of ia and —ia under the Abel map A, that is p1 = § and py = HTT = K.
The reason is that we require m™°4(k) to be holomorphic, with at most fourth root
singularities at points of G. As #(k) has fourth root zeros at +ia and the Abel
map A has square root singularities at the points of G, simple poles at 3, HTT
in C/(Z + 7Z) translate to fourth root singularities at +ia of m™°d(k) under the
inverse of the Abel map. In fact, this is the only choice of the pole structure leading
to a holomorphic m™°4(k) with at most fourth root singularities.

For the zeros of the symmetric (n = 0) and the anti-symmetric (n = 1) solution

we use z1=%+@, 22=%+w. Denote by

_ sz =B+ bt~ i)
(2.17) Bi(2) = 03(z + 1|7)05(z|7)

the corresponding symmetric and by
2.18) ()= B2~ (e~ 5 + 51)
03(z + %lr)z%,(z\r)

the corresponding anti-symmetric solution. Using the identity (cf. [5] formula
(1.4.3))

93(Z|’7')93(Z + %‘T) = 03(22 + %|2T> 93(%|2T>,

(note that the quotient of both sides is a holomorphic elliptic function which equals

lat z = %) we can write the formula for Ey; somewhat more compactly as

Bu(z) = 05(2z — A+ 1127)
ST g2 + L2r)

So for the symmetric case n = 0, we have iIm(z;) =  (mod Z + 7Z) and both
zeros will be on [—ia, ia] (see Figure[2). In the anti-symmetric case n = 1 we have
iIm(z;) =0 (mod Z+7Z) and both zeros will be on (oo, —ic]U[ic, oo]. In particular,
if A= % (mod 1) the two zeros of the anti-symmetric solution will be at cos and
we cannot normalize at this point. Moreover, if A = 0 (mod 1) such that we are
looking for elliptic functions, we have Es(z) = 1 (i.e. zeros and poles coincide) and
the zeros of F,(z) will be at z; =0 and 2z = % + 7.

Hence all solutions of (2.8)) with poles at most at +ia are given by
N(p) = ¢sNs(p) + calNa(p), Ns(p) = Es(A(p)), Na(p) = Ea(A(p)), ¢s:¢a €C,
and we have
N(ocoy) = csEs(i) + caEa(i)7 N(01) = cSES(i +35) £ caEa(% + %),
(

with Ey($) # 0 for all A € R and E. (%) # 0 for all A+ 1 (mod 1). Moreover, N
will satisfy (2.9) if and only if o =0.
Note that in the special case A =0 (mod 1) we have (up to constants):
k4P

No((k,£)) =1 N((k,+)) = Tuk)

In the case A = 3 (mod 1) we have (again up to constants):

k 1

Ny((k, £)) = N No((k, %)) = Nk
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where the root has the branch cut along [—ia, ia].
Returning to our original problem we have shown:

Lemma 2.4. The function

mod ’?(k)
m™% (k) Na(ooy) (Ns((k,+)), Ns((k, -)))

is the unique vector-valued function which is holomorphic in the domain C\ [ic, —ic],
has square integrable boundary values, and satisfies the jump condition , the
symmetry condition and the normalization condition .

Specifically, m™°4(k) is continuous up to the boundary except at points of the set
G = {ic,ia, —ia, —ic} where it has at most a fourth root singularity: m™°(k) =
O((k — k)™, k — k.

3. MATRIX-VALUED SOLUTIONS

In the framework of the nonlinear steepest descent analysis one usually needs to
construct a matrix-valued R-H solutions which is invertible. This is a necessary step
to arrive at a small-norm R-H problem which can be solved via a Neumann series.
However, while many integrable wave equations like the modified KdV equation [3]
or the nonlinear Schrédinger equation [4] have a matrix-valued R-H formulation,
this is not the case for the KdV equation.

Recall that the model matrix-valued R-H problem related to the KdV equation
has a jump matrix satisfying (see [6], [11])

(3.1) v (k) = oy (V™Y (k) oy, detw(k) =1, keX.

For the corresponding holomorphic matrix-valued solution M™°4(k), one would
then require

(3.2) lim M™4(k) = ((1) (1)> :

k—o0

Moreover, given holomorphicity of M™°4(k), we can derive from (3.1 and (3.2):
(3.3) M™eY(—k) = oy M™°Y(k) oy, det M™4(k) = 1.

Note that (3.3 implies that M™°4(k) must have the form

i(k) A(—k)
Mmod k) = (Of( ~
W= a(-r)
and that (1,1)M™°4(k) will satisfy the symmetry condition (2.3)).
Let us now present three different ways of writing down matrix-valued solutions
of the model R-H problem corresponding to the KdV equation with steplike initial

data in the transition region. Each one will violate some standard assumption
described above, as satisfying all of them is in general impossible, see [8, Rem. 4.1].

3.1. Partial normalization at infinity. We start with the function

mo ~ al(k) 51(_k)
M) = (k) (m(k) a1<—k>)
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where

(k) = 5 (Na(00 IN () + Na(o04 ) Na(),

B1(k) = 5 (Na(oo )N, (k) = Ny (004 ) Na(E)).

Note that MM°d(k) satisfies the symmetry condition in (3.3 and satisfies partially
the normalization (3.2). In fact we have
: mod 10
lim MP®3(k) = Ny(004) Na(00-) ,
with
det M™°4(k) = N, (00, )*> N, (coq )%
The problem here is that the prefactor vanishes for A = % (mod 1) as Ny (co04) =0,

hence we cannot enforce the normalization (3.2)) for all A. In particular, M mod ()
is not invertible for these values of A. The relation to m™°d(k) is given through

1
mod mod
m™o% (k) = (1, 1) M™% (k).
N (004 )N (00 )
where one needs to use the rule of ’'Héspital for A = 3 (mod 1).

3.2. Different symmetry condition. The function
- Ny Ng(—
w0 (24 2400)
is a matrix-valued solution which satisfies the new symmetry condition M(—k) =
o3M(k)oy and is nondiagonal at infinity. Moreover,
det M™% (k) = =25(0)N(04)Na(04) = —2N,(004 ) No(004),
and the relation to the vector-valued model solution is given by
1
Ni(004)
which does not require the rule of ’'Héosptial as Ns(cot) # 0 for all A. The ad-

vantage of this matrix-valued solution is that its determinant has only first order
ZEros.

m™4(k) = (1,0) Mz (k),

3.3. Singularity at the origin. Finally, we write down a matrix-valued solution
M3od(k) with determinant constant equal to 1. The price we have to pay is a
singularity at the origin, making M3"°4(k) a meromorphic solution. To be precise,
we will move the poles of the anti-symmetric solution to p;2 = :ti + %, which
corresponds to a pole at (0,4) on X. Following Section [2| this gives rise to an
anti-symmetric solution of the form
1 A T 1 A T
Pti -5 g WEZLm S HED N, ) = Bu(A).
93(2 + 1‘7)93(2’ — 1|T>

We can now define Mi"°4(k) analogously to M"°d(k), but substituting N (k) for
N, (k), and including the correct normalization at infinity for A # 0 (mod 1):

mod _ :Y(k) Oég(k) 53(7]{:) A mo
My (k)_Ns(oo+)Na(oo+) (63(k) as(—k)>’ A#0 (mod ),

(34) FEa(z) =
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where

a3 (k) = 5 (Na(004)Ns(k) + Ni(001)Na(k)),

1
>
Ba(k) = 5 (Naloos INo () = Ns(004 ) Na(h),

Note that Ny(co4)Na(c0y) # 0 for A # 0 (mod 1) and thus we have:

lim Mol (k) = <1 0), A#£0 (mod 1),

Moreover, det M3*°4(k) is an even meromorphic function with at most a simple pole
at the origin, hence det Mi*°4(k) = det Mi"*°¢(c0) = 1. We do not define Mn°d(k)
for A=0 (mod 1), which should not pose a problem in applications, as explained
in the next section.

4. COMPARISON TO PREVIOUS WORK

It turns out that sacrificing holomorphicity, while retaining and , is
the most convenient way to deal with the ill-posedness of the holomorphic matrix-
valued model problem for the KdV equation. Indeed, this was the strategy in [g].
Note however, that the anti-symmetric meromorphic vector solutions found [§] and
[10] are not the same as given by (3.4). The reason is, that while we assumed that
Na(p) = Eq(A(p)) has only poles at 0, the pole condition was not necessary, as
we could still allow for singularities at +ia, as is the case for m™°4(k). Indeed,
m™°4(k)/k is an anti-symmetric solution to the vanishing problem where solutions
are required to vanish at infinity. Hence, there is no chance for uniqueness if we
allow for poles at 0 and fourth root singularities at 4ia. Moreover for A = 0

mod 1), m™°4(k) has no singularities at +ia, and hence by our uniqueness Lemma
h must coincide with the solution generated by N, (p).

Interestingly, any anti-symmetric solution with a simple pole at the origin and
fourth root singularities at +ia, which is normalized to (—1,1) at infinity, is ade-
quate for the analysis performed in [§8]. The reason is that the pole cancellation
in the final step of the nonlinear steepest descent analysis is due to the underlying
symmetry class, rather than the exact form of the second vector-valued solution
(see Lemma 6.4 in [8]). While the solution generated by is not normalizable
for A = 0 (mod 1), this is not an issue, as for these values of A there is a regular
matrix-valued model solution given in terms of (2.17)), anyways.
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RIEMANN-HILBERT THEORY WITHOUT
LOCAL PARAMETRIX PROBLEMS:
APPLICATIONS TO ORTHOGONAL POLYNOMIALS

MATEUSZ PIORKOWSKI

ABSTRACT. We study whether in the setting of the Deift—Zhou nonlinear steep-
est descent method one can avoid solving local parametrix problems, while
still obtaining asymptotic results. We show that this can be done, provided
an a priori estimate for the exact solution of the Riemann—Hilbert problem is
known. This enables us to derive asymptotic results for orthogonal polynomi-
als on [—1, 1] with a new class of weight functions. These weight functions are
in general too badly behaved to allow a reformulation of the local parametrix
problem to a global one with constant jump matrices. Possible implications
for edge universality in random matrix theory are also discussed.

1. INTRODUCTION

1.1. Background. Local parametrix problems appear frequently in the context
of the nonlinear steepest descent method for Riemann—Hilbert (R-H) problems,
formulated by Deift and Zhou ([12, Sect. 4], |14} Sect. 7], [16], |18 Sect. 4], for
details see [17]). Throughout this paper, local parametriz problem will refer, as
the name suggests, to the restriction of a R-H problem to a bounded set together
with a matching condition on the boundar (for an example see Section [4.3). This
should be contrasted with the term limiting parametriz problem, which corresponds
to the R-H problem one gets after taking a limit of the local parametrix problems
as the asymptotic parameter tends to infinity. Most common examples of such R-H
problems are the Airy R-H problem (|6], [9, Ch. 5], [13], [14], [53], see Appendix A),
the Bessel R-H problem [33] and the cylindrical parabolic R-H problem (|16], [17],
[29], [32], |35]). We introduce this distinction, as we do not assume that the local
parametrix problems in this paper converge to a limiting parametrix problem. Note
that in most applications the limiting parametrix problem exists, and the term local
parametrix problem or more generally model problemﬁ is also used for it.

Solutions to limiting parametrix problems can determine either the leading
asymptotics ([17], [27], [32]), or contribute to higher-order corrections (|9, Ch. 7],
[12], |14], [33]). Interestingly, even in the former case one has to study the limiting
parametrix problem to obtain rigorous leading asymptotics. Usually this is done

2020 Mathematics Subject Classification. Primary 42C05, 60B20; Secondary 35Q15, 45E05.

Key words and phrases. Riemann—Hilbert Theory, Orthogonal Polynomials, Random Matrices.

Research supported by the Austrian Science Fund (FWF) under Grants No. P31651 and
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1Some results on the matching condition for higher-dimensional R-H problems have been ob-
tained in [47].

°In this work however, we will reserve the term model problem for the global parametrix
problem.
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by explicitly constructing the solution. There are however a few exception which
serve as the motivation for this paper. In [13] Sect. 5] (see also |7, Sect. 2.2]) a
solution to the limiting parametrix problem was shown to exist without an explicit
construction. The approach was based on Fredholm theory for singular operators
and a vanishing lemma A similar technique was used in [31], where polynomials
orthogonal with respect to the Freud weight e #1*l 8 > 0 were studied. Note
that the weight function is not analytic locally around 0, giving rise to a new kind
of limiting parametrix problem. For 8 € (0,1) a vanishing lemma was used to
show existence of the solution, while for 5 > 1 the authors relied on a small-norm
argument in the Wiener space to show invertibility of the corresponding singular
integral operator via a Neumann series.

Note that in these cases the formulation of a limiting local parametrix prob-
lem was still necessary. However, the existence of such a problem puts additional
constraints on the regularity of the weight function. Hence, the natural question
arises, whether in general the construction of explicit solutions, or even the compu-
tation/existence of a limiting parametrix problem is necessary. A negative answer
would be useful in applications with no known limiting parametrix problems, see
for example [8] which we discuss towards the end of this subsection.

In this paper we show how the computation of a limiting parametrix problem
can be avoided and use our method to obtain new error estimates for Plancherel-
Rotach asymptotics of orthogonal polynomials [54]. Asymptotics of more general
orthogonal polynomials were studied thoroughly by Bernstein and Szegé on the unit
interval and unit circle (see [56, Ch. 12] and references in therein). There has been
renewed interested in these asymptotics motivated by the Wigner—-Dyson—Mehta
universality conjecture in random matrix theory ([21], [22], [45], [46]). In this
setting orthogonal polynomials can be applied most naturally to unitary ensembles
(161, 191, [13], [52]), but also to orthogonal and symplectic ensembles ([10], |11], [49],
[50]). The R-H formulation, first introduced by Fokas, Its and Kitaev (]|24], [25]),
in conjunction with the nonlinear steepest descent method is particularly useful
in this context. The nonlinear steepest descent method was applied to orthogonal
polynomials on the real line by Bleher and Its in [6], (see also [12]) and by Deift et
al. in [13] and [14] (for an introduction see the book by Deift [9]). Based on this
work Kuijlaars et al. computed in 33| the asymptotics of polynomials orthogonal on
[—1,1] and related quantities. The leading asymptotic terms were already known
[56, Thm. 12.1.1-4]. However, the R-H analysis leads to more explicit error terms
and in the case of [33] even an asymptotic expansion of the orthogonal polynomials
was obtained. The follow-up paper [34] relates these results to bulk and edge
universality in random matrix theory (see also [49]). We comment more on this
topic in relation to our results in the discussion section.

As part of the R-H analysis performed in [33] one is confronted with local
parametrix problems at = £1. The convergence to a limiting Bessel parametrix
problem puts constraints on the local behaviour of the weight function at the cor-
responding endpoints. In particular, the authors considered the modified Jacobi

weight function pf}ﬁ:

(1.1) Pl (x) = (1 —2)*(1 +2)Ph(z), zec(-1,1), a,f> 1,

3See (53| for a similar application of Fredholm index theory to the R-H problem for the KdV
equation.
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where h is strictly positive on [—1, 1] and assumed to have an analytic continuation
to a neighbourhood of [—1,1] (note the inclusion of the endpoints +1). In our
work we do not consider the prefactor (1 —2)®(1+z)%, but rather assume that our
weight function p has an analytic continuation only in a lens-shaped neighbourhood
of (=1,1), together with some growth conditions near z = +1. The difference
might seem to be minor, but the possibility that the weight function does not have
an analytic continuation in a neighbourhood of x = 41 makes the R-H analysis
performed in [33, Sect. 6] impossible. In particular, one cannot write down the
limiting parametrix problem with constant jump matrices, as this step relies on
the local analyticity of the function h in around x = £1 (see Eq. (6.7) in
[33]). For an alternative approach to this problem see [44], where the O steepest
descent method is used instead, which can also deal with nonanalytic varying weight
functions e~ VV(#) on the real line via an analytic approximation, leading to known
local parametrix problems. The external field V(x) is assumed to have only two
Lipschitz continuous derivatives. Subsequently, the d method was used in [3] for the
case of Holder perturbations of the Jacobi weight. For more recent developments
in Plancherel-Rotach asymptotics see the work by Lubinsky [42], [43].

As already mentioned, the methods described in this papers can be used for
problems that do not have known limiting parametrix solutions. However, they
can be also used in cases where the limiting parametrix problem cannot be derived.
A recent example can be found in [§], where the weight function pj on [—1, 1] with
a logarithmic singularity at x = 1 was considered:

Plog(x) = log %, z e (—1,1), k> 1.
To the best of the authors knowledge the corresponding R-H problem has no known
limiting parametrix problem around x = 1. This issue was circumvented through
a comparison argument with the Legendre problem (preq(x) = 1). However, the
analytic continuation of pjos around the point £ = 1, which introduces an explicit
jump condition on (1,144), 6 > 0, has been crucial. The weights considered in this
paper, are not required to have such analytic continuation around the endpoints.

1.2. Outline of this paper. In the next section we set the stage by discussing
the notion of approximating solutions to R-H problems. We then show that the
construction of a limiting parametrix solution can be avoided, provided a certain
a priori LP-estimate of the exact solution to the global R-H problem and a regu-
lar enough global parametrix solution is known. Our method uses the connection
between R-H problems and singular integral equations, which will be briefly sum-
marized.

In Section 3 we describe local parametrix problems as they appear in practice,
and analyze them using our method. We summarize our findings in Theorem|[3.1]and
also state Lemma which will be crucial for obtaining the a priori LP-estimate.

Following this, an application of our approach is presented for the case of or-
thogonal polynomials on the interval [—1,1]. We consider a new class of weight
functions and obtain a bound of the error term in the pointwise asymptotics of the
orthogonal polynomials, as the degree goes to infinity. The main result is summa-
rized in Theorem[4.4] We then elaborate on why the local parametrix problem does
not converge in our setting to a limiting parametrix problem with constant jump
matrices (cf. |33 Sect. 6]). Moreover, we illustrate how our method uses the exact
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R-H solution consisting of orthogonal polynomials and their Cauchy transforms, as
a local parametrix solution.

In the discussion section we elaborate on connections with random matrix the-
ory, in particular eigenvalue universality near the edge of the spectrum. Moreover,
we describe the advantages and limitations of our approach, mention possible ap-
plications and point towards future challenges related to obtaining the a priori
LP-estimate.

The first appendix contains a description of the Airy R-H problem, including the
heuristics by which the explicit parametrix solution can be found. In the second
appendix it is shown that a local a priori LP-estimate, instead of the one described
in Section 3, is also sufficient. This is crucial in applications different than the one
considered in this paper.

2. APPROXIMATING SOLUTIONS OF RIEMANN—HILBERT PROBLEMS

2.1. Two Riemann—Hilbert problems. Consider a R-H problem with data
(vs,Y), meaning with jump matrix vs and jump contour ¥. We are looking for a
matrix-valued function S, normalized at infinity, such that:

(i) S(z) is analytic for z € C\ X,
(ii) Sy (k) =S_(k)vs(k), for ke X,
(iii) S(2) =1+ 0(z71), as z — .

Note that condition (iii) is not specified by the data (vs,¥) and has to be stated
separately. Also, to guarantee uniqueness, one usually has to assume additional
regularity requirements for S, see for example [33) Egs. (4.6)-(4.8)]. Here ¥ is
a ’sufficiently smooth’ oriented contour and the +(—) sign corresponds to taking
the left (right) limit to ¥. The precise conditions on ¥ and the sense in which the
limits are taken can be found [36].

Next, consider a global parametrix R-H problem with data (var, ¥7°¢), which is
suppose to approximate, or model, the R-H problem for S. We assume ¥™°¢ C ¥,
and the same normalization at infinity as for S. Hence we are looking for a matrix
valued-function N, such that:

(i) N(z) is analytic for z € C \ X%,
(ii) Ny (k) = N_(k)on(k), for k€ xmod,
(ili) N(2) =1+ 0(z71), as z — oo.

We assume that both R-H problems are solvable. Despite the aforementioned
uniqueness issue, denote by S and N two special solutions (fixed by e.g. regularity
assumptions for Sy and N1 on X). We refer to S as the exact solution and to N
as the model solution The general question we try to answer in this section is the
following:

“We refrain from using the term global parametriz solution for N to simplify nomenclature.
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(2.1) Under what conditions is the model solution N a good
) approximation to the exact solution S?

Before tackling (2.1]), we need to answer the more basic question:

(2.2) What does it mean for a model solution N to be a
' good approximation to the exact solution to S?

The answer to question depends on the problem at hand. In the case of

orthogonal polynomials pointwise estimates are of interest, meaning we would like

S(z) to be close to N(z) for z € C\ X. In problems involving Toeplitz and Hankel

determinants, or scattering theory, we are interested in the first Laurent term of .S

at infinity, meaning the complex number 6 given by

S(z)=T+ %S +0(272), z— oo

Hence, we would like 8 with
0
N(z)=1+ N +0(2z7%), z— o0,
z
to be close to Os.

Usually, the jump matrix vs (and sometimes UN)E' depends on some auxiliary
continuous or discrete parameter. In the case of orthogonal polynomials this pa-
rameter is the polynomial degree n and we demand for the n-dependent solution
S:

S(z,n) =1+ o0(1))N(z), ze C\X, n— oo.
In the case of scattering theory this parameter, denoted by ¢, is time and we demand:
Os(t) = On(t) +0(1), t— oo,
where the error term is a measure of the accuracy of the approximation. Having
answered question (2.2]), we now move to question (2.1). For this we need to
reformulate a R-H problem as a singular integral equation.

2.2. Singular integral formulation of Riemann—Hilbert problems. To find
approximations to solutions of R-H problems as described in the last section, we
need to reformulate a R-H problem as an equivalent singular integral equation. The
underlying theory can be found in [5], [48], [60], for more recent developments see
[36], [53]. Let us define the Cauchy operator C* associated to an oriented contour

3

1 f(k)
2mi Jv k—z
with p € (1, 00), which shall be assumed throughout this section. The only further
requirement needed for C¥ to be well-defined is that (k — 2)~! is in L9(X) with
p~t + ¢t = 1 for some, and hence for every z € C\ X. Given some further

C¥: IP(X) - O(C\X), f—=Cf)2):= dk,

5In the case of orthogonal polynomials var is independent of the degree n. For integrable wave
equations in the elliptic wave region, vxr is periodic in the time parameter (see [23]).
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regularity assumptions on 3 which are fulfilled in most applications including ours
[36], we can define two bounded operators given by:

CE:LP(S) = LP(B), [ CE(f)(k) = lim CE(f)(2),

where the limits are assumed to be nontangential, in which case they exist a.e. on
3.

We now turn to a bijection between solutions of R-H problems and solutions of
a certain singular integral equation. These results can be found in [60]. We assume
that wg == vg —1 € LP(E)EL where we abuse notation by denoting as LP(X) the
space of matrix functions with entries in LP(X) (the subscript R is chosen for later
convenience). Associated to wgr and X, let MER be the maximal domain of the
multiplication operator defined by wx, meaning

s .
My =A{f € L’(X): fur € LP(X)}.
With this we can define the operator CER associated to a R-H problem with data
(UR, E)
DORE PO! b
Cor: My, — LP(X), [+ CZ(fwr).
The operator C* is evaluated componentwise for matrix inputs. To next proposition

found in |60, Prop. 3.3] describes the correspondence between R-H problems and
certain singular integral equation and is central for our approach.

Proposition 2.1. Let (vg,X) be the data of a R-H problem, and assume that
wg = vr—1 € LP(X). Then there is a bijection between R-H solutions R, satisfying

lim R(z) =1, Ry-1€lLP(Y)

Z— 00
and solutions ® € My of
b b
(2.3) (I—Cp )@ =CZ(wr).
Moreover the relation between R and ® is given by
(2.4) R=1+C*((®+ Dwg),
(2.5) d=R_-—-1I

Proof. Let R be a solution of the R-H problem and define ® := R_ — I. Then by
assumption ® € LP(X) and as

dwr = (R_ —I)(vg — 1) = Ry — R_ —wg € LP(%)

we indeed see that ® € MY. Next, using the Sokhotski-Plemelj formula for additive
R-H problems, we obtain from

Ry —R_=R_wgr
the equality
(2.6) R=1+C*R_wg).
Taking the limit to the contour ¥ from the right, we get
R_=1+C, (R-).
6Usually it is assumed that wgr € L*°(X), which would imply M2 = LP(X) and the bound-

edness of CER. This assumption will not be needed and even violated in our application to

orthogonal polynomials
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which after substituting R_ = ® + I is equivalent to (2.3).
Next, let ® € M2 satisfy (2.3) and define R := 1+ C*((® + I)wg). Note that

WR
from the assumptions on ® and wg it follows that R(z) — I, as z — oo. By the

Sokhotski—Plemelj formula we have
(2.7) Ry —R_=(?+Dwg
On the other hand we compute
R_—1=C3((® +Dwr)
— 2 (®) + CZ(wr)

as ® satisfies (2.3). Substituting this into (2.7)) results in
R+ = Rf’UR.

Furthermore, we have
R_—-TI=®¢cLP(Y)

Hence we see that R is a solution of the R-H problem with the required properties
and the proof is finished. O

For analogous results in the case of inhomogeneous R-H problems consult |20,
Prop. 2.5].

2.3. Residual Riemann-Hilbert problem. Let us now return to the solutions
S and N from the beginning of the section, under the assumption that vs and
hence S depends on a discrete parameter n € Nj. Moreover let N and its limits
to the contour X% be invertible. As vy = N,y N_!, this implies that vyr is also
invertible.

We can now define a new matrix-valued function R := SN~!. Assuming ™% C
>, we see that R will have jumps only on . We call R the residual solution and it
satisfies the residual R-H problem with data (vg,X), where

VR = N_USN_:l.

Assuming that R_wpg is integrable on X, where wr = vg — I, we know from the
Sokhotski-Plemelj formula that R can be also written in integral form:

R(z,n) =14+ C*((R_wr)(z,n)

(2.8) = 2m/R k”ka”) dk
IR S_(k, ”)(vs(k n) — vy (k) Ny ' (k) k.
271 Jx k—z

The quantity of interest is the n-dependent L'(¥)-norm of the integrand without
(k—2)~%

(2.9) 1= (vs = oA )NTH[ 11 -

Let us assume that (2.9) is of order £(n) where € : Ny — R,. Observe that in this
case we have

R(z,n) =1+ O(e(n) dist(z, %) 1),
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which implies

S(z,n) = (I+ O(g(n) dist(z,8) )N (2).
Here dist(z,X) denotes the distance between z and X. Hence, we see that in order
to show convergence of NV to S away from the contour 3, we need to control .

3. RIEMANN-HILBERT PROBLEMS IN APPLICATIONS

We now compare the setting described in the last section with R-H problems
appearing in practise. In the case of orthogonal polynomials (|14], [33]) and scat-
tering theory (|1], [53]), the contour X is a disjoint union of the contours ~™°¢ and
3¢%P  except for finitely many points of intersections. The n-independent matrix
vy is given by

(3.1) ox(k) = {

US(kan)a ke EmOda
I, k € xeap \ pmod,

In particular, vs(k,n) is assumed to be n-independent for k € ymed  Moreover,
assume that detvs = detvpyr = 1 and also that det S = det N = 1. Note that
the latter assumption usually follows from the former one under some additional
regularity requirements [9].

On X°*P the jump matrix vs converges uniformly exponentially fast as to the
identity matrix as n — oo, except in the vicinity of a finite number of points
Kk € I C X¢P. For each k € K the local behaviour of ws = vs — I is given by:

(3-2) jws(k, n)| = O(e k=),

for two positive constants ¢ and x. Moreover, vy is uniformly bounded for z €
C\ ¥™°4, The same holds true for the n-independent model solution N, except in
the vicinities of the points kK € K, where N it can have fourth root singularitie

(3.3) IN(2)| = O(]z — &|~/*).

The same is true for N=! as det N = 1.

In applications, a local parametrix problem has to be solved in vicinities of the
points k € K. The value of x is critical, as it determines the class of special
functions from which the explicit limiting parametrix solution can be constructed.
For x = 2, these are the parabolic cylindrical functions, and this case occurs in
the study of nonlinear integrable systems in the dispersive region (|16], |17], [29],
[32], [35]). The cases x = 1/2 and x = 3/2 are common in the R-H analysis of
orthogonal polynomials. Here, the exponent y depends on the behaviour of the
associated equilibrium measure at the endpoints of its support. An example for
X = 1/2 leading to a Bessel parametrix problem can be found in [33], while cases of
X = 3/2 leading to an Airy parametrix problem are covered in [6], [9, Ch. 5], |13],
[14], [53]. Moreover, x = 3/2 is also related to the Painléve II equation ([2], [18])
and appears in the analysis of integrable systems with rarefaction/steplike initial
data (1], [30], |53]). For higher-dimensional R-H problems, the Meijer-G function
has been used to construct explicit parametrix solutions ([4], [47]).

"In our application to orthogonal polynomials in the next section, this condition can be violated
for certain singular weight functions.
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Let us now apply Hélder’s inequality to assuming condition (3.1)):
15~ (ws = o )N 1 sy = 1S-ws N[ s ey

(3.4) NS Mzoczern [[ws N7 paggean)

Note that we made use of vpar(k) = I for k € X*P and as vy (k) = vs(k,n) for
k € ¥™°? we only need to integrate over 7. Now, from the assumptions (3.2
and (3.3)), it follows that

(35)  |Kws(k, n)NT (k)| Lasessy = O(nT~a%), g€ [1,4), i € Ny,

where the main contributions come from the points x € K. The motivation for
including &? will become clear in the next theorem. Note that the condition on ¢
implies p € (4/3, o0].

We see that in order to guarantee that goes to 0, it is sufficient to show
that

(3.6) [S—[|Le(sesry = O(n")
with

11

ax  4x’

We call estimates of the form a priori LP-estimates, as they have to be estab-
lished before an approximation for S is known We show in the next section that
such estimates can be computed in the case of the R-H problem associated with
orthogonal polynomials on the interval [—1, 1].

We can now state the following theorem:

Theorem 3.1. Suppose vs,vnr,S, N satisfy (3.1), (3.2), (3.3), (3.6) and X =

ymod | nexP, Let

1 1
== —— >0, leN
ax  4x
Then
(3.7) S(z,n) = (I+ O(n*dist(z, 2P) ")) N(2).

for z € C\ 3°*P. Moreover,

L
(3.8) S(z,n) = (11 > 91’;?) + O(z’f’l))N(z),

for z — oo such that |1 — k/z| > € > 0 for all k € P, with the matrices 0;
satisfying
[0i(n)|oc = O(n™").

Proof. Equation follows from writing S = RN and using the expression
for R, together with Holder’s inequality and the estimates and . The
asymptotic expansion follows analogously after substituting the partial Neumann
series

1 A L |

k—2z — 2 1k

SA priori LP-estimates of solutions have been considered in R-H theory previously by Deift
and Zhou [19] in their study of long-time asymptotics of solutions to the perturbed nonlinear
Schrodinger equation on the real line.
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into the integrand in (2.8). O

Remark 3.2. Instead of the a priori LP-estimate (3.6)), local LP-estimates around
the points k € K together with some auxiliary assumptions are sufficient for the
conclusion of Theorem [3.1] to hold. For a proof and additional references, see the
appendiz.

The next lemma tells us that a priori LP-estimates of solutions to R-H problems
can be uniformly extended to larger contours which are often introduced in the
nonlinear steepest descent method (cf. [20, Eq. 2.4]).

Lemma 3.3. Let X and T’ be oriented contours in C := CU {oc0}. Assume that the

Cauchy boundary operators CY T are well-defined and bounded on LP(X UT). Let

fe O((@\E) be given, such that [ is continuous at infinity in the case that co € X
and the £-limits on ¥ exist in the usual sense satisfying f+ — f— € LP(X). Then

1f = f(o0)llLr(ry < CT U f4 = f-llLes)
for some positive constant C(T'UX) independent of f.

Proof. Note that because of the conditions on f it follows from the properties of
the Cauchy integral operator that

f=flo0) =C¥(fy — f-) = C¥UF (s — f2).

where the last equality is true because f; = f_ on '\ X, as f € O(C \ ). Hence
we conclude

If = (o)l Lrry < NCE" Lo sury—resury | f+ — =l zesur)

=[f+—f-llr (s
which shows that we can choose C(XUT) = ||C:%UF||L1)(E|\JF)*>LP(ELJF). O

Remark 3.4. Similar arguments work in the case that the R-H problem is not stated
for a matriz S, but rather for a vector s which is normalized to be so at infinity.
However, we still need a matriz-valued model solution N, which is normalized to the
identity matriz at infinity. As before we define a vector-valued function r := sN 1
which can be written in integral form

1 s_(k,n)(vs(k,t) — var(k)) N7 (K, n)

7(2,n) = Soo + =—

dk.
271 [ k—z

The rest of the analysis is analogous. An example of a vector-valued R-H problem
comes from the inverse scattering transform of the KdV equation ([23|, [27] [53]).

4. APPLICATION TO ORTHOGONAL POLYNOMIALS ON [—1,1]

4.1. Riemann—Hilbert formulation of orthogonal polynomials. Let us con-
sider an example for which our method can provide new results, namely the R-H
problem for orthogonal polynomials on [—1,1]. We assume that the corresponding
measure du on [—1,1] is absolutely continuous and thus can be written as

du(z) = p(x)dz, =€ (-1,1),

for some real-valued function p > 0. Following [25], [24] the R-H problem charac-
terizing the n-th orthogonal polynomial is stated as follows:
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For any n € Ny find a 2 X 2 matrix-valued function X on C\ [—1, 1], such that:

(i) X(z,n) is analytic in for z € C\ [-1,1],

(i) Xi(z,n) =X_(z,n) <(1) p(lm)) , forxze(-1,1),
0

(i) X(z,n)=(I+0(z7")) ((2§)n (22)™™

), as z — 00.

The following theorem explains how the R-H solution X is related to orthogonal
polynomials:

Theorem 4.1. (Fokas, Its, Kitaev (|24], [25])) The R-H problem for X is solved
by

_( 2 CLD (pap)(2)
(4.1) X(z,n) = (nnlpnl(z) nn1c(_1’1)(pn1p)(2)>

where py(2) is the n-th orthogonal polynomial with leading coefficient 2™ and
o ; -2
M= = millPnll 2 10),p(a)do)

Note that given some additional regularity assumptions on solutions, one also
obtains uniqueness (c.f. [33]). Usually the R-H problem for orthogonal polynomials
is normalized without the factor 2*” at infinity, in which case the p,(z) would be
the monic orthogonal polynomials. The next theorem found in [56, Thm. 12.7.1]
explains this discrepancy:

Theorem 4.2. Assume the weight p(x) on (—1,1) satisfies the Szegd condition,
given by
1
log p()
————=dr > —0.
—1V 1-— 1‘2
Then

im |[pn2((-1,1),p(2)de) = VT €XD

n—oo

1
(i log p() dz)
2m )1 V1 — 22

Hence, we see that with our normalization, the L?((—1,1), p(x)dz)-norm of p,
converges as n goes to infinity. This uniform boundedness of the norm is similar,
though not identical, to the a priori LP-estimate needed for our approach to local
parametrix problems. The difference is the measure p(z)dz, as we need a priori
LP-estimates in the space LP((—1,1), dx).

4.2. Large n limit without a parametrix solution. In [14] the authors were
considering orthogonal polynomials with an exponential weight of the form e~ @)
on the real line, where Q(z) was a polynomial of even degree and positive leading
coefficient. To extract asymptotic results, they introduced a series of transforma-
tions of R-H problems and their solutions, starting with the solution

Y :=27"3X, o03:= <(1) _01> ,
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for monic polynomials:
(4.2) Y —>U—T—S5S—R

In each step a conjugation or deformation step has been performed to obtain a new
R-H problem. An analogous procedure has been done by Kuijlaars et al. in [33]
for the modified Jacobi weight function p?fe on [—1,1] (see (1.1)). In this case the
R-H problem for U was not needed. We will not repeat the steps here, but
rather simply define the R-H problem for S and N, for details see [33].

In our setting, we will assume that p has an analytic continuation to a lens-
shaped neighbourhood £ of (—1,1) as shown in Figure

FI1GURE 1. Neighbourhood L.

Moreover, |p™!| should remain bounded in £, except possibly near the points
z = #+1, where it can have the behaviour

(4.3) p(2)] = O(|z £ 1|7V/7%9), |p(2)7 = O(|z £ 1|71/ F9),
for two constants v1 > 1 and some € > 0. This implies that for any smooth curve
~ going through £ from —1 to 1, we have

pllzrs (yasy < 00, and  [lpH[pr (yaz) < 0.

The R-H problem for S is defined on the contour ¥ := ¥; U Xy U X3 as shown in
Figure

FIGURE 2. Jump contour for S.
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Here the region enclosed by ¥; and ¥, is denoted by {25 and assumed to be a
subset of £, analogously for 3. Moreover, we set ; := C\ Q2 U Q3. The corre-
sponding R-H problem for S is now stated as follows:
For any n € N find a 2 x 2 matrix-valued function S such that:

(i) S(z,n) is analytic for z € C\ %,

(ii) Sy(k,n) =S_(k,n)vs(k,n), for k € ¥ with:

1 0
, for ke X UXs,
) \pB) (k)2 1)
(4.4) vs(k,n) = 0 "
» LA for k € Dy = (~1,1),
—p(k) 0

(iii) S(z,n) =1+ 0(271), asz— cc.

Here
p(z)i=z+V22 -1

maps C \ [—1,1] biholomorphically to the exterior of the unit disc. In particular
lp(2)] > 1 for z € C\ [-1,1] and |p(z)| — 1 as z approaches [—1,1]. Looking at
the jump matrix (4.4) and observing that

logp(z) = 0(\/]zF1|), asz— =+,
we identify z = %1 as the oscillatory points with x = 1/2 (cf. (3.2)).
A solution S can be expressed in terms of the solution X from Theorem [4.1] via

X(z,n)p(z)7"7?, ze,

1 0
X ’ nes ) € ’
S(zmy = | T )1 1) e
1 0
X(z, —nas , € Qs.
(Z n)<)0(z) p(z)_lgo(Z)_Qn 1) z 3
and satisfies
j — 3 —no3z _
(4.5) Zlgrolo S(z,n) = Zlgrgo X(z,n)p =1L

The corresponding model problem has the same normalization at infinity, but only
a jump condition on (—1,1),

N+(a:):N(x)( 0 p%”), ze(~1,1),

—sonr (@)

and is independent of n. The explicit solution given in [33, Eq. 5.5] has the form
a(z) +a(z)"' a(z) —a(z)!
N(z) = DZ?

2 2i
*laz)—ax)7'  az)taz)""
—2i 2

D(z)77®
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where D(z) is the Szegd function associated to p [56):

D(z) ::exp< / %2?1‘), zeC\[-1,1],

Dy = lim D(z )—exp( L[ log p(z) dm)

z—00 \/1_332

and

o= (3)"

with a branch cut on [—1,1] and a(c0) = 1. We note that
YEP = 3 U N, ymod .= ¥y = (—1,1).

Remark 4.3. It is important to note that var might not be uniformly bounded and
N might not satisfy condition . This is because of the singular behaviour of the
weight function p, and hence D, near the endpoints (4.3). However, we will still
use Holder’s inequality to get similar results as in Theorem [3.1.

Next we want to arrive at estimates for ||[S_wsN||p1(seer 4z). As N has no jumps
on X¢*P the + subscripts can be left out:

X o3 <p—12—2n 8) N1t
(4.6) L1 (Sewp,dz)

S X "% | Lo (zenr az) 107 Lo (memr az)

X [l (2 £ 1) pr (sear ) 1D ]| Lo (meor )

1S-ws N~ | (newr az) =

with
11 1 1
4.7 SR T H
(4.7) sTetite
We have used for simplicity ¢ =" (241)~
as the more complicated expression

/4 which has the same growth behaviour

a(z) +a(z)”' a(z) —a(z)”!
2 —2i p-os
a(z) —a(z)"'  a(z) +a(z)”t ] T
: L7(SewP,dz)
2i 2
Using (3.5) with x = 1/2 and ¢ = 7, we see that

o2 (2 £ 1)~ r (sean gzy = O(n~ 2/ 7HY/2).

Hence, we should try to choose 7 as small as possible, which translates into max-
imizing p, ¥ and w under the constraint that all the corresponding terms in
remain bounded.

Next we want to show that || X ™"73[| s (sexr 4-) Temains bounded for an appro-
priate p > 1. Using Lemma [3.3] together with , it is enough to establish the
LP((—1,1),dz)-boundedness of X "?® which, as |py(x)] =1 for x € (—1,1), is
equlvalent to showing that

1 Xl e ((=1,1),d0) < C1 < 00.
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Looking at the components of X in (4.1) and using the LP-boundedness of the
Cauchy boundary operators Ci_l’l) on LP((—1,1),dx) for p € (1,00), we need to
show that

IPnllLr((~1,1),de) < C2,  IPupllLe((-1,1),d2) < C3, C2,C3 < 00.
For both cases we can use Holder’s inequality and theorem which tells us that

PPl La((=1,1),d2) < Ca < 00
for a = 2 and thus automatically for a < 2, as we integrate over a finite interval.
Using this we can write

—1
IPnllze((=1,1).dz) < 1PavPllLe((=1,0).d0) VP Lo ((=1,1),d2)
PnpllLe((~1,1),d2) < ||Pn\/ﬁ||La'((—1,1),da;)||\/5||Lb/((—1,1),dx)
with
1 1 1 1 1

p a b o + b’
As we want to maximize p, we choose a = a’ = 2. The condition tells us that
we can take b < 2v_ and b’ < 2v,. Again, maximizing p, we choose
b=V =2 :=2min{v,,v_}
which gives us
L 21/0
P17 vy

The condition p > 1 translates to vy > 1, which was assumed right after .

Next, let us consider the term [|p™"| Lo (seer 4-)- This is the simplest case, as
implies that we can choose ¥ :=v_.

The term [|D??||pw(seep 42) is more challenging. Recall that the Szegé function
satisfies [8, Eq. 2.14-15]

Dy (@)D_(2) = pla), @€ (~1,1)

and

D) = D(z), C\[-1,1]
These two identities imply

Di(@) = v/p@) and Di(z) — D_(2) = 2Im(Dy (a)), « € (~1,1).
Hence, D satisfies an additive R-H problem, with

D+ = D_||w((~1,1),dz) < VPl Lo ((~1.1).de)-
As D has a limit at infinity, namely D, we can apply lemma [3.3]to conclude that

[ Dl L (ser,az) = OUVPll e ((~1,1),d2))-

From (4.3) it follows that we must have w < 2v,. The same argument works with
D~! and in the end we can choose w := 2vy.
We have computed the optimal values for p, ¥ and w:

21/0

= —, ’[9 =V_, == 2 .
P=17 ” v w =2y
A quick calculation using the relation (4.7) shows that
2Upv_

= vov— — 2o +v_)’
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which implies

(= £ 1)_1/450_2"||Lf(2ew,dz) =0(n™),
with
(4.8) aom Lo M

2 Vol/—
As all the other terms on the right-hand side of (4.6) remain bounded as n — oo,
we conclude:
15— ws N~ L1 (mewr az) = O(n™?).
To ensure that A is positive it is enough to assume that
(4.9) vp > 8,

or in the case vy = vy € (4,8), one would need

(4.10) Vo> :Vj e

For positive A we can conclude that

(4.11) S(z,n) = (I+ O(n~*dist(z, £P) 1)) N(2).

In particular

(4.12)  X(z,n) = (I+ O(n=*dist(z, ZP)"1)) N (2)p(2)"2, z € Q,
(413)  X(z,n) = (I+ O(n *dist(z, 2°P)"1))N(z)

1 0 nos
X <p—1(z)(p—2n(z) 1> QD(Z) ) S QQ’
(4.14)  X(z,n) = I+ O(n~*dist(z, £P) "N (2)

1 0
X _ —on 2)"%% 2z € Qs.
(cprepmmney 1) 9 :
We can state our main result concerning orthogonal polynomials:

Theorem 4.4. Let the weight function p have an analytic continuation to a lens-
shaped neighbourhood L of (—1,1) and satisfy condition (4.3), with vy fulfilling
either (4.9) or (4.10). Moreover, let U be a compact subset of the Riemann sphere
contained in C\ [-1,1] U {occ} and V be a compact set contained in L. Then, we
have for the n-th orthogonal polynomial with leading coefficient 2™ :
_ Dop(z)nt1/2
V2D(z)(22 — 1)1/4
~( Dop(2)" /2
V2D(2)(22 — 1)1/4

Pn(2) +0(n™ 2" p(2)")

(4.15)

)(1 +0(n™*zh), zel,

and

1
pn(Z) = \/5(2:2 _ 1)1/4 (

D
D(z)

Dy D(z)
p(z)

ORSEES @(2)"7H2) + O ()",

(4.16)
zeV,

with the +(—) sign in the case of z in the upper(lower)-half plan, and both signs
giving the same result for z € (—1,1). The constant X is given by (4.8)).
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Proof. First observe the two identities
a(z) +a(2)”" p(2)'/?

(417) 2 - V2(22 — 1)1/4
and

a(z) —a(z)" . ()7
(4.18) 2i - 1\/§(z2 — Y4

Next, let us consider the asymptotics in U. As U is assumed to be compact on
the Riemann sphere, it must be a finite distance away from [—1,1]. In particular,
we can choose the contour %P C L such that

dist (U, £¢*P) > 0.

It follows that for € U, we have that asymptotic terms of order O(z~!) and
O(dist(z, X¢*P)~1) become equivalent. Again by compactness of U, we see that the
functions D! and a*! are bounded in U. With this information, (4.15) is obtained
by multiplying out and using py,(z) = X11(2,n) from Theo&
For the set V' we can again choose X¢*P C L such that
dist(V, Z¢P) > 0.

As V is bounded, asymptotic terms of order O(dist(z, ¥¢*?)~1) and O(1) become
equivalent. Similar to before the functions D*! and a*' are uniformly bounded,
as they are continuous in V' \ (—1,1) and take continuous limits on V' N (—1,1).

Multiplying out and gives then . Moreover, using for z € (—1,1),
(@ = 1Y =i -1
D.(2)D_(2) = pla)
P (@)p(x) =1
one can verify that both signs in give the same result on VN (—1,1). ]

Remark 4.5. The leading terms in (4.15) and (4.16)) have been obtained by Bern-
stein and Szegd in |56, Thm. 12.1.1-4]. However, the R-H method allows for more
explicit bounds on the error terms.

As a corollary, we obtain bulk universality for the unitary matrix ensemble as-
sociated to p.

Corollary 4.6. Let the weight function p satisfy the assumption (4.3) and let
{Tn}nen, be the associated monic polynomials. Then the corresponding kernel K,
given by

n—1
Kn(z, y) = p(@)V/p(y) > mi(z)m(y),
=0

satisfies
b
ng(x)

u v ) _ sinm(u — v)

(4.19) ne) " T @)

Kn<x+ +0(n™Y),

m(u — )
z € (—1,1), u,v €R,

where &£(z) = (7v/1 — 22)~L. The estimate holds uniformly for x in compact subsets
of (—=1,1) and u,v in compact subsets of R.
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Proof. The proof is analogous to the one given in [34, Sect. 3.2}E| Only the local
boundedness of 4- S (z) for z € (—1,1), uniformly as n — oo requires additional
comments. It follows from the local boundedness of N (z), - Ny (), R(z,n) and
4L R(x,n) for z € (=1,1), uniformly as n — oo (recall S = RN). The statement
for Ni(z) and £ N (x) follows directly from smoothness of the limits of the Szeg
function to (—1,1) and n-independence. The statement for R(z,n) and 4 R(z, n)
follows from , and the fact that the integral representation of R contains only
integrals over X¢*P, where 3P N [—1,1] = {—1,1}. O

Remark 4.7. Interestingly, the error term in is bounded by O(n~1) instead
of O(n=™), where X is defined in ([4.8). The reason is that convergence to the sine-
kernel follows from the relations and between X and S, rather than
the ezxact form of S.

4.3. Riemann—Hilbert problem with constant jump matrices. Finally, let
us explain why our choice of weight functions makes a reformulation of the local
parametrix problem to a limiting parametrix problem with constant jump matri-
ces, as found in [33| Sect. 6], impossible. In that paper the authors considered the
following local parametrix problem for P in a small but fixed disc Us of radius
around z = 1 (and later analogously around z = —1):

Find a 2 x 2 matrix-valued function P, such that
(i) P(z,m) is analytic for z € Us \ X,
(ii) Py(k,n) = P_(k,n)vs(k,n), for k € ¥NUs,
(iii) P(k,n)N~'(k) =1+ o(1), uniformly for k € dUs as n — ool

Hence, P should satisfy locally around z = 1 the same R-H problem as S, but the
normalization at infinity is changed to a matching condition with N. To transform
this R-H problem to an explicitly solvable one, a further conjugation step is needed
to make the jump matrices independent of £ € . This is a crucial step that cannot
be performed in our case. Assume for a moment that p has an analytic nowhere
vanishing continuation in Us. In 33| Eq. 6.7] the authors define the function W

il
(4.20) W(z) :=+/p(z), z¢€ Us.
This function can be used to construct P(1):
PW(z,n) := P(z,n)"% (2)W(2)78, Us.
Then P satisfies the following R-H problem:

Find a 2 x 2 matrix-valued function P, such that

9The authors denote our matrix S by L.

101n 33] an error term of order O(n~1) is used instead of o(1).

My [33] a Jacobi-weight prefactor (1 — z)®(1 + z)# was considered. In our case any singular
behaviour around =+1 is assumed to be absorbed into the weight function p (compare Eq.

with [@.3)).
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(i) PM(z,n) is analytic in z € Us \ X,
(i) P (k,n) = PY(k,n)op(k,n), for k € S Us, with

10
) , for k € X¢*P N Uy,
B 11

vp(k) = 0

1
, for k € ¥™°d N Us.
-1 0

(iii) PO (k,n) (N (k)p(k) W (k)7) " =T+ o(1),

uniformly for k € OUs as n — oo.

After an n-dependent change of variables z — (, the matching condition (iii) for
P can be transformed into a normalization at infinity for the matrix-valued func-
tion

¥(¢) = PU(2(¢)).
The corresponding jump contour ¥58 := ¥ U X5 U ¥F consists of three rays ema-
nating from the origin as in Figure

=P

FicUrE 3. Contour for the Bessel R-H problem

and the jump matrix v has the form
1 0
1 1
0 1
, for ¢ € ¥5.
b)) e

The R-H problem for ¥ is stated as follows:

), for ( e ¥BUXE,
vB(() =

Find a 2 x 2 matrix-valued function ¥, such that

(i) ¥(¢) is analytic for ¢ € C\ ¥5,
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(i) U4(¢) =T (Qus(¢), for ¢ € 5,

(iii) ¥(¢) — (277(1/2)_”3/2\}§< (1 i) + 0(1))e2<1/2‘73 ,  uniformly as ¢ — oo.

This R-H problem is the corresponding limiting parametrix problem as it is obtained
by taking the limit of the local parametrix problems as n — oo. It is solved explicitly
using the Bessel functions [33, Eq. 6.23-25]. A deductive argument leading to
the explicit solution for a similar limiting parametrix problem, namely the Airy
parametrix problem, can be found |28| Sect. 3.2].

As p is not assumed to have an analytic continuation to a disc Us around z = 1
(z = —1), the function W in cannot be defined in general. Hence, the con-
vergence of the parametrix problem to a limiting parametrix problem with constant
jump matrices, at least with the usual approach, is not possible. However, we point
out that under the assumptions of Theorem the local parametrix problem for
P indeed has a solution.

Theorem 4.8. The exact solution S, satisfies the local parametriz R-H problem
for P.

Proof. The matrix-valued function S satisfies trivially condition (i) and (ii) for P.
The only remaining condition (iii) is the matching condition:

S(k,n)N(k,n)"" = R(k,n) =1+o0(1), for k€ dU;.

uniformly as n — oo. We can substitute O(n~>dist(k, £*P) for the error term
o(1), because of . However, by deforming the contour X¢*? we see that the
points where 3¢*P and Us meet are movable, and that the error term is in fact
uniform on OUs, meaning

S(k,n)N(k,n)~' = R(k,n) =1+ 0(n="), for k € oU;,

uniformly as n — oo. Hence, S is a solution to the local parametrix R-H problem.
|

The solution S is unique in the following sense: For any other solution P hav-
ing sufficient regularity, for example at most fourth root singularities at z = +1
(c.f. [33]), the matrix-valued function H := PS~! will be analytic in Us, and satis-
fies _

H(k,n) = P(k,n)S(k,n)"! =T+ o0(1) for k€ ¥ NUs,
uniformly as n — co. By the maximum principle for analytic function, we therefore
know that _

H(z,n) = P(z,n)S(z,n) ' =T+ 0(1) for z € Us,
uniformly as n — oo. Hence we see that P has the form
P(z,n) = H(z,n)S(z,n), z € Us,

where H(z,n) is a sequence of matrix-valued function with analytic entries, such
that it converges uniformly to the identity matrix as n — oo. Moreover, every
solution of the local parametrix problem can be obtained in this way.
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5. DISCUSSION

We have shown that the formulation of a limiting parametrix problem is not
necessary for a rigorous R-H analysis, provided an a priori LP-estimate of the exact
solution S is known. Our method has been illustrated on the example of orthogonal
polynomials on [—1,1] with a new class of weight functions p. We impose analytic
continuation of p to a lens-shaped neighbourhood of (—1,1) and a growth condition
at the endpoints (cf. Figure [I| and Eq. ) In particular, we do not require any
sort of analytic continuation around x = +1.

However, the error bound obtained that way is in general worse than the actual
error term. In [33] the authors show

Rkiz) + O(n_é_l))N(z)7 asn — oo, £ € Ny,

n

4
(5.1)  S(zn) = (11 +y
k=1

uniformly away from x = £1. They considered modified Jacobi weight functions of
the form . The series expansion stems from the series expansion of the Bessel
functions, which are contained in the solution of the limiting parametrix problem.
Our approach would only result in O(n_l/ 2) without a series expansion, for weight
functions p satisfying that |p*!| is uniformly bounded. This case corresponds to
vy —o0in . This is unsurprising as the a priori LP-estimate contains very lim-
ited information on the local structure of the exact solution S around the oscillatory
points.

Whether an expansion of the form holds in our case, seems to be an open
problem. Also the optimal error bound in and is, to the best of
our knowledge, unknown. These questions relate to one of the main motivations
for obtaining large n asymptotics of orthogonal polynomials, namely the study of
eigenvalue statistics for ensembles of random matrices. This field of study has
been initiated by Wigner [59]. The statistics in the bulk of the spectrum have
been further studied for special cases by Dyson in [21], [22] and Mehta in [45]
and confirmed instances of the Wigner—-Dyson—Mehta universality conjecture. This
universality conjecture states that the local statistics in the bulk of the spectrum
depend only on the type of the ensemble, which is either unitary, orthogonal or
symplectic.

More general instances of the universality conjecture were obtained by Lubinsky
in [38], |41] (see also [37], [39], [40], [55]), showing that bulk and edge universality
depend essentially only on the local behaviour of the weight function and do not
require smoothness. This generalizes the universality results in [34], by allowing for
continuity and positivity instead of analyticity of the function A in . The proof
is not based on the R-H method, but rather works directly with the correspond-
ing Christoffel-Darboux kernel and uses localization and smoothing techniques. In
particular, Plancherel-Rotach asymptotics are not needed. In fact, recently the
implication from asymptotics of orthogonal polynomials to universality has been
inverted, meaning that pointwise asymptotics for orthogonal polynomials were ob-
tained from the corresponding universality results (see [42] for the bulk and [43] for
the edge case).

Our Theorem implies the known universality in the bulk, but has more
interesting connections with universality near the edge. Just as for the bulk, most
of the previous work has been focused on proving edge universality for various
ensembles. Here one has to distinguish between two classes, the soft edge (|6], 9],
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[14], [26], Sect. 3]) and the hard edge (|26, Sect. 2], [33], [34], [51]). While the former
leads to local statistics described by the Airy kernel, the latter leads to the Bessel
kernel. Both kernels have been further studied by Tracy and Widom ([57], [58]).

Using the R-H method, the cited results on edge universality can be obtained
through the explicit solution of a limiting parametrix problem with constant jump
matrices. However, as shown in Section for weight functions that do not have
an analytic continuation outside the lens £ (cf. Figure [I) one cannot formulate
the corresponding limiting parametrix problem with the usual R-H approach (see
[3], [44] for an alternative 0 R-H approach). The natural question arises, whether
the local parametrix problems converge in any other sense as the degree n goes to
infinity to some other limiting parametrix problem. A hypothetical limiting R-H
problem would likely determine the behaviour of the eigenvalues near the edge of
the spectrum. Our work suggests that such a limiting R-H problem might not
exist, as the nonlinear steepest descent method can be rigorously applied without
computing any limit of the local parametrix problems. More research is needed to
formalize and prove or disprove this statement.

Regarding future work, it would be interesting to see how the methods presented
in this paper can be used in other settings. For orthogonal polynomials, one can
consider different kinds of nonanalytic singularities in the interior of the support,
generalizing the work in [31]. In particular, one can apply our results to show
that certain families of local parametrix problems are solvable and use this fact
for other R-H applications with similar local parametrix problems, but without a
priori estimates. On the other hand one could try to derive more powerful a priori
information than the one given in Theorem This could lead to qualitative
Plancherel-Rotach asymptotics, even in the vicinity of nonanalytic singularities like
the one considered in [8]. Another future challenge would be proving the a priori
LP-estimate for R-H problems related to other areas. In particular, the inverse
scattering transform for integrable PDEs can be framed as a R-H problem, and
here it would be interesting to show and interpret the associated a priori estimates.

APPENDIX: LOCAL A PRIORI LP-ESTIMATE

Let us consider the general setting of Section 3, with the additional assumption
that X°*P is unbounded. This was not the case in our application to orthogonal
polynomials on [—1,1], for further examples of R-H problems having a bounded
2P gee (2], [29], [32]). However, there are numerous examples of R-H problems
having an unbounded X¢*? ([1], [14], [15], [16], [17], [18], [19], [23], [27], [30], |35],
[53]). Figure [4] displays the contour in the case the KAV equation with steplike
initial data 23], where the solid part is X™°¢ and the dashed X*P. We see that
>¢*P extends to Foco.

The unboundedness assumption on X¢*P poses a hurdle for obtaining the a priori
LP-estimate. Namely, given that S(z) — I, as z — oo, we see that

(A1) |S_||Lp(zery = 00, for p € (1,00).

Luckily, it turns out that only local LP-estimates around the points k € K are
needed. To show this, we choose a bounded domain A C C, which contains all the
oscillatory points k € K. Next, write X°*P as a disjoint union of an unbounded part
Y& and a bounded part X7 with £ € X7

NP = NP\ A, NP = NP A A,
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FIGURE 4. Contour for the KdV equation with steplike initial data

We make the additional assumption
(A.2) k' ws (k, n) || L1 (mezry = O(e™")

for some positive ¢ and i = 0,...,¢ — 1, where £ will play the same role as in
Theorem The condition is satisfied in most applications.

We can now introduce the following R-H problem with data (vg,%9), where
9 .= ¥med Y ¥ and the jump matrix is given by vg (k) = vs(k) for k € %Y.

Find a 2 x 2 matrix-valued function G such that
(i) G(z) is analytic for z € C\ X9,
(ii) G4 (k) = G_(k)vg(k), for k € X9

(ili) G(z) =1+0(z71), asz— cc.

The solution G will be later used as a substitute for the model solution N. From
(A.2) it follows that
(A.3) lvg —vnllzi(z) = llwsllLi(zezry = O(e

Moreover, in (3.2) it was assumed that |ws(k,n)| = O(e™ "), without loss of gen-
erality with the same ¢, uniformly away from the points k£ € K. Hence, we also
have

767’7,)

—CTL).

(A.4) lvg — UN||L°°(E) = ||w8||Loo(2g§P) =0(e

Let us now take a look at the corresponding singular integral equations for both
R-H problems (cf. Section 2.1)

(A.5) (I-Cp,)®g = C*(wg),
(A.6) (I-Cp\ )P =C(wn),
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where wg := vg — [, and for notational convenience we regard everything defined
on the larger contour . Note that

(A7) IT=Cop) = M= CuMzamy—ram) = [Chy—wgllLa)— o)
S C(q)”wSHLw(Egp) — O(e*Cn).

Moreover, as for ¢ € (1,4) a unique solution @ := N_ —1I of exists, we know
that I —C> . must be invertible as an operator on L(¥). As the set of invertible
operators is open in the operator norm topology, it follows from that for n
large enough I — CZ , is uniformly invertible on L9(X). Moreover, using and

(A.4) we see that
[wg —wnrllzacs) = lwsl|Lasezry = O(e™").

Altogether this implies that for n large enough the unique solution ®g of
satisfies
[®g = PprllLagsy = O(e™").
In particular, ||®g||z¢(x) is uniformly bounded as ®,r is n-independent.
As the goal will be to use G as a substitute of the model solution N, we need to
understand the behaviour of G in the vicinities of the oscillatory points k € K. As

described in Section 2.2, we can relate G and N via:

G(z,n) = (]I + i/ G, n)ws (k) N1 (k) dk) N(2).
ez

27l k—z

Note that
IG_wsN ™1 seery = [(Rg + Dws N~ 1 (seamy
< (”(I)QHL?(E‘;;””)||w3||L2(E‘;§p) + ||w8||L1(2§§”)) [N M| poo (sezny = O(e™™),

which follows from the uniform boundedness of ||®g||.2(x), and [N~ (k)| away from
the points x € K. Hence, we conclude that

(A.8) G(z,n) = (I+ O(e " dist(z, £7P) 1)) N (2).
In particular, we see that G has locally around x € K the same behaviour as N,
(A.9) |G(z,n)| = O(|z — x| 71/%),

uniformly for n — co. However, G(z,n) might not be uniformly bounded away
from the points k € K, as it can blow up near the contour XZP.
Let us now reconsider (3.4), but with G instead of N:

8- (05 — 001G 1 ) = 150G 1 o

-1
S||‘SV—||LT’(27€”’)HwSG HLQ(E%“’)'
Because of det G = 1 and the boundedness of ¥, we have
IG  Lamezry = G| Lo(sezry = 196 + Tl po(sezry < C < 00
Together with the local assumption (3.2) on ws and (A.9), it follows that
, a1 .
Hklws(kun)G_l(k)”Lq(Z,'g”’) = O(n4x qx)v q € [174)7 i € Ny,
which is in line with (3.5). Moreover, we see that we are now required to find only

a local a priori LP-estimate of the form
(A.10) [S-[lLo(sgery = O(n").
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Thus, Theorem remains valid with only the local a priori LP-estimate for S_
(A.10) instead of (3.6) and G substituted for N. In fact, because of the two
relations and (3.8) between S and N continue to be true and Theorem
holds in its original form with condition instead of .

Acknowledgments. The author thanks Andrei Martinez-Finkelshtein for valu-
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manuscript.
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