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Applied Mathematics

We develop computational approximation theory on higher-genus domains, finite unions of
disjoint subintervals of the real axis that arise naturally in orthogonal polynomial theory,
iterative numerical linear algebra, and the study of integrable nonlinear wave equations. In
each case, exploiting this underlying structure to choose appropriate basis functions (orthog-
onal polynomials) is essential to obtain a fast and efficient numerical method. A unifying
theme is the numerical solution of Riemann—Hilbert problems on these domains.

First, we develop a numerical framework and apply it to compute orthogonal polyno-
mials. For Chebyshev-like weight functions supported on a union of disjoint intervals, we
use the Fokas—Its—Kitaev Riemann—Hilbert problem [70] to produce an algorithm that com-
putes recurrence coefficients and allows for the pointwise evaluation of Cauchy transforms in
optimal (O(1)) complexity.

Using these orthogonal polynomials, we develop the Akhiezer iteration, a new iterative
method for solving indefinite linear systems and computing matrix functions. The iteration
uses orthogonal polynomial recurrence coefficients to efficiently compute the action of a
matrix polynomial on a vector. It is inner-product-free, features an a priori computable
convergence rate, and is often faster in practice than standard Krylov subspace methods. A
particular extension yields a fast inverse-free iteration for solving large-scale Sylvester matrix
equations.

Finally, we present a class of numerical methods for computing and evolving soliton
gasses, ensembles of a very large or infinite number of interacting solitons, in the context
of the Korteweg—de Vries and modified Korteweg—de Vries equations. While traditionally
difficult to simulate due to ill-conditioning, the methods are based on the Riemann—Hilbert
formulation of [61] and the analysis of [78,[79]. By using basis functions that encode the
correct endpoint asymptotics, this approach enables the first accurate simulation of such
solutions in standard (double) precision arithmetic. This allows for fast, pointwise evaluation
before asymptotic estimates are valid.



TABLE OF CONTENTS

Page
[List of Figures| . . . . . . . . . iv
[List of Tables| . . . . . . . . . vii
........................................... viii
[Chapter 1: Introduction| . . . . ... 1
(1.1 Orthogonal polynomials on higher-genus domains| . . . . . . ... ... ... 1
[1.2  [terative methods for cut spectra] . . . . . . . ... . ... ... ... ..., 2
(1.3  Soliton gasses and the KdV equation| . . . . . ... ... ... ... ..... 3
(1.4 Open problems| . . . . . . . . . . . ... 4
[Part I: Orthogonal polynomials| . . . . .. ... .. ... ... ... ...... 6
[Chapter 2: Approximation theory on higher-genus domains| . . . . . . . .. .. .. 7
21 TIntroductionl . . . . . . . . . .. 8
[2.2  Orthogonal polynomials and Cauchy integrals| . . . .. ... ... ... ...
[2.3  Potential theory and orthogonal polynomial series| . . . . . . .. .. .. ... 14
[2.4 Classical algorithms for recurrence coefficients) . . . . . . .. .. .. ... .. 18
[2.5  The Single-Interval Case: Chebyshev Polynomialsf . . . . . . .. ... .. .. 20
[2.6 Jacobi Elliptic and Theta Functions| . . . . . . ... ... .. ... ... ... 26
[2.7  The Two-Interval Case: Akhiezer Polynomials| . . . . .. ... ... ... .. 28
2.8  The Multi-Interval Case: Genus g >2 . . . .. ... .. ... ... ..... 31
[Chapter 3: Riemann—Hilbert problems on higher-genus domains| . . . . . . . . .. 33
[3.1 Riemann—Hilbert problems| . . . . . . . ... ... .. ... 000 34
[3.2 The FIK and soliton gas RHPs| . . . . . . ... ... ... ... ... .... 36
B.3 Numerical methods . . . . . . .. . ... . 38



4.1 Introductionl . . . . . . . . .. 46
4.2 'Transforming the Riemann—Hilbert problem| . . . . . .. ... ... ... .. 47
4.3 Recurrence coefficientd . . . . . . ... 55
4.4 Special simplifying weight tunctions| . . . . . . .. . ... ... 57
4.5 Numerical implementation| . . . . . . . .. ... ... 0L, 59
4.6 Solving the detformed FIK problem| . . . . . .. ... ... ... ... ... . 64
4.7  Examples and applications| . . . . . . . ... oo Lo 66
[Part II: Numerical linear algebral . . . . . . . .. ... .. ... ... ... 79
[Chapter 5: The Akhiezer iteration| . . . . . . . . . ... ... oL 80
.1 Introductionl . . . . . . . .. 81
0.2 The Akhiezer iteration and matrix function evaluationl . . . .. ... .. .. 83
(5.3  The Akhiezer iteration for matrix function approximation/. . . . . . . . . .. 87
[b.4 Adaptivity| . . . . . .. 93
[>.0 Examples and Applications| . . . . . . .. ..o Lo 94
[5.6 Discussion and open questions| . . . . . . . . . . . . ... 99
[Chapter 6: oylvester matrix equations|. . . . . . . ... ... L. 101
6.1 Introductionl . . . . . . . . . . 102
[6.2 Method 1: the matrix sign function| . . . . . . .. . . ... ... ... .... 109
[6.3 Method 2: inverting the Sylvester operator{ . . . . . . .. .. ... ... ... 121
6.4 Examples and applications| . . . . . . .. ..o oo 130
[6.5 Other applications| . . . . . .. .. .. ... .. ... 135
6.6 Discussion and future workl . . . . . . .. ..o 138
6.7 DBivariate matrix functions . . . . . . .. ..o 139
(Part 1IT: The KdV equation| . . . . . . . ... ... 147
[Chapter 7: Soliton gasses| . . . . . . .. 148
(.1 Introductionl . . . . . . . . . ... 149
[7.2  Computing soliton gasses|. . . . . . . . . . . . . . ... 157
[7.3 Nonlinear superposition of a pure soliton gas with solitons| . . . . . . . . .. 162

i



(7.5 Conclusion|. . . . . . . . . e 171
[Chapter 8: Long-time computations of KdV and mKdV soliton gasses| . . . . . . . 173
.1 Introductionl . . . . . . . . .. .. 174
[8.2  Steepest descent deformations| . . . . . . .. .. ... o0 177
[8.3  Numerical implementationl . . . . . .. .. ... ... ... .00, 181
R.4  Modifications for KAVl . . . . . .. .. ..o 188
8.5 Examples and demonstration of convergence| . . . . . .. ..o 192
[Chapter 9:  Large-genus KdV solutions| . . . . ... ... .. ... ... ...... 195
0.1 TIntroductionl. . . . . . . . . . ... 196
9.2  'The Riemann—Hilbert problem|. . . . . . . .. .. ... ... .. ... .... 196
[9.3  Diagonalization and preconditioning|. . . . . . . . . . ... ... ... ... 198
9.4 Dispersive quantization|. . . . . . . . . .. ... 199
Bibliographyl . . . . . . . . e e 201
[Appendix A: Deferred proofs| . . . . . . . . . ..o 215
[A.1 Akhiezer polynomial recurrence coethcients| . . . . . . . . ... ... ... .. 215
A2 Proofof TheoremR.5.11 . . . . . . .. ... .. 218
A3 Proofof Lemmal6.2.3. . . . . . ... ... 219
[A.4 Proof of TheoremI6.7.20 . . . . . . . . . . . ... ... ... ... ... 220
[Appendix B: Computing the modulation parameter and regions| . . . . .. ... .. 221

1ii



LIST OF FIGURES

Figure Number Page
[3.1 An oriented contour through an interior point| . . . . . . ... ... ... .. 34
4.1  Example weight function of Chebyshev type on four disjoint intervals| . . . . 46
4.2 Sample contours and regions for a three-interval problem| . . . . . . . . . .. 48
4.3 Jump conditions in the three-interval RHP| . . . . . ... ... ... ... .. 55
4.4 Effect of a smooth modification h(x) on recurrence coefficients, one intervall . 67
4.5  Convergence of recurrence coefficients vs. collocation points, one interval| . . 68
4.6 High-degree recurrence coefficient accuracy, one interval . . . . . . . . . . .. 69
4.7 Convergence of recurrence coefficients vs. collocation points, two intervals| . . 70
4.8 Timing comparison: RHP method vs. RKPW for recurrence coefficients| . . . 71
4.9 Convergence of recurrence coefficients vs. collocation points, three intervals| . 72
[4.10 Convergence of recurrence coefficients vs. collocation points, four intervals|. . 73
[4.11 Toda lattice evolution with Chebyshev-U 1nitial data| . . . . . . . . .. ... 75
[4.12 Recurrence coefhicients for a Chebyshev-T-like weight on two intervals . . . . 75
[4.13 Toda lattice evolution with Chebyshev-T-like initial data on two intervals| . . 76
4.14 Fvolution of individual Toda Jattice matrix elementsl . . . . . . ... .. .. 76
[4.15 Recurrence coefhicients for a Chebyshev--like weight on three intervals{. . . 77
[4.16 Toda lattice evolution with Chebyshev-I/'-like initial data on three intervals| 7
[>.1  Eigenvalue histogram and Akhiezer iteration convergencel . . . . . . . . . .. 83
[5.2  Akhiezer iteration convergence, uniform eigenvalues . . . . . . . .. ... .. 95
[>.3  Eigenvalue contour plot and Akhiezer iteration convergence{. . . . . . . . . . 96
[>.4  Matrix function convergence for exponential function| . . . . . . . . . .. .. 96
[>.0  Matrix function convergence, randomly generated eigenvalues|. . . . . . . . . 97
(5.6 Matrix function convergence, ixed eigenvalues| . . . . . . . .. ... ... .. 97
[>.7 Convergence comparison, 2 vs. 3 spectral bands| . . . . . .. ... ... ... 98
[5.8  Akhiezer iteration convergence, preconditioned BVP|. . . . .. ... 0. 99

[6.1 Convergence rate bounds for polynomial Krylov, Method 1, and Method 2| . 104

v



[6.2  Akhiezer polynomial vs. Zolotarev approximation errors for the sign function| 107

[6.3 Generalized Bernstein ellipses for two cut domains|. . . . . . . . . ... ... 108
[6.4 Rank and error of low-rank solver iterates, unweighted compression| . . . . . 115
[6.5 Rank and error of low-rank solver iterates, weighted compression|. . . . . . . 116
[6.6 Akhiezer series coefficient decay and convergence rate heuristic| . . . . . . . . 117
[6.7 Convergence of Method 1 for a rank-2 Sylvester equation| . . . . . . . . . .. 119

(6.8 Convergence of Method 2 with single- and two-interval Akhiezer polynomials| 124

(6.9 Rank and error of inverse-method iterates, unweighted and weighted compression(127

[6.10 Convergence of Method 2 against the heuristic bound| . . . . . . . . .. ... 129
[6.11 Timing comparisons of Methods 1 and 2 against Bartels—Stewart and Krylov |

methods| . . . . .. 131
[6.12 Timing comparisons of Method 2 vs. block polynomial Krylov| . . . . . . .. 133
[6.13 Method 2 convergence and solution for a coupled integral equation|. . . . . . 134
[6.14 Solution of a coupled integral equation with preconditioned GMRES|. . . . . 135
[6.15 Convergence for Fréchet derivative approximation of sign and exponential| . . 137
[6.16 Convergence of the bivariate Akhiezer iteration on three problems . . . . . . 146
[7.1 KdV soliton gas on five band pairs with five superimposed solitons|. . . . . . 150
(7.2 Pure KdV soliton gas on five band pairs| . . . . . . ... ... ... ..... 152
[7.3 KdV soliton gas near the wedge region with two solitons| . . . . . . . . ... 153
[7.4  Pure KdV soliton gas on two band pairs with ray plot|. . . . . . . . ... .. 154
[7.5 Sign of Rey in the complex plane for the unmodulated region| . . . . . . .. 158
[7.6 Jump contours and matrices for S| . . . . .. ... 160
[7.7 Jump contours and matricesfor R} . . . . . ... ... ... .00, 163
[7.8 KdV soliton gas on two band pairs with three superimposed solitons|. . . . . 165
(7.9 KdV soliton gas on one band pair with one soliton, ky =3[ . . . . . . . ... 166
[7.10 KdV soliton gas on one band pair with one soliton, ky =1 . . . . . . . ... 167
[7.11 KdV soliton gas on five band pairs with variable reflection coefficients| . . . . 168
[7.12 Pointwise errors vs. collocation points per intervall . . . . . . . ... ... .. 171
[8.1 Long-time KdV soliton gas on five band pairs with five solitons|. . . . . . . . 175
(8.2 KdV soliton gas through the wedge region with two solitons| . . . . . . . .. 176
8.3 Deformation regions of the (z,¢)-plane| . . . . . . ... ... ... ... ... 177
8.4 Jump contours and matrices for Zf. . . . . . .. ..o 178




|8.6 Jump contours and matrices for Z| ........................ 179
[8.7 Jump contours and matrices for S| . . . . .. ... 180
8.8 Jump contours and matrices for Al . . . ... 181
|8.9 Jump contours and matrices for Sl ........................ 182
|8.1O Jump contours and matrices for T| ........................ 186
.11 mKdV soliton and anti-soliton gas|. . . . . . .. ... ... ... ... ... 189
[8.12 KdV soliton gas on two band pairs with one soliton| . . . . . . . ... .. .. 192
[8.13 Maximum pointwise error in computing A(z)| . . . . . . ... ... ... 193
[9.1 Jump contour for the finite-genus KdV problem| . . . . . . . ... ... ... 197
[9.2 Large-genus approximation ot dispersive quantization| . . . . . . . . . . . .. 200

vi



LIST OF TABLES

Table Number Page

6.1 Runtimes for inverse-free methods vs. polynomial Krylov (memory comparison)|130

[7.1 Pointwise evaluation runtimes for computed solutions| . . . . . . . . . .. .. 172

vil



o ll2

ol

L3, (%)

GLOSSARY

An independent variable, e.g., 1/¢ denotes the function f(z) =1/x.
The indicator function of a set S: equals 1 if ¢ € S and 0 otherwise.
The Kronecker delta: equals 1 if 7 = k and 0 otherwise.

The closure of a set.

The vector 2-norm and the corresponding induced matrix norm.

The vector oo-norm (largest absolute entry) and the corresponding in-
duced matrix norm (largest absolute row sum).

The Frobenius norm: ||[M]||r = MZ;‘,k |ML |2

The (7, k) entry, kth column, and jth row of a matrix M, respectively.

The spectrum (set of eigenvalues) of a matrix or operator M.

The Pauli matrices o1 = <(1) (1)), o3 = ((1) _01)

The Cauchy integral over a curve I', Cr[f](z) = 5% [, COR P

2mi r—z

The boundary values of Cr.

The Stieltjes transform over a curve I, Sp[f](2) = [, 1@ 4.

The genus of the higher-genus domain.

A disjoint union of real intervals, ¥ = ?g [aj,b;] C R.

C(;llections of positive and negative real intervals: X, = (J{_,[a;,b;], ¥ =
j:l[_bj7 —a;).

A weight function with support X.

The weighted L? space on X with weight w.

The Jacobi operator corresponding to a weight function w.

Three-term recurrence coefficients: @, € R (diagonal) and by > 0 (off-
diagonal) entries of the Jacobi operator J(w).
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pr(o;w), T (0 w)
Ty, U, Vi, Wy,

Péaaﬂ)

95 (2)

The orthonormal and monic orthogonal polynomials corresponding to w
on X.

Chebyshev polynomials of the first, second, third, and fourth kinds. We
use 7', to denote orthonormal Chebyshev polynomials of the first kind.

Orthonormal Jacobi polynomial of degree n (different from the classical
normalization); weight w®?) (z) oc (1 — 2)*(1 + 2)? on [~1,1].

The g-function for ¥ (2.10): its real part Gx(z) = Regx(z) is the exterior
Green’s function of ¥ with pole at infinity, and ®x(z) = e#=(*) is a complex
exterior Green’s function.

A conformal map e®(*), mapping C \  to the exterior of the unit disk.
The logarithmic capacity of £: ¢ = lim,_,, €95(*) /z.

The level curve {z € C : |®x(2)| = o} for o > 1 (2.8); a finite union of
smooth closed loops enclosing ..

The convergence parameter maxye,(a) Regs(A) —Regs(z) for the Akhiezer
iteration.

The right inverse of the Joukowsky map: J:'(z) = z — vz — 1z + 1,
mapping C \ [—1, 1] to the interior of the unit disk.

The complete elliptic integral of the first kind with modulus k; k' =
V1 — k? is the complementary modulus.

The nome ¢ = e "KF)/EE) ¢ (0,1) [@2.19).
Jacobi elliptic functions sn(u, k), en(u, k), dn(u, k) with modulus k.

Jacobi theta functions.
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Chapter 1
INTRODUCTION

For our purposes, a higher-genus domain will consist of a finite union of disjoint closed

real intervals,
g+1

Y= U[aj,bj], a; < by <a2<«~<bg+1. (11)
j=1
Such domains arise naturally in orthogonal polynomial theory, iterative numerical linear al-
gebra, and the study of integrable nonlinear wave equations. In each of these settings a
common set of tools, namely Riemann—Hilbert problems (RHPs) and their numerical solu-
tion, can be brought to bear.

The phrase “higher-genus” comes from the associated algebraic curve. Defining R(z)? =
H?:}(z—aj)(z—bj), the curve {(z,w) € C? : w? = R(z)?} is, after smooth compactification,
a Riemann surface of genus g, and the analytic quantities naturally attached to ¥ live on
this surface. For g = 0, the surface has genus zero and these quantities reduce to classical
objects, e.g., the Chebyshev polynomials. For g = 1, the quantities are still classical but
involve elliptic function theory. For g > 2, the surface is hyperelliptic and these quantities
involve Riemann theta functions and the Abel map, which are much more expensive to
evaluate. The central computational challenge of this thesis is to work in the regime g > 2
without paying this cost.

The strategy throughout is to represent the quantities of interest as solutions of RHPs and
solve those RHPs numerically. After appropriate contour deformations, the RHP reduces to
a well-conditioned singular integral equation on a system of intervals and circles, which can
be discretized at high order by encoding the expected endpoint singularities of the solution
directly into the approximation basis. This approach, developed systematically in the first
part of this thesis, is then applied in all three settings considered here. We note that while
this numerical method is observed to converge spectrally in all cases considered here, the
only rigorous convergence proof available applies to the simplest case of a single circle [156];
convergence for the multi-component problems that arise throughout this thesis remains
open.

1.1 Orthogonal polynomials on higher-genus domains

Every sequence of real-line orthogonal polynomials satisfies a three-term recurrence relation,
and the recurrence coefficients encode the support of the orthogonality measure. For a
measure supported on a single interval, the recurrence coefficients (sequences indexed by the



polynomial degree n) converge as n — oo to constants determined by the endpoints of the
support. For a measure supported on a higher-genus domain 3, the coefficients are instead
asymptotically quasiperiodic, with behavior determined by, among other things, the genus-
g Riemann surface corresponding to . This quasiperiodicity makes efficient computation
difficult: existing methods require at least O(N?) operations to produce N coefficients,
and the known asymptotic formulae involve Riemann theta functions that are expensive to
evaluate for large g.

Chapter[2| collects the background material used throughout the thesis. In addition to the
basics of orthogonal polynomials and their recurrence relations, it covers the potential theory
of Y and the elliptic and theta function machinery that appears in the genus-one case. The
chapter also introduces the four varieties of Chebyshev polynomials and their exact Cauchy
transforms, which play a concrete role in the numerical methods of subsequent chapters.

Chapter [3| develops the numerical framework for solving RHPs used throughout this
thesis. The key observation is that any RHP whose solution has Chebyshev-type endpoint
singularities can be recast as a linear system for a smooth density, provided the Chebyshev
weight is factored into the basis. In later chapters, we apply this idea to two RHPs: one
that characterizes orthogonal polynomial data on X, and one that defines a KdV soliton gas.
In both cases, the contour consists of a disjoint union of intervals and circles, and the linear
system is assembled as a block system of smaller problems.

Chapter [4] uses this framework to compute orthogonal polynomial recurrence coefficients
in optimal complexity. The starting point is the Fokas—Its—Kitaev (FIK) RHP whose so-
lution encodes the orthogonal polynomials [70]. Direct numerical solution of this problem
is complicated by singularities at infinity and at the endpoints of ¥, so a partial nonlin-
ear steepest-descent transformation is applied first. The result is an O(N) algorithm for
the first NV recurrence coefficients (and O(1) for any individual coefficient) that avoids the
computation of theta functions.

1.2 Iterative methods for cut spectra

One approach to polynomial iterative methods for linear systems is to approximate the
function f(x) = 1/z by a polynomial on the spectrum of the coefficient matrix. The quality
of the approximation, and hence the convergence rate of the method, depends on how well a
polynomial of given degree can approximate f on the spectrum while remaining small at zero.
When the spectrum is a single interval [a, b] not containing zero, this produces a modification
of the classical Chebyshev iteration and converges geometrically at a rate determined by the
ratio of the distance from zero to [a, b] versus the length of [a, b].

When the spectrum has multiple components, one can do better by using polynomials
that are small on the entire spectrum rather than on a single enclosing interval. The Akhiezer
polynomials 6] are orthogonal polynomials on ¥ with respect to a specific weight function.
While their expressions are more complicated than the Chebyshev polynomials, they satisfy
the same three-term recurrence structure and can be computed using the methods of Chap-



ter 2/ for ¢ = 1 and Chapter 4] for g > 2. Their convergence rate is governed by the exterior
Green’s function with pole at infinity Gy for the complement of >, which is also accessible
from the RHP framework.

Chapter [5| introduces the Akhiezer iteration, the analog of the Chebyshev iteration built
on Akhiezer polynomials. The method is inner-product-free, requires only matrix-vector
products with A, and achieves geometric convergence at a rate determined a priori by Gy.
The chapter also extends the method to the evaluation of matrix functions f(A)b for analytic
f, using a contour integral representation and the same polynomial recurrences.

Chapter [6] extends the Akhiezer iteration to Sylvester matrix equations

XA -BX=C, X,CecC™" AcC™ BecC™m, (1.2)

where X is the unknown and the spectra of A and B lie in separated unions of intervals.
Two methods are introduced. The first uses the Akhiezer iteration to approximate the
matrix sign function applied to a block embedding of A and B, then extracts the solution
X from the result. The second directly approximates the inverse of the Sylvester operator
as a polynomial series. Both achieve sub-cubic arithmetic complexity and sub-quadratic
storage when C is low rank, with convergence rates determined a priori and without growing
orthogonalization costs.

1.3 Soliton gasses and the KdV equation
The Korteweg—de Vries (KdV) equation,

Uy + 6ty + Upyy = 0, (1.3)

describes the behavior of long waves in shallow water and is the prototypical example of
an “integrable” (exactly solvable) nonlinear PDE. The equation features solitons, a special
class of spatially localized solitary waves. In 1971, Vladimir Zakharov introduced the concept
of soliton gasses, ensembles of a very large or infinite number of interacting solitons [166].
They have emerged as critical models in mathematical physics, with applications spanning
oceanography [128], fiber optics [145], and plasma dynamics [142]. A certain class of soliton
gasses can be defined rigorously by an RHP whose jump contour consists of intervals on the
imaginary axis, with a jump matrix determined by an accumulation density r; [78§].

The connection to the methods developed in Chapters is direct. The accumulation
density r; appearing in the soliton gas RHP is assumed to have the same Chebyshev-like
endpoint behavior as the weight functions treated in Chapter [4l After a nonlinear steepest-
descent transformation analogous to the one in Chapter 4] the soliton gas RHP reduces to
the same type of well-conditioned singular integral equation on intervals and circles, and
can be solved using the collocation framework of Chapter [3] The (focusing) modified KdV
(mKdV) equation,

U + 6u Uy + Uppy = 0, (1.4)



admits an analogous soliton gas theory, and the same methods apply.

Chapter [7|develops this approach for small to moderate times [62,/78]. In the region of the
(x,t)-plane where the steepest-descent deformation is well-conditioned, we produce the first
effective implementation of soliton gasses in standard (double) precision arithmetic [145].
The chapter also treats nonlinear superpositions of a soliton gas with a finite number of
discrete solitons.

Chapter [§ extends the method to the entire (x,t)-plane. At large times, the deformation
used in Chapter E] breaks down in wedge-shaped sectors of the (z, t)-plane where the solution
undergoes a transition between behaviors of different genus. Inside such a wedge, the effective
contour of the RHP must be modified by computing a scalar modulation parameter before
the steepest-descent analysis can proceed. The result is a method with uniform accuracy
across the entire (z,t)-plane, without high-precision arithmetic.

1.4 Open problems

Each part of this thesis raises natural questions that are not fully resolved.

The most fundamental concerns the convergence of the numerical method for RHPs.
Trogdon [156] has proved convergence of the spectral collocation method for operator equa-
tions involving noncompact operators, with the primary application being RHPs on a single
circle. For the multi-component problems that appear throughout this thesis (block systems
on multiple intervals and circles), no convergence proof exists. The numerical evidence is
uniformly convincing, but rigorous analysis of the multi-component case remains open.

In the orthogonal polynomial setting, the method of Chapter [4] handles Chebyshev-like
weight functions. General Jacobi-type weight functions with arbitrary exponents introduce
self-intersecting jump contours in the RHP and change the character of the error decay
from exponential to polynomial. Extending the method to this setting will require similar
techniques to those developed in Chapter

Future work will further generalize the methods of Chapters[pland [6} Perhaps the largest
roadblock at present is that the Akhiezer iteration is most effective when applied to matrices
with nearly-real spectra. A key advantage over existing methods is the reduced storage and
computational overhead provided by the orthogonal polynomial three-term recurrence, but in
general, this property is lost once orthogonal polynomials are defined in the complex plane.
Future work will aim to develop analogous iterative methods that preserve advantageous
storage properties when applied to matrices with general complex spectra by constructing
appropriate families of complex plane orthogonal polynomials that retain sparse recurrence
relations. How to extend the adaptivity techniques of Chapter |5( to nonsymmetric matrices
is also an open problem that will require the analysis of the level curves of Gy to produce
an analog of the “optimal ellipse” for the Chebyshev iteration [105].

In the soliton gas setting, the methods developed here are specific to KdV and mKdV.
Extending them to other integrable equations that admit soliton gas solutions (e.g., the
focusing nonlinear Schrodinger equation) will require new steepest-descent analyses adapted



to the different structure of those RHPs.
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ORTHOGONAL POLYNOMIALS



Chapter 2
APPROXIMATION THEORY ON HIGHER-GENUS DOMAINS



2.1 Introduction

This chapter develops the approximation theory background needed for the rest of the thesis.
The motivating problem is to iteratively approximate the function f(z) =1/(x — z), where
z € C\ X is fixed, for all x € ¥ by polynomials of increasing degree. Furthermore, it should
be possible to construct the degree k approximation from the degree k — 1 approximation
in O(1) arithmetic operations. One way to accomplish this is with orthogonal polynomials.
As we will see in Section [2.3] the classical approximation theory guarantees that doing so is
asymptotically optimal with a convergence rate governed by a Green’s function from potential
theory. Given a weight function w supported on X, let (p; (:E));’io denote the orthonormal

polynomials corresponding to w. The L% (X)-expansion of 1/(¢ — z) is

1

xr —

=Y Sslpl()pi(e), v e, (2.1)

J=0

where the coefficients are given by the weighted Stieltjes transforms of the orthogonal poly-

nomials
Ss:[prw](z) :/de.

n r —Zz

This framework is also extendable to general analytic f:
flx) =Y a;pi(@), a;j={fp)a s = /Ef(ff)Pj(f)w(x) dz. (2.2)
5=0

Truncating (2.1)) at degree k gives the degree-k polynomial approximation

1

r—z

~ Y Sslpjwl(z) py(@). (2.3)

=0

The orthogonal polynomials can be generated through a three-term recurrence relation,
so constructing the approximation reduces to computing recurrence coefficients and
evaluating Stieltjes transforms.

The difficulty of this task depends heavily on g. For g = 0, the classical Chebyshev poly-
nomials on a single interval make everything explicit; the recurrence coefficients are constant
and the Stieltjes transforms have closed form. For g = 1, classical results of Akhiezer [6]
give formulae in terms of Jacobi theta and elliptic functions. For g > 2, analogous formulae
involve Riemann theta functions and are both difficult and expensive to evaluate. Existing
numerical methods do not achieve optimal complexity, leading us to consider a Riemann—
Hilbert-based approach starting in Chapter [3]

In Section [2.2] we review the necessary orthogonal polynomial theory background. In
Section [2.3] we review classical results on the convergence rate of orthogonal polynomial



series. Section surveys general-purpose algorithms for computing recurrence coefficients,
all of which require at least O(n?) operations to compute n pairs of recurrence coefficients.
Section [2.5| reviews classical results for the g = 0 case. Sections and review Jacobi
elliptic and theta functions and Akhiezer’s explicit formulae for the ¢ = 1 case. In Sec-
tion [2.8| we discuss computation difficulties in the g > 2 case, motivating the computational
investigation of Riemann—Hilbert problems in Chapter

2.2 Orthogonal polynomials and Cauchy integrals

2.2.1 Definitions and basic properties

Orthogonal polynomials on the real line can be generally defined for positive Borel measures
with finite moments that are supported on an infinite number of points [74]. For the purposes
of this thesis, we will restrict our definition to positive weight functions supported on a
collection of disjoint intervals. See [147] for a general reference.

Let ¥ C R be a finite union of closed intervals as in (1.1)) and let w : ¥ — [0,00) be a
weight function that is continuous and strictly positive on the interior of ¥. For convenience,
we also assume that w is normalized such that [ w(z)dz = 1 unless stated otherwise. The
weighted L? inner product on ¥ is defined by

(f, 9>L12U(z) = /Ef(fﬂ)mw(w) dz, 1 fllzz sy = \/ (f, f)Lgu(z)- (2.4)

Consider a sequence of univariate monic polynomials mo(x; w), 71 (x; w), mo(x; w), . . . such that
7; has degree j for all j € N. These polynomials are said to be orthogonal with respect to
w if

(3 78 12 ) = /E (s w) (s ) w(a) de = hydye, By > 0,

where d;, denotes the Kronecker delta. We refer to (m;(z;w))7Z, as the monic orthogonal
polynomials corresponding to w.

The orthonormal polynomials (p;(x;w))>—, are then defined by setting p;(z) = v;m;(x)
for all j € N where v; =1/ \/h_J . Clearly, the orthogonal polynomials satisfy

<pj7pk>LgU(z) = /pj(x;w)Pk(OC;w)w(ff) dz = 0y
b
Such sequences exist and are unique for any weight function satisfying our assumptions [147];
their existence is established constructively via the Gram—Schmidt procedure applied to the
monomials 1,0,02, ... under (2.4). We will often suppress the dependence on the weight
function and simply write p;(z), 7;(x) when it is clear from context.
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2.2.2 The three-term recurrence relation

The importance of the three-term recurrence is perhaps best stated by Walter Gautschi in
his seminal treatise on computational orthogonal polynomials |74, Section 1.3].

The three-term recurrence relation satisfied by orthogonal polynomials is ar-
guably the single most important piece of information for the constructive and
computational use of orthogonal polynomials. Apart from its obvious use in gen-
erating values of orthogonal polynomials and their derivatives, both within and
without the spectrum of the measure, knowledge of the recursion coefficients (i)
allows the zeros of orthogonal polynomials to be readily computed as eigenvalues
of a symmetric tridiagonal matrix, and with them the all-important Gaussian
quadrature rule, (ii) yields immediately the normalization coefficients needed to
pass from monic orthogonal to orthonormal polynomials, (iii) opens access to
polynomials of the second kind and related continued fractions, and (iv) allows
an efficient evaluation of expansions in orthogonal polynomials.

The orthonormal polynomials satisfy a symmetric three-term recurrence

xpo(z;w) = do(w)po(z;w) + bo(w)py (z; w),

e V : | (2.5)
zpj(z;w) = bj—1(w)pj1(z;w) + a;(w)p;(z; w) + bj(w)pji(z;w), j =1,
for constants satisfying a;(w) € R and lv)j(w) > 0 for all j € N. Note that po(z) = 1 when
w is normalized. The constants {a;(w),b;(w)}32, are known as the recurrence coefficients.
As before, we will typically suppress the dependence on the weight function when clear from
context. The existence of the three-term recurrence follows from the shift property

(0P, @) 12 () = (P, 0) 12 (v »

for real polynomials p, ¢ and the fact that (p;(z; w));io are orthogonal to all lower-degree
polynomials.
The monic orthogonal polynomials also satisfy a three-term recurrence

zmo(z;w) = ap(w) mo(z;w) + mp (x5 w),

x (W) = 53—1(“) Ti—1(w;w) 4 aj(w) mj(z;w) + i (v w),  §>1,

with the same initialization mo(x) = 1. Given {a;, b; };V:’Ol, one can evaluate po(z),...,py(2)
at any x in O(NN) operations by simply running the recurrence. Thus, the orthonormal and/or
monic orthogonal polynomials can be generated in optimal complexity once the recurrence
coefficients are computed.
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2.2.83 Jacobi matrices and spectral theory

The Jacobi operator corresponding to a sequence of orthonormal polynomials is defined as
the infinite tridiagonal matrix

If we let

the three-term recurrence can be expressed as
zp(z;w) = J(w)p(z; w).

The spectral theorem for Jacobi operators gives that [53, Theorem 2.31]

/ w(z)dz =el (J(w)—2I)""ey, zeC\R.
s T—Z
Letting J (w) € RV*YN denote the leading N x N principal minor of J(w), the eigenvalues of
Jn correspond to the zeroes of py(¢;w). Thus, the Gauss quadrature rule corresponding to
the weight function w has nodes o(Jy(w)) and weights corresponding to the first component
of each (normalized) eigenvector |74, Theorem 3.1].

The correspondence between recurrence coefficients and measures is bijective. Given
bounded sequences {a;} C R and {b;} C (0,00), the polynomials defined by are
orthonormal with respect to some positive compactly Supportedﬂ Borel measure 1 on R [107].
This result is typically referred to as Favard’s theorem [66], although it dates back to the
work of Stieltjes [144]. In essence, this tells us that orthogonal polynomials are fully specified
by their recurrence coefficients, without explicit reference to the weight function.

In this framework, the spectral map sends a Jacobi operator to its corresponding weight
function [53, Chapter 2|. Thus, the problem of computing the recurrence coefficients for
a given weight function, which we will consider in Chapter [4, is known as computing the
inverse spectral map.

!The case of unbounded sequences, corresponding to measures with unbounded support, is more com-
plicated [53} Section 2.4].
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2.2.4  Cauchy integrals and the Stieltjes transform

Given an oriented curve I' C C, the Cauchy transform Cr is an operator that maps a function
f:T'— C to its Cauchy integral, i.e.,

cpf(z>:i/&dg, 2eC\T.

27T1 FC_Z

For convenience, we also define the related Stieltjes transform Sr.

SFf(Z)I/Fg(TOZdC:2mCFf(z)’ ze C\T.

The weighted Cauchy transforms of orthogonal polynomials

27 Tr—z

Cs[prw](2) = L /2 de, zeC\X.

will be of particular computational importance throughout this thesis. Importantly, they
also satisfy the same three-term recurrence (2.5 as the orthogonal polynomials themselves,
albeit with different initial conditiong?] Denoting Cy(z) = Cs[prw](2) [74:[119],

2 Cy(2) = ag Co(2) + bo C1(2) — %7 (2.6)

ZCk(Z) = Bk—l Ck_l(Z) +dk Ok(z) —Fék C’k+1(z), k Z 1.

However, the numerical use of the three-term recurrence for weighted Cauchy integrals is
more complicated than with the orthogonal polynomials themselves. See [119, Chapter 7]
for a full treatment. Initializing the recurrence requires a method to compute

Col2) :L/Ewdx.

27 Tr— 2z

Furthermore, simply running the forward recurrence is inherently unstable because
the Cauchy integrals Cy(z) decay exponentially in the complex plane, z ¢ 3. Any error,
including those on the order of machine precision, will be amplified exponentially as the
recurrence is run.

Alternatively, one may consider directly solving the equivalent (infinite-dimensional) lin-

2The orthogonal polynomials and Cauchy transforms are the maximal and minimal solutions of the
three-term recurrence, respectively [74, Section 2.3].
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ear system
Cl (Z) 0

See [119, Chapter 5] for a survey of available methods for solving linear systems of this form.
Perhaps the simplest of these is the so-called finite section method: solve the truncated linear
System

5 Co(2)

0 Cl(Z)
Uy —z2Iy)c=]| . |, c= ]

0 CN(Z)

This can be done in O(N) operations via the Thomas algorithm [148]. However, this trun-
cates the last row of the linear system, introducing errors when Cy41(2) is not small. This is
particularly problematic when z approaches X, as the decay rate of the Cauchy integrals de-
creases. Fortunately, the forward recurrence becomes increasingly stable as this occurs,
so one needs only to determine when to use each method. A heuristic based on Bernstein el-
lipses is found in [119, Section 7.2] and can be extended to the higher-genus level curves
below. Alternatively, one can monitor the growth of the forward recurrence run on the
orthogonal polynomials (and hence the decay of the Cauchy integrals) to determine when
to switch methods. When possible, we will prefer to avoid these complications and compute
Cauchy integrals directly.

2.2.5 Orthogonal polynomial series coefficients

The weighted Cauchy /Stieltjes transforms enable the computation of orthogonal polynomial
series coefficients. The series (2.1 is the L2 (¥)-orthogonal expansion of f(z) = 1/(x — 2),
for z ¢ ¥. Writing out the coefficients explicitly,

(osms), 2
pj, —— pj(x
N o—z2/ s

([

Sspjw] (2) pi(x).

1

r— =z

NE

[
Il

NE

<.
Il

NE

i
o



14

A degree-k polynomial approximation to f is then given by truncating the series

1

r— =z

~ ZSZ[ij] (2) pi(x) = Pi(x),

and the approximations may be generated iteratively

Bia(z) = Pr(2) + Sslpenw] (2)pr (2).

More generally, for any function f analytic in a neighborhood of ¥, the expansion
has coefficients oy = (f, px) 12(5)- These are rarely available in closed form, but can be
approximated by Cauchy integrals. Let I' be a counterclockwise-oriented contour enclosing,
but not intersecting, 3 such that f is analytic in a region containing I' and its interior.
Applying Cauchy’s integral formula,

R IC)

= b = [S@mu@te= [ (55 [LE @) nie o) i

_ 1 (i ( /Z Mds) ds = — /F F(2) Calprw] (2) d=.

27 Jp zZ—5

After parameterizing I' and applying a quadrature rule, such as a trapezoid rule |153], re-
sulting in nodes {2;}7., and weights {w;}7,,

1 " f(zk)wk "
0 [ 5 3 D @ula)de = = 3 Heaulslpyul(a)
k=1

k=1

We see that in order to approximate the coefficients accurately, it suffices to be able to
evaluate the weighted Cauchy integrals pointwise. Therefore, to apply the approximation

f(x) = Z a;jpj(x) ~ Z%‘pj@)a

the recurrence coefficients and the pointwise evaluation of the Cauchy integrals of the desired
orthonormal polynomials are all that is required. For reasons that will become clear in
Chapter 5] we refer to these input coefficients as the Akhiezer data.

2.3 Potential theory and orthogonal polynomial series

In this section, we survey results from the literature regarding the convergence rate of or-
thogonal polynomial series on cut domains ». Our primary source for these results is the
treatise of Walsh [162]. In Chapter [5| we will derive more explicit results for the specific
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class of (Chebyshev-like) orthogonal polynomials that we consider.

The convergence rate of both orthogonal polynomial series and the optimal polynomial
approximation to an analytic function is governed by potential theory on C\ ¥ through a
Green’s function [127,(134,/162].

Definition 2.3.1 (Green’s function [162, Section 4.1] cf. [134, Appendix A]). Let K C C be
compact and sufficiently requlaiP| The exterior Green’s function of K with pole at infinity is
the unique function Gy : C\ K — [0,00) satisfying:

e Gy is harmonic in C\ K except at oc.

e The function Gk (z) —log|z| = O(1) as z — oo and is harmonic in a neighborhood of
z = 00.

o Gy is continuous in cl(C \ K) except at infinity and vanishes o] OK.

Such Green’s functions relate to conformal mappings.

Theorem 2.3.2 (Walsh [162, Chapter 4, Theorem 1]). Let K C C be compact and sufficiently
reqular and let Hy be a harmonic conjugate of Gk in C\ K. Then, the function

Dy (z) = eCr )+l (z) (2.7)

maps C\ K conformally onto the exterior of the unit disk so that the points at infinity in
the two planes correspond to one another. ®g is uniquely determined up to a multiplicative
constant of modulus one.

For each o > 1, the level curve

Iy(K):={2€C:Gg(z) =logo} ={z€C:|Pg(z)| = 0} (2.8)

consists of finitely many smooth, non-nested closed loops. These loops are either completely
disjoint, or they intersect at only a finite number of points.

Akhiezer used this conformal mapping relation to construct his namesake orthogonal
polynomials supported on two intervals (see Section below). It has also found use in
computing Green’s functions numerically |12,/63]. The level curves I',(K) govern the con-
vergence rate of orthogonal polynomial series supported on K. For instance, when K is the
unit interval [—1, 1], the level curves coincide with the classical Bernstein ellipses [32]

(1) = {255 =g 29)

3If K has no isolated points and C\ K is connected and of finite connectivity, then K is regular. In
particular, ¥ = U?:ll laj, b;] is regular.

“Here, the set boundary is taken in the complex plane, so % = X.
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that govern the convergence rate of Chebyshev projections and interpolants |151, Chapter
8].

To compute orthogonal polynomials supported on >, we will construct a so-called g-
function [56] gs; in Chapter 4] This construction first appeared in [164, Section 14], and it is
straightforward to verify that

Re gg(z) = GE(Z), egz(z) = CI)E(Z), (210)

provided the harmonic conjugate Hy, in ([2.7]) is chosen appropriately.
The following theorem relates the level curves (2.8) to the convergence rate of orthogonal
polynomial series:

Theorem 2.3.3 (Walsh [162, Chapter 6, Theorem 7]). Let (px(x))k>0 be orthonormal polyno-
mials corresponding to a weight function w on X, and let the function f be analytic interior to
I',(X) (0 > 1) but have a singularity on I',(X). Then, the series coefficients oy, = (f, pk>L;§,(2)
satisfy
lim sup |y, |Y* < o7t
k—o00

Under the same assumptions, the series expansion ([2.2)) converges uniformly on any com-
pact set interior to I',(X) [162, Chapter 6 Theorem 9.

For a fixed z ¢ ¥, taking f(x) = 1/(x — z) yields the following corollary:

Corollary 2.3.4. For any z ¢ X, the Stieltjes transforms satisfy

lim sup|Ss; [pkw](z)‘l/k — "=,
k—ro0

This corollary establishes the asymptotic decay rate of the Stieltjes/Cauchy transforms.
Cf. Lemma below where a limit is not necessary. The convergence rate e =) of the
Stieltjes transforms is the convergence rate of the iterative (A — zI)x = b solver developed in
Chapter | For ¥ = [a,b] and z = 0 this coincides with the convergence rate of the classical
Chebyshev iteration [69].

The asymptotic growth rate of orthogonal polynomials is also characterized by the exte-
rior Green’s function.

Theorem 2.3.5 (Stahl and Totik [143, Theorem 3.1.1]). Let (pg(x))r>0 be orthonormal
polynomials corresponding to a weight function w on . Then, for any fived z € C,

lim sup |p, (2)]Y" < e3¢,

n—oo

Combining Theorems [2.3.3] and [2.3.5], we can bound the asymptotic convergence rate of
orthogonal polynomial series.

Corollary 2.3.6. Under the assumptions of Theorem |2.3.5:
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1. Forx € X,
N 1/N
limsup|f(z) — Y awpr(z)| <o
N—o00 k=0
2. For z strictly inside I',(X),
N 1/N
limsup|f(z) = > apr(z)] < e®Fp
N—o00 5—0

Proof. The combined theorems give that for z strictly inside I',(X),

lim sup |ogpr(2)|V/* < 5@ 71 < 1. (2.11)

k—o0

Fix r such that e“>() /o < r < 1. By (2.11]), there exists K € N such that |apy(z)| < r* for
all k > K. For N > K,

N o0 00 N+1
r
IEE WIBIED SR ETED St
k=0 k=N-+1 k=N+1

so lim supy_, o |f(z)—zg:0 arpe(2)|YN < r. Since r > e2() /g was arbitrary, part 2 follows.
Part 1 follows since Gy (z) = 0 for z € X. O

It turns out that these bounds are tight, even if one considers the best possible polynomial
approximation to f.

Theorem 2.3.7 (Walsh [162, Chapter 4, Theorems 7,8]). Let f be a function that is analytic
interior to I'y(X) (0 > 1) but has a singularity on T',(X). Then, there exists a sequence of
polynomials (qj(x));io of respective degrees 0,1,2, ... such that for z strictly inside I ,(X) the
imequality

|f(2) = a(2)| < MRF, (2.12)

holds for R = e =1 where M > 0 is some constant independent of k and z. However,
there exist no polynomials such that (2.12)) holds for R < e“»() g1,

In summary, the classical approximation theory demonstrates that orthogonal polynomial
series achieve the optimal asymptotic convergence rate when approximating analytically
extendable functions. This convergence rate is governed by the exterior Green’s function with
pole at infinity from potential theory which also governs the validity of the approximation
away from the support of the orthogonal polynomials.

In subsequent chapters, we will make use of these ideas, developing more explicit results
as needed. In Chapter {4, we develop a method to compute Gy, numerically throughout the
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complex plane. Approximations in Chebyshev-like orthogonal polynomials that we construct
numerically in Chapter [4] attain the optimal convergence rate for all iteration counts, not just
asymptotically. In Chapters[5and[6] we will use these orthogonal polynomial approximations
to approximate functions of matrices, and their convergence rate will govern that of the
resulting iterative methods.

2.4 Classical algorithms for recurrence coefficients

Knowing that orthogonal polynomial expansions yield asymptotically optimal approxima-
tions, we seek a method to compute the Akhiezer data. Since Cauchy integrals can be
computed in optimal complexity as described in Section [2.2.4] we restrict our attention to
the recurrence coefficients {ay, l}k}i‘;o. In this section, we survey existing approaches, noting
that none achieve optimal complexity. The primary reference for this section is [74), Section
2.2].

2.4.1 Discretizing the weight

Barring the use of expensive symbolic arithmetic, a numerical method for generating or-
thogonal polynomials and recurrence coefficients requires a way to approximate L2 (3) inner
products. A natural approach is to discretize the continuous measure w(x)dzx, effectively
computing the inner products via quadrature. Consider a discrete N-point approximation

to the weight w with nodes xy,...,xy and weights wy, ..., wy, i.e.,
N
[ 1@uta)ds =Y rau,
)y -
j=1

That is, we approximate w(z) dz by a discrete N-point measure

pN = ij 0(z;), (2.13)

where §(¢) denotes a Dirac delta mass. Under mild assumptions, the recursion coefficients
of the discrete measure converge to the continuous recurrence coefficients day(w), Bk(w) as
N — oo |74, Theorem 2.32]. A full treatment of how to choose a discretization is provided
in [74, Section 2.2.4]. For ¥ = [J?*] [ax, bx], it essentially suffices to use Gauss quadrature on
each interval to capture the singularities of w.

2.4.2  The Stieltjes procedure

Given the discrete measure (2.13)), the Stieltjes procedure is essentially the Gram—Schmidt al-
gorithm applied to compute the corresponding orthogonal polynomials and recurrence coeffi-
cients simultaneously. As presented in |74} Section 2.2.3.1], the Stieltjes procedure constructs
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the monic orthogonal polynomials 7y, 7y, ... corresponding to (2.13)). Initializing 7_; = 0
and my = 1, the recursion coefficients and next polynomial at each step are computed as

<t g 7Tj>dHN i2 <7Tj> 7Tj>dNN - 2
a; = ——"—+% b: = miv1(x) = (z — aj)m(x) — b mj_1(x).
’ <7Tj> 7Tj>dMN ’ ! <7Tj—1> 7Tj_1>dMN7 ! Y 7

Since the discrete inner products are finite sums, each step evaluates 7; at all NV nodes via the
three-term recurrence at cost O(N), so n pairs (@;, b;) cost O(nN) in total. Unfortunately,
the Stieltjes procedure often succumbs to numerical errors. In particular, it is susceptible to
so-called pseudostability [73]: as j approaches N, rounding errors in the three-term recurrence
can cause the computed coefficients to diverge from the true values. To avoid this, one must
set N > n, so the cost of the Stieltjes procedure to compute (a;, I;j)?:() is effectively at least

O(n?).

2.4.8 Householder, Lanczos, and RKPW
The same computation can be organized as a matrix factorization. Let d = (\/wy, ..., vwn)?,

A = diag(xy,...,zn), and b_; = ||d]|s = Zjvzl wj. By [74, Equation 2.2.24], there exists
an orthogonal Q € RV*N such that

1 of 1 d” 1 of 1 b_,el
ﬂo Q)Kd A)(O(f):iQ>leN@;Q’ (214)

g

Q A é,T T

where Jy(pn) is the Jacobi matrix corresponding to the discrete measure. If one can
compute Q, then Jy(uy) = QDQ? can be immediately recovered. Building the factoriza-
tion (2.14) reduces to a tridiagonalization problem: Given a real symmetric matrix A, find
an orthogonal matrix Q and a Jacobi matrnl such that

QAQT =T

The unknowns Q and T are uniquely determined by the first column of Q [123, Theorem
7.2.1]. (Cf. [80, Theorem 8.3.2].) Since d and A are known, the factorization ({2.14)) matches
this setting.

One way to solve the tridiagonalization problem is the Householder algorithm [80, Algo-
rithm 8.3.1], which constructs Q as a product of Householder reflectors [89]. This approach
is numerically stable, but requires O(n?) arithmetic operations to tridiagonalize an n x n ma-
trix [152, Theorem 26.1]. An alternative is the Lanczos algorithm [102] which requires only
O(n?) arithmetic operations to tridiagonalize an n X n matrix; however, in finite precision, the

5A Jacobi matrix is a real symmetric tridiagonal matrix with positive entries on the sub/superdiagonal.
That is, it is a finite upper left subblock of a Jacobi operator.
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Lanczos algorithm is known to be unstable. This can be circumvented by reorthogonalizing
the computed vectors, but this increases the complexity to O(n?). The Rutishauser-Kahan—
Pal-Walker (RKPW) algorithm of Gragg and Harrod [81] offers a solution. It provides
an O(n?) stable implementation of Lanczos for matrices A with the arrowhead structure
of (2.14). It interfaces with built-in eigenvalue computations, benefiting from optimizations
of the QR algorithm. See lanczos.m in |74, Section 2.2.3.2] for an efficient implementation.
It outperforms the other approaches and is very effective in general. In search of an algo-
rithm with better complexity, in Chapter [ we will develop an efficient optimal complexity
(O(n)) numerical method applicable in a specialized (Chebyshev-like) case.

2.5 The Single-Interval Case: Chebyshev Polynomials

When ¥ = [a, b] consists of a single interval (genus g = 0), shifted and scaled Chebyshev poly-
nomials, which satisfy a particular simple three-term recurrence, make a numerical method
for computing recurrence coefficients unnecessary. This case is particularly instructive, as
most quantities are made explicit.

2.5.1 Chebyshev polynomials

The classical Chebyshev polynomials defined on ¥ = I = [—1, 1] are ubiquitous in numerical
analysis and will be particularly useful throughout this thesis. A general reference is [109].

First kind (Chebyshev-T')
The Chebyshev polynomials of the first kind (7j(x));Z, are typically defined by
Tj(cosf) = cos (j6) .

They satisfy the recurrence relation

TO (x) = 1,

Ti(x) =z,

Ty(e) = 20Ty(w) ~ Ty (a), j > 1.

and are orthogonal with respect to the weight function

1 1
wT(x) = %ﬂ[—l,l}(x) mm

As defined, (Tj(x));Z, are not orthonormal, so for convenience, we define the normalized
Chebyshev polynomials of the first kind by T(z) = 1 and T(x) = v2T(z) for j > 1. Their

(2.15)



Jacobi operator is

0 1/v2
1/v2 0 1/2

I (wr) = 1/2 0
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We will always use the square root symbol to denote the principal branch defined on C \

(—00,0).

Second kind (Chebyshev-U )

The Chebyshev polynomials of the second kind (U;(x))Z, are defined by

sin((j + 1)6)
sin @ '

Uj(cosf) =

They are orthonormal with respect to the weight function

2
wy(x) = ;1[_1,1](:1:)\/1 —zvax+1,

and correspond to the Jacobi operator

0 1/2
1/2 0 1/2
J(wU>: 1/2 0

Third kind (Chebyshev-V')
The Chebyshev polynomials of the third kind (V}(m));’io are defined by

cos((j +1/2)0)
cos(0/2)

Vi(cos @) =

They are orthonormal with respect to the weight function

1 vVi+zx
wV(m) = ;1[—171](‘%)@7
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and correspond to the Jacobi operator

1/2 1/2
1/2 0 1/2
J<wV): 1/2 0

Fourth kind (Chebyshev-W )
The Chebyshev polynomials of the fourth kind (VVJ(x));iO are defined by

sin((j + 1/2)0)
sin(6/2)

W;(cos ) =

They are orthonormal with respect to the weight function

1 11—z
=—1_
ww (z) ] 1,1 (@) 1t
and correspond to the Jacobi operator
-1/2 1/2
/2 0 1/2
I (ww) = 1/2 0

2.5.2  The Joukowsky map and explicit Cauchy integrals

The Joukowsky map
z+271

I =

maps the unit circle to [—1,1] and its interior and the exterior to the rest of the complex
plane. It appears in the definition (2.9) of a Bernstein ellipse. We define a right inverse

J2)=2—Vz—1Vz+1,

that maps C\ [—1, 1] to the interior of the unit circle. This function represents the Chebyshev-
T polynomials throughout the complex plane:
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The Cauchy integrals of the four kinds of Chebyshev polynomials on I = [—1, 1] have explicit

closed forms in terms of J;'. Recalling that the weight function of Chebyshev-T on I =

[—1,1] is given by wr(x) = Wﬁ and that T') = 1,

ClLowr)(z) = - m —
Similarly,
ClU)(z) = * (= - VE=TVETT),
Ci[Vowy](z) = iﬂ (—1 + g) L ClWoww](2) = % <1 _ %) |

Theorem 2.5.1. Let C})(z) = Ci[Tywn)(z) where O denotes the kind of Chebyshev polyno-
mial T, U, V,W. Then, for j > 1,

Ci(2) = V205 (2)J: M (=), CY (2) = G (2)J5 ' (=),
OV (2) = CY (2) (20, OV (2) = CY ()T
Proof. See Appendix [A.2] ]

Importantly, because J; ' maps C\ [—1,1] to the interior of the unit circle, these formulae
yield numerically stable recurrences for evaluating the Cauchy integrals. They can also be
scaled and shifted appropriately to compute Cp, [ fw] for an arbitrary interval [a,b]. Define
the shifted polynomials and weights by

Tyl [a,b) = Tu(M Mo, ), dop(sfo,b]) = =,
Uc(r: o)) = Ue(M M (azfa,0]), aw(asfa,b)) = 2(;% ) Vi —avh— .
Vilwi o) = Ve(M Mo ), (s o, b)) = 2 Y22,
Viws[a,0]) = Wa(M (3 [a,B), o (o [0, B]) = =2y Y22,
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then
Cla[Lotir](2) = o m Ve
Clay[Lyiir)(2) = \/_W\/m\/zT (MY (20, 0) " k> 1,
sl Tvi)(2) =~ I3 (M (23 o ), k>0,
Clay [Vt (2) = %b E . ( - “) T (M ([0, 1) ", k>0,
Coy Wi (2) = %b 2 - (1 - %) T (M (25 [, ) k> 0.

It is important to determine the leading-order asymptotic behavior of these integrals for our
later calculations. We have

Cl[Clotin](z) = 5= + 0(=7%),

- . (2.16)
Cla [Ojwp](2) = O(z777),  j >0,

where [ denotes any of the four kinds of Chebyshev polynomial as z — oco. This follows
from the above normalizations.

Returning to the ¥ = [—1,1] case for simplicity and denoting ¢y = 1 and ¢; = 2 for
j > 1, these formulae enable the explicit expression of the function f(z) = 1/(x — 2) in a
Chebyshev-T series for a fixed z ¢ [—1, 1] [109, Equation 5.14]:

1
- FWZGJ @,

ze[-1,1]. (2.17)

The error in the degree-k partial sum

Pk(x) \/ZT\/FZQ )
satisfies
X =Y ST
T —z ¥ \/m\/zjt—ljzk+1
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where the bound is valid for any z satisfying |J7'(z)| < |J:'(z)|, and the error decays
geometrically at rate |J;1(z) / J;l(x)|. The exterior Green’s function with pole at infinity
for ¥ =[-1,1] is

G[_M](z) = — lOg ’J;1(2>

so we see that this error bound coincides with the general asymptotic convergence rate of

Corollary [2.3.6,

Y

2.5.83 Jacobi Polynomials
For the numerical solution of Riemann—Hilbert problems, more general orthogonal polyno-

mials on an interval will sometimes be necessary. The Jacobi polynomials (Pj(a’ﬁ ) (JC)) )
j=0

are the classical orthogonal polynomials on 3 = [—1, 1] corresponding to the weight func-
tion [119]
(06) 1 o 8
w' P (z) Tiqqp(2)(1 —2)*(1 4+ )7, a, B> -1,

T 20BN B(a+ 1,5+ 1)

where B denotes the Beta function [59, Section 5.12] and appears only as a normalization.

)

Breaking with the classical convention, we will use Pj(a”g to denote the orthonormal poly-

nomiald% .
/ PP () PO (1) w0 P (1) da = G-

These polynomials satisfy the three-term recurrence ([2.5)) with coefficients derived from [59,
Section 18.9]:

i (@) p? —a?

L) = S T a T A2 a s A1)

By (w @) — 2 G+DG+a+D)+8+D)(+a+B+1)
' 2j +a+f+2 2j+ta+B+1)(2j+a+B+3)

where the degenerate cases are understood through continuity in o and . The Cauchy inte-
grals are represented explicitly in terms of hypergeometric functions [147, Theorem 4.61.2],
but it is often easier to compute them as described in Section [2.2.40 When the forward
recurrence is used, it is initialized with

o —1
Clo11) [w( ’B)} (2) = m

2
1 1; 2; —— -1,1
AL G+ Larsrn o), s¢l-L)

6(Classically, the normalization requires Pj(o"ﬂ)(l) = (j;“) 147, Equation 4.1.1].
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where 5 7 denotes a hypergeometric function [59, Section 15.6]. We will also use the notation
PP (o; [a,b]) = PO(M (o5 [a,b]), @ *(x; [a,b]) o< (b—2)%(x —a)’,  (2.18)

for shifted and scaled Jacobi polynomials.

Special cases

The Chebyshev polynomials are all special cases of the Jacobi family:

Tu(w) oc P2 71(a), Un(x) = P2V (x),
Va(z) = P22 (), Wa(z) = P> 712 (z).

Additionally, the case a« = 8 = 0 corresponds to the classical Legendre polynomials.

2.6 Jacobi Elliptic and Theta Functions

When ¥ consists of two intervals (genus g = 1), explicit formulae for the orthogonal poly-
nomials are given in terms of elliptic functions. This section collects the necessary special
functions and their properties, all of which can be found in |59, Chapters 19-22]. General
references are [6},163].

2.0.1 Elliptic integrals and modulus
The complete elliptic integral of the first kind is defined by [59 Section 19.2]

1 dt /2 do
K(k?) = /0 \/(1 — t2)(1 _ k‘2t2) - /0 m’

where k € (0,1) denotes the elliptic modulus. The incomplete elliptic integral of the first
kind is defined by

siné dt B /¢ do
o VIR Jo V1-k2sin?0

We also denote by k' = /1 — k? the complementary modulus and define the nome q = q(k)
by

(o k) =

q(k) = exp (_W}I((YZ))> € (0,1). (2.19)
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Elliptic integrals can be efficiently computed via standard algorithms [59, Section 19.36]

implemented in most scientific programming languagesﬂ

2.6.2 Jacobi theta functions
The four Jacobi theta functions are defined by [59, Section 20.2]

01(z,q) =2 Z(—l)"q(’”%)Q sin((2n + 1)z),
n=0

05(z,q) =2 Z gmta)? cos((2n +1)z),

n=0

05(z,q) =1+2 Z ¢ cos(2nz),

n=1

04(z,9) =1+2 Z(—l)”q”2 cos(2nz),
n=1

(2.20)

where ¢ = ¢(k) € (0,1) is the nome (2.19). Each series converges absolutely for || < 1.
For small values of ¢, the above series converges rapidly, and the Jacobi theta functions and
their derivatives (computed by differentiating termwise) can be rapidly evaluated to machine
precision by summing the first few series terms [59, Section 20.14]. See [101] for error bounds.

In the Akhiezer formulae below, ¢ is typically very small.

2.6.3 Jacobi elliptic functions

Setting ¢ = wz/(2K (k)), the three basic Jacobi elliptic functions are defined by |59, Section

22.2]
_ 63(0,9) 6:1(C.q)
R =000 0uCa)
n(e k) = (0.0 0:C.0)
’ 02(0,q) 04(C,q)’
~04(0,9) 63(¢,q)
dn(z,k) B 93(0761) . 94(C7€I).

For real z € [-K(k), K(k)|, these functions are inverses of the elliptic integral F'(¢, k). That
is, if z = F(¢, k), then sn(z, k) = sin ¢, cn(z, k) = cos¢, and dn(z, k) = /1 — k2sin® ¢ [59,

"Bizarrely, the widely-used Julia package E1liptic. j1 only permits real-valued inputs to F'(¢, k) despite
implementing a method |40] that permits general complex values. We include an alternative implementa-

tion in [13] but advocate for the package E1lipticFunctions. j1 in general usage.
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Section 22.16]. They satisfy the Pythagorean identities sn? 4+ cn? = 1 and k*sn? +dn? = 1,
and are doubly periodic meromorphic functions. Their derivatives are [59, Section 22.13]:

4 sn(z, k) = en(z, k) dn(z, k),

dz
diz en(z, k) = —sn(z, k) dn(z, k),
% dn(z, k) = —k?sn(z, k) en(z, k).

In the limit £ — 0, the functions reduce to classical trigonometric functions: sn(z,0) = sin z,
cn(z,0) = cos z, dn(z,0) = 1 [59, Section 22.5].

2.7 The Two-Interval Case: Akhiezer Polynomials

In 1936, Akhiezer used elliptic functions and conformal mappings to construct orthogonal
polynomials supported on two disjoint intervals [2]. This was later translated into English as
part of Akhiezer’s treatise on elliptic functions [6, Section 53]. In this section, we summarize
Akhiezer’s construction and derive formulae for the ¢ = 1 Akhiezer polynomial recurrence
coefficients.

2.7.1 Akhiezer’s formulae and notation

Following Akhiezer’s convention, we considelﬁ Y=[-1,alU[p,1] with -1 < a < f <1 and
define the weight function

1 . VI —a
w(x) Is( )\/1—x\/x+1\/x—ﬁ' (2.21)

S
In some sense, (2.21) provides a natural extension of the Chebyshev polynomials to two
intervalﬂ, as it limits to the Chebyshev-T" weight function (2.15) as o — S.
Consider the elliptic modulus |6, Equation 6]

k:\/ 2(8 - o)
(1=a)(1+5)

and set K = K(k). This will be the modulus of all elliptic functions that follow. The

8This can be generalized to any two disjoint intervals by shifting and scaling.

9A more common way to define Chebyshev polynomials on domains other than [—1,1] is through the
minimax property of the Chebyshev-T' polynomials [67]. The Akhiezer polynomials only retain this under
certain conditions on the domain endpoints and the degree of the polynomial |68, Chapter 3].
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parameter p is defined so that
1—2snp =a,

and 0 < p < K with sn(¢) = sn(o, k) |6, Equation 10]. Solving for p,

1—
p=F (arcsin 5 a,k) .

Now, given x € C, define u = u(x) such that [6] Equation 9]

1 —a?

- 2sn?(u) +a—1°

r—«

An explicit formula for u is

= arcsin (o =) +2)
u-F( \/ 2o — 1) ,k;). (2.22)

We also define the auxiliary functions

Tz

Tz
H = (_7 )7 = <_7 )7
(2) =01{55:4) ©2) =0 5504
with the nome ¢ = ¢(k) from (2.19)). The nth degree orthonormal polynomial p,, is [6]

F(Gen) o0 () “ew™): e»

pn<$) -

_ V20(p)
VO (2n—1)p) 6 (2n+1)p)’

forn > 1, Cy = 1, and u is given by (2.22)).
Akhiezer’s derivation also includes a formula for the Cauchy integrals of these polynomi-
als:

n

Gy (H(u—0p) " O(u + 2np) N
Colpnv] (@) = =55 (H(u n p)) Ow) Ve-1Ivetlvz—5 (2.24)

A complex exterior Green’s function with pole at infinity is also derived:

H(u+p)

22 = )

In Appendix we derive formulae for the recurrence coefficients of the Akhiezer polyno-
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mials (cf. [68, Theorem 3.3.7]).

. 1 sn” p H'(2p) 1 l—a® O'(p)
2
G =(1~a >(8sn2p 8sn p(sn’ p)? * H(2p) 4snpsn’ p " 2snpsn’ p O(p) I
1 sn’ p
9
an =(1-a >(8 sn? p * 8sn p(sn’ p)2)
1—a® (H'(2p) ©'((2n+1)p) ©'(2n—1)p) ta, n>1
dsnpsn’p\ H(2p)  O(2n+1)p) O((2n—1)p) , T (2:25)

P _ 1—a* H'(0) [20(3p)
" dsnps' pH(2p)\| O(p)

_ 1-a* H'(0) V/O((2n +3)p)0((2n — 1)p) 0> 1
" Lsnpsu p H(2p) O((2n+1)p) ) > 1.

¢

The polynomials themselves, their Cauchy integrals, and their recurrence coefficients can be
efficiently computed using the standard algorithms described in Section [2.6] above. We find
that these formulae are extremely efficient for evaluating the Akhiezer polynomials, their
Cauchy integrals, and their recurrence coefficients in this special g = 1 case, outperforming
by multiple orders of magnitude both the O(n) Riemann—Hilbert approach of Chapter {4/ and
the optimized O(n?) algorithm given as RKPW in [81] and lanczos.m in [74]. Thus, these
formulae should be used for all two interval problems for which one can choose the weight

function to be of the form ([2.21)).

Remark 2.7.1. The mapped variable u(z) is undefined at x = o. While u(a) = iK (k') by
continuity, non-Lipschitz behavior of the involved functions near this point leads to numerical
instabilities when this value is used in the formulae. If one needs to compute the polynomials
at this endpoint, it is better to generate them wvia the recurrence coefficients rather than

using (2.23|) directly.

Remark 2.7.2. In the symmetric case ¥ = [—1,—a] U [a,1] (a € (0,1)), the Akhiezer
polynomial recurrence coefficients can be shown to take a particularly simple form:

. 1 —a2 . V1 — a2
b(): 2a, bn:Ta, n21

This follows from a result of Peherstorfer [124)], but can be found directly, for example, by
using continued fractions to show that 1s the density of the spectral measure for the
Jacobi matriz of recurrence coefficients.

Ifbi+ag = ay+by, the Akhiezer polynomial recurrence coefficients for 3 = [ay, b1|U]asg, ba],
by < ag, can be obtained by shifting and scaling these formulae.
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2.8 The Multi-Interval Case: Genus g > 2

For more than two intervals, exact formulae are still available, but these formulae are com-
plicated to the point that it is faster and easier to employ a numerical method rather than
evaluating them directly. Essentially, the Jacobi theta functions from the g = 1 case are
replaced with higher-genus Riemann theta functions, which are considerably more difficult
and expensive to evaluate [50].

On a general collection of disjoint intervals ¥, the Akhiezer polynomials are defined as
the orthonormal polynomials with respect to the weight function|"

1 I Jxr—0b,
w(z) = —1x(x) L -

m Vg =2 [I55 Vo —a;

This is clearly a generalization of both the classical Chebyshev polynomials and ¢ = 1
Akhiezer polynomials; however, Akhiezer’s conformal mapping construction breaks down for
g > 2, making the analysis considerably more difficult. The general weight function ([2.26)
was first considered by Akhiezer himself in 1960 [5]. A year later, in joint work with Tomcuk,
Akhiezer derived Bernstein—Szeg6 asymptotics and produced an incomplete description of the
polynomials in terms of hyperelliptic functions [7]. It was not until 2002 that the description
of the Akhiezer polynomials was completed. In [47], Chen and Lawrence express both the
Akhiezer polynomials and their recurrence coefficients in terms of ratios of Riemann theta
functions composed with the Abel map.

To understand why the higher-genus Akhiezer polynomial formulae are difficult to com-
pute with, we investigate the Riemann theta function [59, Section 21.2]

(2.26)

0(z; Q) = Z exp(ﬂi n’Qn + 27i nTz), z € CY, (2.27)

nez9d

where €2 is a Riemann matrix. We immediately see a scaling issue from summing over a
g-dimensional lattice. Like with the Jacobi theta functions, can be computed to a
desired accuracy by summing over finitely-many terms, but the number of terms required
grows exponentially in ¢ [50]. Another indication comes from the composition with the
Abel map, which embeds a point on a 1-dimensional Riemann surface into a g-dimensional
space. The Riemann theta function then maps this back to 1 dimension. For g >
1, successively applying these functions is clearly inefficient. Furthermore, hyperelliptic
integrals |[159} Section 5.5], Riemann theta functions [50], the Abel map [51], and the Riemann
constant vector [52, Section 2.12] each appear in these formulae and require a specialized
numerical method to compute.

Later work points towards an alternative numerical approach. In [46], Chen and Its sim-

10Under this convention, the Chebyshev-T polynomials are the genus zero Akhiezer polynomials, and
Akhiezer’s original work [2] considered the genus one Akhiezer polynomials.
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plify the construction of the Akhiezer polynomials and their recurrence coefficients by study-
ing the corresponding Fokas—Its—Kitaev (FIK) Riemann—Hilbert problem (RHP). While the
final formulae are unchanged, the FIK RHP has the orthogonal polynomials as its solution,
so the complicated quasi-periodic behavior resulting from ratios of Riemann theta functions
is encoded into the problem itself. By directly approaching this problem numerically, we
circumvent the need to compute Riemann theta functions, Abel maps, and Riemann con-
stant vectors. It is with this perspective that we turn our attention to numerical methods
for Riemann—-Hilbert problems on higher-genus domains.



Chapter 3

RIEMANN-HILBERT PROBLEMS ON HIGHER-GENUS
DOMAINS

33
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\\\ B_Z ,/ F

Figure 3.1: An oriented contour I' passing through an interior point z. The ball B(z) is
divided by I' into B, (to the left of the orientation) and B_ (to the right). Boundary values
are defined by non-tangential limits taken from within B..

This chapter develops the necessary framework to numerically solve RHPs on higher-
genus domains. Section [3.1] collects the general definitions and the Plemelj lemma. Sec-
tion states the FIK problem and its exact solution; the FIK-specific steepest-descent
deformations are carried out in Chapter [ Section [3.2.2] states the soliton gas RHP. Sec-
tion develops the unified numerical collocation framework that Chapters 4H8| use after
their respective deformations.

3.1 Riemann—Hilbert problems

To define a Riemann—Hilbert problem, let I' C C be a smooth, non-self-intersecting, oriented
contour. To each interior point z € I', we associate a ball B = B(z) such that B\ I" has two
connected components By, where By (B_) is to the left (resp. right) with respect to the
orientation of I'. For F': C\ I" — C, define the boundary values by

F=(z) = lim F(%), (3.1)
P
2’eB+

where the limit is assumed to be taken non-tangentially. See Figure for an illustration.
Under the same assumptions, we define notation for the Cauchy operators

CZf(z) = lim Crf().
2=z,
2'eBy
The Plemelj lemma is integral to the theory of RHPs.

Lemma 3.1.1 (Plemelj [113| Section 17]). Let I' C C and let f be Hélder continuous on T
Then, for z € ' not an endpoint,

Clf(2) = Cr f(2) = f(2).

3.1.1 Scalar Riemann—Hilbert problems

A homogeneous scalar Riemann—Hilbert problem can be defined as follows:
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Riemann—Hilbert Problem 3.1.2. Given I' C C and a functiof|v : T — C, find ® :
C\ I" — C with the following properties:

Analyticity: © is analytic in C\ T
Jump condition: T (z) = ¢~ (2)v(z), z €T.
Normalization: lim, ., ®(z) = 1.

In short, a Riemann—Hilbert problem asks if one can recover a function given the behavior
of its singularities. Indeed, since ® is analytic everywhere except on I', its singularities are
completely described by v. The normalization at infinity is typically included to ensure
that the Riemann—Hilbert problem has a unique solution. Additional asymptotic conditions
at the open endpoints of T' (if they exist) may also be required to ensure uniqueness. For
instance, if I' = [a, b], then one may wish to prescribe

®(2) =0O(|z —al?), z—a,

d(2) =0(|z—b]"), z—=0b, (3:2)

for some «, f € R.

3.1.2 Matriz Riemann—Hilbert problems

Riemann—Hilbert problems can be generalized to matrix-valued functions defined in the
complex plane.

Riemann—Hilbert Problem 3.1.3. Given I' C C as in Riemann—Hilbert Problem
and a jump matriz V : T — C**2 find Y : C\ T' — C?*2 with the following properties:

Analyticity: Y is analytic in C\ T.
Jump condition: Y (2) =Y (2)V(z), z €T.
Normalization: lim, ,,, Y (z) =1

Asymptotic conditions in the vein of (3.2]) should also be defined element-wise to ensure
a unique solution when I' has open endpoints.

LGenerally, we want v to be Hélder continuous.
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3.2 The FIK and soliton gas RHPs

3.2.1  Orthogonal polynomials as an RHP

The original formulation of orthogonal polynomials as a matrix Riemann-Hilbert problem is
due to Fokas, Its, and Kitaev and is for orthogonal polynomials with ¥ = R [70]. Consider
the following RHP.

Riemann—Hilbert Problem 3.2.1 (Fokas—Its—Kitaev). Find a 2x2 matriz-valued function
Y., (z) with the following properties:

Analyticity: Y, (z) is analytic for z € C\ R, admitting continuous boundary values
on R.

Jump condition: Y, (z2) =Y, (2) <(1) wgz))’ z e R.

Normalization: Y,(z) = (I+0(z1)) (ZO zgn) as z — 0.

This problem has a unique solution that is given by [53]

¥, = Ly 50 Cafranl) Y, 3

—2miy; T (25w) =27y, Clme—1w](2)

where 7, is a normalization constant defined in Section [2.2.1, The recurrence coefficients
are recovered from the first-order expansion Y, (z) = (I + 2 'Y + O(2~2)) diag(z", ")
by [53]

. 1 5 1 1
an(w) = <Y7(’Ll)>11 - (Y'EH)—I)H? bn(w) = \/(Y’EH)—l)lQ (Y’El-f)—l)z]_' (34)
Then, Riemann-Hilbert Problem can be modified for orthogonal polynomials de-
fined on a bounded set ¥ C R by including asymptotic conditions at the boundary of ¥ [100].

We specifically consider orthogonal polynomials corresponding to a Chebyshev-like weight
function

g+1

w(z) = Z Uiy, () () (Va —a) ™ (Vo —2)™, oy, B € {=1,1}, (3.5)

where each h; is positive on [a;, b;] and analytic in a neighborhood €2; of [a;, b;]. Here, o, B,
determine which Chebyshev weight function variant w behaves like on [a;, b;]. Note that the
Akhiezer weight function is a special case of (3.5)). The Riemann-Hilbert problem for
weight functions of the form is given by

Riemann—Hilbert Problem 3.2.2 (Fokas-Its-Kitaev). Find a 2x2 matriz-valued function
Y, (2) with the following properties:
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Analyticity: Y, (z) is analytic for z € C\ X, admitting continuous boundary values
on the interior of 2.

Jump condition: Y, (2) =Y, (2) <é w(lz)) , 2 € L.

z?’L

Normalization: Y, (z) = (I + O(Z_l)) <O

0
_n | as z— o0.
z

Endpoint behavior: For each j =1,...,9+ 1, entry-wise,

. 1 1+|Z—(Ij|aj/2
Yn(z)—0<1 1+ |z — a2 ) Z = Gj,

. 1 1+’Z—bj‘ﬂj/2 A
Yn(z)—O<1 L4 |o— b2 z — b;.

The unique solution is still given by , and the recurrence coefficients can still be
recovered via . An important feature of this formulation is that the degree of the poly-
nomial enters the RHP only as a parameter. In Chapter 4] we will develop a numerical
method to solve Riemann—Hilbert Problem Since the computational cost of this nu-
merical method does not grow as n increases, this will enable us to compute n pairs of
recurrence coefficients in O(n) arithmetic operations.

3.2.2 A KdV soliton gas RHP

In [78], the authors derive a Riemann—Hilbert problem describing certain soliton gasses in
the context of the KAV equation (1.3). Here, we present only the RHP to demonstrate its
strikingly similar structure to Riemann—Hilbert Problem [3.2.2; we will present the full details
in Chapter [7]

Let ¥y = U [a;,b] and ¥ = (J]_,[~b;, —a,] be symmetric unions of real disjoint
intervals, both oriented in the increasing direction. These intervals correspond to the spectral
parameter of the solitons that accumulate into the gas. We consider a reflection coefficient

of the form

r(z) = Z Il[awbj](z)fj(z)(\/z — aj)aj (\/bj - z)ﬂj, z€Xy, a; B €{-11},

where each f; is positive on [a;, b;] and analytic in a neighborhood of [a;, b;], extended to
Y. by r(—z) = r(z). This function describes how the solitons accumulate. Essentially, r
has the same structure and role as the Chebyshev-like class of weight functions . The
behavior of the soliton gas is captured by the following (rotated) RHP:
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Riemann—Hilbert Problem 3.2.3 (Pure KdV soliton gas). Find a 1 X 2 row-vector-valued
function Y : C\ (X4 UX_) — CY*2 with the following properties:

Analyticity: Y (z) is analytic for z € C\ (X1 UX_), admitting continuous boundary
values on the interior of ¥, UX_.

Jump conditions:

Y0 =Y ) (e 1) 2 € 5n (36)
YH(:) =Y () ((1) ir(z)ejmgtz > N (3.7)

Normalization: Y(z) = (1 1) +0(z™") as z — occ.
Endpoint behavior: For each j =1,...,g, entry-wise,

Y(Z):O(|z—aj|o“j/2 1), z = aj,
Y(,z):O(|z—bj\53'/2 1), z—bj,

with the columns reversed at the endpoints of X_.
Symmetry: Y(—z) =Y(2)o;.
This problem has a unique solution [78]. The KdV solution can be recovered by
u(e,t) = lim 222 (y1(2)y2(2) — 1),

where ¥, yo are the components of Y.

3.3 Numerical methods

Now, we turn our attention to solving Riemann-Hilbert Problem [3.2.2)and Riemann-Hilbert
Problem numerically. Currently, these problems are not directly amenable to numerical
methods in some or all regimes. The FIK RHP features singularities at infinity, and the jump
conditions of the soliton gas RHP grow exponentially outside of a quiescent region in the
(x,t)-plane.

Following the Deift—Zhou method of nonlinear steepest descent [55], we transform these
problems into one that can be solved numerically through the following procedure:

e Step 1: Lens the Riemann—Hilbert problem, factoring and moving jump conditions to
regions where we will induce exponential decay.
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e Step 2: Determine and apply a g-function to either remove singularities at infinity or
exponential growth from the bands.

e Step 3: Determine and apply an auxiliary function to remove the jump conditions on
the gaps induced by the g-function, and “solve” the resulting problem.

This procedure is performed in full for orthogonal polynomials with support on a single
interval in [99,/100] and for multiple intervals in [58,/165]. It is applied for soliton gasses with
reflection coefficients supported on one pair of intervals in [78,[79], but has not previously
been extended to the higher-genus case. The novelty of our approach lies in how Step 3 is
applied and the fact that “solve” means constructing a reliable numerical approximation,
not an asymptotic approximation.

Once this procedure has been applied, the deformed RHPs have jump conditions on the
unions of circles and intervals. To solve these numerically, we develop methods to solve
smaller and simpler problems that we then combine into a block linear system. In general,
we follow the numerical prescription of [118], using Cauchy transforms to cast RHPs as
singular integral equations.

3.3.1 Numerically solving scalar Riemann—Hilbert problems on a circle

As a first step, we numerically solve a Riemann—Hilbert problem with a jump condition
occurring only on the unit circle. Letting U denote the unit circle in the complex plane
oriented counterclockwise, consider the problem of finding a function ® : C\ U — C that

satisfies
® is analytic in C\ U,

OF(2) =2 (2)f(2), z€U, (3.8)
Zlirgo d(z) =1.

To find a numerical solution, we make the ansatz
O(2) =1+ Cyu(z),

for some unknown function w; see [159, Section 2.5] for a rigorous discussion of this choice.
Plugging this into the jump condition in (3.8)),

Chu(z) - f(2)Cqu(z) = f(z) — 1. (3.9)

Now, we let u be given by a Laurent series

oo

u(z) = Z ;2.

j=—00
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A simple residue calculation yields that

o] 1
cUu(z):{ZJO?Z’ - RI<t (3.10)

_Z;:—oo Cjzjv |Z| > 1.

To form a numerical solution, we truncate our Laurent series so that its terms range from
—N to N and consider 2N + 1 collocation points zy, ..., 2oy evenly distributed on U E| We
then determine coefficients c_y, ..., cy such that (3.9) is satisfied at all collocation points:

Zc]zk + f(=) Z —1, (3.11)

for k=0,...,2N. To solve for the coefficients, we write as a linear system and solve
for c_n,...,cy. We then use to evaluate our numerical solution ®(z) at any z € C\ U.
One can of course generalize this to numerically solve a scalar Riemann-Hilbert problem on
any circle by scaling and shifting appropriately |118§].

3.3.2  Numerically solving scalar Riemann—Hilbert problems on an interval

Now, we numerically solve the Riemann—Hilbert problem of finding a function ® : C\I — C
that satisfies
® is analytic in C \ I,

Pt (2) =0 (2)f(2), ze€el,

lim &(z) =1,
Z—00
where I = [—1,1]. We again make the ansatz

O(2) = 1+ Cru(2),

but need a different approach to determine u. As with most numerical analysis problems on
the unit interval, we cannot safely use a monomial basis and equally-spaced points as in the
problem on the unit circle. Instead, we need to use an orthogonal polynomial basis, meaning
that we will need to use the Cauchy integrals of orthogonal polynomials when enforcing our
jump condition of the form but on I. We choose N + 1 collocation points to be more
concentrated near the endpoints as the roots of Chebyshev-T, i.e., we set

B (2k+ )7 B
zk—cos(2<N+1) , k=0,...,N.

2For instance, given by z, = e27ik/@N+1),
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If we use an orthogonal polynomial basis po, ..., py with associated weight function w, then
we find coefficients dy, ..., dy such that the jump condition holds at all collocation points:

N N

Z d;Cy [pjw](zx) — f(21) Z d;Cy [pjw](zx) = f(2x) — 1,

J=0 J=0

for k = 0,...,N. This is a linear system and can (potentially) be solved for dy,...,dy
by computing C; [p;jw](zx), C [pjw](2;) as described in accordance with Theorem if we
choose to use a Chebyshev basis for p;, 7 = 0,..., N. Of course, this problem can be shifted
and scaled to an arbitrary interval [a, b] [118].

While solving this linear system appears straightforward, a potential difficulty arises
in choosing the orthogonal polynomial basis used to build the numerical solution. If the
correct basis is not chosen, the method will not converge. The Cauchy integrals of different
orthogonal polynomial bases have different asymptotic behavior near the endpoints z — +1,
and therefore different choices of bases will produce functions that behave very differently. If
one wishes to pose a Riemann-Hilbert problem with a unique solution, additional asymptotic
conditions must be prescribed at the endpoints. Then, the correct orthogonal polynomial
basis associated with that asymptotic condition must be selected.

3.3.3  Combining methods for multiple contours and matrixz problems

Consider solving a Riemann—Hilbert problem on the contour I' = I'y U 'y where I'y, s are
disjoint contours: Find a function ® : C\ I' — C that satisfies

® is analytic in C\ T,

Ot (2) =D (2)f1(2), =zeTly,
Ot (2) = D (2)fa(2), =z €Ty,
lim ¢(z) = 1.

Z—00

Define the projection operator P; by

Pou(z) — {u(z) zely,

0 otherwise.

The ansatz becomes
O(z) = 14 Cruy(z) + Cruz(z),

where u; = Pju for some unknown u. Noting that Cr = Cr, + Cr,, the jump condition
becomes
PiCf uj + PiCR wy — fi(PiCryu; + PiCrux) = fj — 1,
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for j, k € {1,2}, j # k. This gives the block system

(Plclfl - flpl 1:1 PICFQ - flplcl—‘g) <U1> _ (fl - ]-) (3 12)
PyCr, — f2PCr, PoCf, — foaPoCr, ) \us fo—1)" '

where P,Cft = P,Cr, = P;Cr, when j # k. We expand uy,us in the usual Wa and choose
collocation points for each on I'; and I'y, respectively. Then, we enforce the jump conditions
at the collocation points as a block linear system via the matrix structure and solve
for the basis coefficients for both u; and us. A block system can be formulated analogously
when I' is composed of an arbitrary number of disjoint contours. In this case, the (7, k)th
entry in the block matrix is given by P,Cit — f;P;Cr, .

We can extend these methods to a matrix Riemann—Hilbert problem for @ : C\T' — C?**2

® is analytic in C\ T,

&t (2)=® (2)F(z), z€T,
lim ®(2) =L

Z—00

If one considers the ansatz
®(2) =1+CrU(z), (3.13)

where U is now matrix-valued and the Cauchy operator is taken element-wise, we find a
system of the form

CF —FuCp —FyCr U Uy _FT_1
—F.Cr waL — FauCr Ujs Uy '

We solve this using our methods for scalar problems by forming a block system. Solving a
matrix problem on multiple domains will require forming a block system of block systems
[118]. The equations for Uy, Uy and Usgy, Uy decouple, so U can be solved for row-wise.

3.3.4 Determining bases

As mentioned in Section [3.3.2] it is very important to choose a basis with the appropriate
endpoint behavior. To illustrate this, consider a singular integral equation of the form

CiU(2) —CrU()I(2) =J(2) -1, z€T,

3They are expanded using either a Laurent series or an appropriate orthogonal polynomial basis depend-
ing on if 'y, 'y are intervals or circles.
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where I' = I'y U 'y are disjoint, I'y = [—1, 1], oriented from z = —1 to z = 1, and

J|F1(z>:(1/f?(z) ih((f))’ hz) = Vi=2

3 structure as the jump matrix F7?(z) in the deformed
Riemann-Hilbert Problem below on each interval [a;,b;]; the weight function w;(2)
plays the role of h(z) and carries the same square-root endpoint singularities. We build a
local solution near z = 1 to determine the singularity structure that U must inherit. The
same local analysis applies to the soliton gas RHP in Chapter [7]in the unmodulated region.
In the quiescent region, the RHP has simpler triangular jump matrices and local solutions
can be found directly by Cauchy integrals.

Consider £(z) = (z —1)"/4(2+1)"*, where we use the principal branch cut along (—o0, 0]
for the quarter root function. It follows that ¢*(2)¢~(z) = h(z) for z € [-1, 1]. Define

This has the same off-diagonal (2

We compute, in a neighborhood of z =1,

_ +0.\-1 0 if*(:)(;z(fi) 0 i
LI LT ()7 = rore “\i o)

h(z)

Then, we factorize

(¢ 3)-awereerat a4 7). wo- ()"

giving

a (2)7 Q'L ()Jr, (2)L* () ' Qa’ () =L

All of this is to say that

o3 —1 _ i z1+1 VZT 1
P(z) =a(2)?Q 'L(z) = V2 <_\/\/jl_71 \/z—{——1>

is a local solution to the RHP near z = 1, where the square roots denote the principal branch
cut along (—o0,0]. Then define, for ¢ small,

?(z): Y(z) |z — 1] > €,
Y()P(2)' |z-1|<e,



44

which is an analytic matrix-valued function near z = 1 (using the requisite endpoint con-
ditions). We find the representation Y (z) = Y (z ) (z) for z near z = 1. To back out the
behavior of U, we use Lemma [3.1.1}

Uz) =Y (2) =Y (2) = Y(2) (T (2) — ¥ (2))

S 0 2(z—1)
Y —1 .
(L= V5Y) o<
A similar analysis near z = —1, and patching the two together, gives
0 1—22
Uln) = ac (1 VT,
V1-22

where A(z) is an analytic matrix-valued function that can therefore be approximated well
with polynomials of low degree. This local analysis motivates the basis choices in the sub-
section below: the first column of U behaves like 1/4/1 — 22 and should be expanded using
the Chebyshev-T' weight, while the second column behaves like /1 — 22 and should use
the Chebyshev-U weight. The same logic applies column-by-column when h(z) has mixed
endpoint types, leading to the V- and W-type bases.
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Figure 4.1: A weight function of the form (3.5) with support on [—3.2, —2.2]U[0.1, 1.1]U[2, 3]U
3.5,4] with a; = 1 = —1 (Chebyshev-T'), ay = [y = 1 (Chebyshev-U), a3 = 1,53 = —1
(Chebyshev-V), ay = —1, B4 = 1 (Chebyshev-W).

4.1 Introduction

This chapter is based on |1§]. An associated software package and code used to generate the
plots in this chapter can be found at [13].

In this chapter, we develop and apply a numerical Riemann-Hilbert approach to solve
Riemann—Hilbert Problem and compute the recurrence coefficients for orthogonal poly-
nomials corresponding to weight functions of the form . Such orthogonal polynomials
have both analytical and computational applications [11,/49,77,/132]. For example, such
orthogonal polynomials produce a new class of iterative solvers [68,|132], improve matrix
spectrum approximation when bounds on the eigenvalues are known a priori |45, and de-
scribe the numerical evolution of a Toda lattice [54]. Analytical formulae are not known for
most of the cases we consider. The method remains accurate as the degree of the polynomial
under consideration grows, and it bypasses the need to compute theta functions. We include
a plot of a weight function of this form in Figure In most cases, it will suffice to consider
h;(xz) =1 for all j, and recent work [84] has demonstrated that recurrence coefficients corre-
sponding to a different choice of h; can be obtained from those corresponding to h;(x) = 1.
In principle, our weight function could be generalized to a Jacobi-like weight by allowing
for any «;, 8; > —2; however this would complicate our numerics significantly, as it would
result in a Riemann—Hilbert problem defined on self-intersecting contours. Furthermore, the
asymptotics are different if o, ; are not integers, with error terms behaving polynomially
rather than exponentially [100]. Thus, while our method could, in principle, be extended
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to an O(N) method for Jacobi-like weights, this method would likely have a much larger
leading constant than the method that we consider.

We follow the notation of Chapter 2 for orthogonal polynomials and Cauchy integrals
throughout this chapter. Section [4.2| carries out the Deift—-Zhou steepest-descent deforma-
tions of the FIK problem, Section recovers recurrence coefficients from the deformed
problem, and Section [{.4] discusses simplifications for special weight functions. Section
develops the numerical implementation, with the shared Cauchy-integral collocation frame-
work described in Chapter [3| Section [3.3] Our method computes the first 51 recurrence
coefficients for a Chebyshev-T-like weight (a; = §; = —1) on the domain [—1.8, —1] U [2, 3]
to machine precision in 0.47 secondsﬂ A further timing comparison with an optimized O(NN?)
method [81] can be found in Section In Section we demonstrate the numerical
accuracy of our method and apply our method to evolving a Toda lattice and approximating
1/z on a disconnected domain. Our method could also potentially be extended to compute
the associated N-point Gauss quadrature nodes and weights for in O(N) arithmetic
operations using techniques similar to [36,[85,90,/150]. Many extra complexities are intro-
duced for , including the possibility of orthogonal polynomials having roots outside the
support of the weight. For this approach to have any advantage over using the individual
rules for each subinterval [a;, b;], it is likely that g will need to be large.

4.2 'Transforming the Riemann—Hilbert problem

Step 1: Lensing

Consider

o Bi
wy(e) = hy(2) (Ve —a)™ (Vo —x) .
This function is analytic on €, \ (R\ (a;,b;)). Let C; be a counterclockwise-oriented curve
lying in €, that encircles, but does not intersect [a;, b;], and denote its interior by D,. In
the end, our numerical method will take C; to be a circle, imposing additional restrictions
on 2;. We include examples of these regions in Figure . Define the transformation

1
Y, (2) ( 0) z€ D;NCT,

—1/w;(z) 1
Z,(z) = 1 0 _
Y, (2) (1/wj(z) 1) zeD;NC~,
L Y(2) otherwise,

LAll computations in this chapter are performed on a Lenovo laptop running Ubuntu version 20.04 with
8 cores and 16 GB of RAM with an Intel@®) Core™ i7-11800H processor running at 2.30 GHz.
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Figure 4.2: Sample regions €2; and D; and curves Cj for a three interval case.

for j =1,...,¢9+ 1. It follows that for z € C; N C™,

25 =2:) (_y () 1)

and for z € C; NC,
1 0

25 =2 (1 ) 3)-
For z € (a;,b;),
26 =Y16 Ly 1) =506 ) e 1)
=7,(z) (—1/1luj(2) (1)) ((1) wjl(z)> (—1/110]-(2) (1)> = 2.(2) <_1/7(~)Uj(z) wjéZ)> '

Now, we compute the jump condition on D; N (R \ (a;,b;)). For z > bj or = < a;, w} (z) =
—w; () where now the + denotes a limit from the upper half plane, and — denotes a limit
from the lower. Then,

Z:(x) = Yi(2) <_1 /;;(z) 2) =Y, (2) (_1/7});(2) 2)
=7,(2) (_1/1});(@ ?) (—1/5);(z) (1)>

. 1 0 .
=Z,(2) (_ (ﬁ_i_wj_l(z)) 1)— n (2).
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We find that there is no additional jump condition induced between [a;, b;] and C;. This is
a special situation in which no local parametrices are required to compute the asymptotics
of the polynomials. The asymptotic behavior at the endpoints is multiplied by +1/w;(z) in
this transformation, and the lensed Riemann—Hilbert problem is as follows.

Riemann—Hilbert Problem 4.2.1 (Lensed FIK). Find a 2 x 2 matriz-valued function
Z,(z) with the following properties:

Analyticity: Z,(z) is analytic for z € C\ (U?g C; U [ay, bj]), admitting continuous
boundary values on each contour.

Jump conditions: The boundary values Z;} (z) (resp. Z; (2)) from the interior (resp.
exterior) of C; on the circular arcs and from above (resp. below) on the real intervals
are related via

Z'(z) =17, (2) (_1/3%(2) 2) : ze(C;NCH,
Z'(z)=17Z,(2) (1/w1j(z) (1)) : ze(C;NC™,

Z'(z) =7, (2) (—1/2]j(2) wjéz)) . z€(aj,b;), j=1,...,9+1.

ZTL

Normalization: Z,(z) = I+ O0(z71)) (O

0
_n | as z— o0,
z

Asymptotic condition (endpoints): For each j =1,...,9+ 1, taken entry-wise,

N A e T L B P T
Zn(z)_o(1+|z_aj’—aj/2 1—|-|Z—Clj’aj/2 y 2T Gy,

N e I o e 1 e

Step 2: The differential gk

To remove the growth/decay at infinity, we seek a function gy, that satisfies the following:
o gh(z) =271+ 0(272) as 2 — oo.
e g5 (2), 0% (2) are purely imaginary on [a;,b;] for j=1,...,g+ 1.

aj41

g5(2)dz=0for j=1,...,9.
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It is worth noting that this construction first appeared in [164], predating the modern notion
of g-functions |56]. We define

dh(z) = 2. where R(e)? = [~ a)(z - by).

such that R(z) ~ 291 as z — oco. A genus-g hyperelliptic Riemann surface is given by
{(z,w) € C? : w?* = R(2)*} . Here, Q, is a monic polynomial of degree g

g—1
Qy(2) =27 + Z hiz",
k=0

whose coefficients hy are determined by the linear system

ajr1 971 Sk a1 g
hy——dz = —/ dz, 4.1
[ NTe . R 4D

j k=0

forj=1,...,9.

Lemma 4.2.2. The g X g matriz G defined by

a; k—1
G = ([ spds) ,
’ 1<j,k<g

is wnvertible.
The proof is adapted from that of [135, Lemma 2].

Proof. Any vector in the nullspace of G corresponds to a polynomial g,_; of degree at most

g — 1 such that
aj4+1
7 gg-a(s)
—=——~ds =0,
/bj R(s)

for j=1,...,9. For s € (bj,a;j41), the function R(s) is real valued and sign definite. Thus,
¢y—1 has at least one zero in each gap (b;,a;41) for j =1,...,g. Because ¢,_1 has g zeroes,
it is identically zero, so the nullspace of G consists of only the zero vector. O]

Then, we define gy by normalizing at the leftmost endpoint. If some function satisfies
V' = g%, then we let

gn(2) = ¥(z) — Y(ar).
We also define

J by,
A=) —as(e) =2 ) / (6)* (2)dz € iR, (4.2)

k=1
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for z € (bj,a;+1), 7 =1,..., g, where this value is independent of z. We have that

g5(2) +g3(2) =0,

for z € (a;,b;). Now, we consider the transformation

S (Z) — (937 (z)e*ngz(z)ag) ¢ — lim e92(2)
n n 7 lim =,
i.e., gy has asymptotic expansion
92(2):10g02+(g—j)1+..., 43)

as z — o0o. This asymptotic form follows from the asymptotic expansion of g§, at infinity.
By construction, S,(z) =I+ O(z7!) as 2 — oo. Now, the jump condition for z € C; NC*
is given by

1 0 1 0
+ — Q- ngs(z)os —ngs(2)os _ Q-
Sn (’Z) - Sn (Z>e (-1/11)](21) 1) € — Sn (Z) (_e—2ngg(z)/wj(z> 1) )

and similarly, the jump condition for z € C; N C™ is given by

S, (2) =S, (2) (e2ngz(21) Jw;(2) (1)> '

For z € (a;,b;), the jump condition is unchanged:

_ - 0 w;(2)\ _pgt
() = ngy (2)os J ngy, (2)os
ST (z) =S, (2)e"= <—1/wj(z) 0 ) e s

e 0 e”(gg(z)ﬂi(z))wj(z) o 0 w;(2)
=8, (2) <_e_n(g§(z)+gz(z))/wj(z) 0 =5,(2) (—1/wj(2) 0 ) .

For z € (b;, a;41), the jump condition is given by

St(2) = S (2)e"= (T3¢ —no5(2)ers
—n(g%(2)—95 (2)) 0 na, 0
_ e > b - o
e ( 0 e”(gg(z)—GE(Z))> =8,(2) ( 0 enAj) :

The asymptotic conditions at the endpoints remain unchanged since |gs| is bounded in the
neighborhood of the contours. We have arrived at the following normalized Riemann-Hilbert
problem.
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Riemann—Hilbert Problem 4.2.3 (Normalized FIK). Find a 2 x 2 matriz-valued function
S,.(2) with the following properties:

Analyticity: S, (z) is analytic for z € C\ ([al, byt1] U ;’ii C'j> , admitting continuous

boundary values on each contour.

Jump conditions: The boundary values S} (z) (resp. S, (z)) from the interior (resp.
exterior) of C; on the circular arcs and from above (resp. below) on the real intervals
are related via

1 0
S+( ) S_<Z) ( e—2n9x(2) ) z € Oj N (C+,

wj(z)

0
S*(z ( —2ngg( 2) 1) 2e(C;NC,
b wj(z
S, 0 | z€(agby),
S+ ( >, ZE(bj,aj+1>, jzl,,g

Normalization: S,(z) =1+ O(z7!) as 2 — oo,
Asymptotic condition (endpoints): For each j =1,...,g9+ 1, taken entry-wise,

N A B i B PR O
Sn(z)—o<1+’2_aj|—aj/2 1_|_’Z_aj|aj/2 2 T Gy,

N e e e S R
Sn(Z)—O<1+|Z_bj|5j/2 1_|_|Z_bj|6j/2 , zZ2— ;.

Note that Regs(z) > 0 for z € C; (see |58, Appendix B], for example) so the jump
condition on C; tends exponentially to the identity as n — oo.

Step 3: Removing the jump conditions on the gaps

Since the normalized Riemann—Hilbert problem [£.2.3] contains jump conditions on the gaps
between intervals, the jump matrix is discontinuous. In order to appropriately solve this
problem numerically, we must further transform it. We do this by devising an auxiliary
function to remove the jump conditions on the gaps between intervals. Consider a function
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b, defined as

(%A 1)Cla; ;] { RlJ (2) +;1og(enm)c[b,z,am] {%] (z)) , (4.4)

where A;(n),..., Aj+1(n) are undetermined constants. Recall that on the gaps (b;, a;j41), R
is analytic. Since R(z) ~ 2971 as z — oo, we can use the asymptotics of Cauchy integrals to
obtain conditions on A;(n), ..., A,y 1(n) such that b,(z) ~ 27" as 2 — co. We need to solve

g+1
ap41 Sk: 1

ZA / ds— Zlog nAf/ R<S)ds, (4.5)

for k =1,...,9+ 1 for constants A;(n),..., Ay;r1(n). This forms a (g + 1) x (g + 1) linear
system. Note that A;(n),...,Az11(n) € R are bounded above and below due to the fact
that A; is purely imaginary, and the coefficient matrix does not depend on n. Furthermore,
this coefficient matrix is always invertible.

Lemma 4.2.4. The (g+ 1) X (g + 1) matriz H defined by

(f R+(5 >1<k,j<g+1 ’

18 1nwvertible.

Proof. Noting that for s € (a;,b;), the function R*(s) is purely imaginary with sign-definite
imaginary part, the result follows from the argument of Lemma 4.2.2] applied to H*. m

By construction, we have that

{mz) b (2) = Aj(n) 2 € (a5by),

b,
bt (2) — b, (2) =log(e"®) = € (b), a541)-

Now, consider the transformation

e

n(2) = S, (2)e30m (),
Noting that if S;(z) =S, (2)K(z) on a contour, then

n

Si(z) =S, (2)6703{”_‘(Z)I{(,z*)e"'?’h’t(z)7
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we find that for z € (bj, a;41),

. . —hn(2) —nd; bt (2) 0 -
NN e e e &

meaning that the jump condition on the gaps has been eliminated. Applying our transfor-
mation to the remaining jump conditions, we use the fact that the asymptotic conditions at
the endpoints are unaffected since |h,| is bounded by [1, Lemma 7.2.2]. We arrive at the
following new Riemann—Hilbert problem, which we will solve numerically.

Riemann—Hilbert Problem 4.2.5 (Deformed FIK). Find a 2 x 2 matriz-valued function
S,.(2) with the following properties:
Analyticity: S,(z) is analytic for z € C \ (Ufg laj, bj] U Ufg Cj), admitting con-
tinuous boundary values on each contour.

Jump conditions: The boundary values ST (z) (resp. S (2)) from the interior (resp.
exterior) of C; on the circular arcs and from above (resp. below) on the real intervals
are related via

~ N 1 0

1) =85, (_o_pmiorames 1) 2€GNCY

e | 0 )

Sn (Z) = Sn (Z) %e%n(z)*%lgz(z) K z € Cj NnC-,

~ - 0 wilz e_AJ(n) )

SH(z) =S () <_ L A(n) il )0 ), z € (aj,b;), j=1,...,9+1
w;(2)

Normalization: S,(z) =1+ O0(z") as z — oco.
Asymptotic condition (endpoints): For each j =1,... 9+ 1, taken entry-wise,

Y £ R R e S EE
Sn(Z)—O<1+’Z_aj|_a],/2 1+]z—aj|aj/2 ’ Z_>aj7

Y 2 R e S e
Sn(z) - O <1+ |Z—bj|7ﬁ]/2 1_|_ |Z_b]|,8]/2 5 Z — bj.
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Fy(2)
e .
. F3(2)
F(2) :
F(2)

Figure 4.3: Jump conditions in a three interval case. ij(z) are as defined in (4.6)).

As shorthand, we define

1 0 0 w;(z)e 4™
Fjl(Z) = (_ 1 e2hn(z)72ngg(z) 1) ) F}Q(Z) = ( 1, Aj(n) ’ 0 )

w;(2)

1 0
F(z) :( 12 (:)=2n95(2) 1)-
w;j(z

We include example plots of the curves and jump conditions in this problem in Figure

4.3 Recurrence coefficients

Recurrence coefficients for the orthogonal polynomials corresponding to the weight function
(3.5) are directly related to the first-order asymptotic behavior (i.e., the residue at infinity)

of the unique solution ([3.3]) to the original problem (3.2.2, If
Y. (2) = (I+2'Y +0(x7?)) =0
n n O an 9
as z — 0o, then the recurrence coefficients are given by

an = (Y7(11))11 - (Yﬁzl—i)ﬂ) 1’

P 1) (1)
b = \/(Y"+1)12 <Y"+1>21’
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forn =0,1,2,... [53]. We now use this to derive equivalent formulae based on the first-order
asymptotic behavior of by working backwards through the transformations. Define l‘),(ll)
by
b’
ho(2) = —— +0(z7%), z— oo (4.7)
z

Then,
(1)

Mm@ =14 10272, z— oo
z

From this, if
Sa(2) =T+ 2718 1 0(272),

Su(2) =T+ 271SW 4 O(272),
as z — 00, then

S,(2) = S,(2)e Mm)os — (I + 2718 ¢ 0(2_2)> I-2""o; +0(27?))
= (1427 (80— pllog) + O(=7)) |

implying st =8\ — []511)0'3. Now, we obtain the first-order asymptotics of Z,, (4.2.1)) from
S, (4.2.3). Recall that

Zn(2) = ¢T38, (2)eme= ()73,

Then, the asymptotic expansion of gx (4.3]) gives
Zy(z) = ¢ "7 (I + Sfll)zfl + O(z’Q)) Cna3Zno-geno'?’((92)12’71-&-0(2*2)).

Expanding
enos((@m)1=740G"2) _ n(gehosz ' +0(27%),

gives

2,(2) = (0 (80 +alasho) = +06) ().

and therefore
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Finally, the lensing of the problem in Step 1 does not affect the asymptotic behavior at

infinity, so
(1) (1) on (&)
Yo — <Sn > ~bn 4 nlgs): 3 ‘ (Sn >12 ’
72" (S%1 > (Sg)> + f)g) —n(gs)1
21 22

yielding new recurrence formulae
an - (Sg)>11 - <S£Ll+)1> h(l + anrl ( )17

(4.8)
b= (80),,(8),,

that we will use to recover the recurrence coefficients when numerically solving the problem
As n — oo, the jump conditions on C; tend exponentially to the identity matrix, so
the FIK Riemann—Hilbert problem can be considered with just the jump conditions on the
intervals, asymptotically. While formulae for the recurrence coefficients in this asymptotic
case are known [58, Appendix B], their evaluation is made difficult due to the presence of
theta functions composed with an Abel map. Thus, a numerical method for solving this form
of the FIK Riemann—Hilbert problem not only allows for efficient evaluation of these rather
complicated formulae, but can potentially be utilized to compute theta functions. Related
to this, one could choose the functions h; so that w;(z) = wy(z) for all j, k. In this case,
individual circles around each interval [a;,b;] could be replaced with a large circle around
la1,by41]. We will now demonstrate that in a specialized case, the jump condition on that
circle can be removed entirely.

4.4 Special simplifying weight functions

If the weight function satisfies w; = w0|(aj7bj) for some function wy analytic on C \
(R\ ¥)for instance the Welght

w(z) < Ig(x)-= o1 — 5 Hgﬂ_b'

) (4.9)

which arises naturally as the Akhiezer polynomial weight (Chapter [5))—the individual con-
tours Cf,...,Cyy1 in can be replaced by a single counterclockwise-oriented circle C'
enclosing . Moreover, the jump on C' can be removed entirely, leaving the following sim-
plified Riemann-Hilbert problem for T,, : C\ ¥ — C?**2,

Riemann—Hilbert Problem 4.4.1 (Simplified deformed FIK). Find a 2 x 2 matriz-valued
function T, (z) with the following properties:
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Analyticity: T,(z) is analytic for = € C\ X, admitting continuous boundary values
on .

Jump conditions: The boundary values T} (2) (resp. T, (z)) from above (resp. below)
Y are related via

_ 0 wo(z)e™ 4™ ‘
TI(Z)ZTn(Z)( LeAs(n) o )0 )7 z € (aj,b5), j=1,...,9+1

" wo(z

Normalization: T,(z) =1+ 0(z7!) as z — .

Asymptotic condition (endpoints): For each j =1,...,g9+ 1, taken entry-wise,

- 1+|Z—aj|_aj/2 1+|Z—Gj|aj/2
T?’l(z) _O <1+|Z_aj|_a]/2 1_|_|Z_aj|()t7/2 ’ Z—>a.77

N O e I o e e
Tn(Z)_O<1+|2_bj|ﬁj/2 14|z —b,|fi/2) z = bj.

This problem is solved numerically by the same collocation method described in Sec-
tion [4.5] Given its solution, the recurrence coefficients are recovered by

. 1 1
an = (Tnl))n - (Tv(w)rl)u - hg) + bfl-i)-]. — (g2)1,

P 1) ey
bn = \/(T"+1>12 (T”+1>21’

and the Cauchy integrals by

Cs [pu] (=) = (f[ : ) (T(2),, 0 -7050)

=0 bjC

To see why the jump on C' can be discarded, consider a function ® solving the Riemann—

Hilbert problem
() =® (2)J(2), zeC,

B(2)=1+®,2' +0(27?%), z— o0,

where J(z) is analytic exterior to C' with

J(z) =1+ (]01 8) 1+ (0(3_2) 8) . 2 — 00,
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and which may satisfy additional jump conditions inside C' (with interior D). Define

) ®(2), z€D,
Tz = {@(Z)J(,a, 2 eC\D.

Then W satisfies the same interior jumps as ®, the jump on C' becomes trivial, and

\Il(z):I—i-(‘I)l—l—(Q 8)>z‘1+0(z‘2), z = 00.

J1

Applying this to S,, with J the consolidated jump on C, the jump is removable whenever
j1 = 0. For weights of the form (4.9), wo(z) = O(z) as z — oo, so

T a20n(2)—2ngs(2) _ Oz~ 1-2n
€ = 0(z , 2 — 00,
wo(2) ( )

giving j; = 0 for all n > 0. For the Akhiezer weight (Chapter [5)), wo(z) = O(271), so the full
problem is needed only for n = 0; the simplified problem applies for all n > 1.

4.5 Numerical implementation

4.5.1 Numerically computing gx

To determine gy, we first obtain the coefficients of ()4(z) via solving the linear system (4.1)
by numerically computing the relevant integrals via a Chebyshev-T-based quadrature r
Motivated by [159, Section 5.5], we use Lemma to rewrite g§, as a Cauchy integral. We
have that R*(z) = —R~(z) for z € (a;,b;), and Q, is of lower degree than R, so g§ solves
the scalar Riemann—Hilbert problem

Qy(2)
2R+<z)7 ZGjL:Jl(a'j7bj)7

Thus, by Lemma |3.1.1
g+1 Q
() = 3 X | 2] )
j=1

2We can easily do this by getting the first Chebyshev coefficient of 27/z — axv/b, — z/R(z) in a mapped
Chebyshev-T series via the discrete cosine transform.
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Of course, this implies that

o2) = [ dhte) dz—gzﬂ/a@]b][ 2] ()a

where the integration path is taken to be a straight line between a; and z. We approximate

Qolz) /7= a;\/% — b; to high-precision as a Chebyshev-T" series on [a;, b;| using the discrete

R (2) .
cosine transform. Letting wr j(x) = wr(z;[az, b)), T;x(x) = Ty(w;ay,b;]) and dropping
the lower bound of integration that will be accounted for later, it thus suffices to consider
computing the anti-derivatives

k(8)wr;(s)
pik(2) :—27T104]k/ 27“/ = p— ==L = 2 dsd”

w/z—a /% —b; on [a;,b;]. For k>0,

where a;, is the kth Chebyshev-T coefficient of
we swap the order of integration

b;
pir(2) = agn / T, (5w, () log(s — 2)ds.

J

Let f(s) = T;(s)wr ;(s). Using integration by parts,

1 b —
27T1/ f(s)log(s — 2)ds = Og - / f(s)ds = Cra, 0,1 [F] (2),

- [ s
b; b;
/ f(s)ds = / T; p(s)wr;(s)ds =0,

/:Iﬂ?k(s)wT,j(S)ds] (2).

J

where

By orthogonality,

for £ > 0, and

pj,k(z) = _ZWiO‘j,kC[ajvbﬂ

Now, [59, Eq. 18.9.22] gives that

% (VI=ava+10,()) = ~(n+1) (),

1
T,
vV1—zvVx+1 i
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where T;(7) = V2T;(x) in our convention. Substituting this in and integrating both sides
gives

T Ty(s) _ V2
» \/1——2\/Fd ——?Uk_l(x)\/l—x\/x%—l,

and N
/ T, (s)wp(s)ds = ——Up_1(z)wy (z).
-1
Using the change of variables t = M '(s) where M:'(s) = M~ (s; [a;, bj]),
z Mjfl(z) bj — Gy
| Ta@ursods= [ 7T 000w, (00) 25

; -1

Recall that by definition

and

so that

M; () 1 b

| Ttsorsons = [ 7 Tt = - 2500, @),

; -1

where we use the same notation wy;(z) = wy (x; [a;, b;]), Ujr(z) = Uy(z; [a;,b;]). Thus,

mib; —a

pin(z) = an 7 2Cla, b,) [Ujk—1wu5] (2),

for kK > 0. For k =0,

. w . N
pj,o(z) = —27r104j70/ 27“/ T] d dz = —27r104j70/ C[aj b;] [ ]OwT]} dz/
.7

s— 2

=« d7,
j’o/ \/z’—aj\/z’—bj
which we have computed using the exact formulae for the Cauchy integrals of Chebyshev-T

polynomials with their respective weight functions. With a change of variables t = M (z’) as
before, we find [119)

pjo(z) = —ajolog J;! (Mj_l(z)) : (4.10)
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Set
g+1 m;

O(z)=> > pirl2), (4.11)

j=1 k=0

where m; is the number of terms we use in each Chebyshev series. Then, gy, is approximated
by
gs(2) = ®(2) — (ay).

A numerical instability can arise when computing ®(a;) with this approach due to the non-
Lipschitz nature of J;'(z) at 2 = —1. This can be circumvented by replacing J;'(—1) = —1
at each instance in the evaluation of ®(a;) that it occurs.

4.5.2  Asymptotic behavior

We compute the logarithmicﬁ and first order terms ¢ and (gyx); in the asymptotic expansion of
gs . Recall that gy, can be numerically computed as the Cauchy integrals of Chebyshev-
U polynomials and the logarithm of the inverse Joukowsky map, so it suffices to compute
the asymptotics of these functions.

The only term in our expansion that contains a logarithmic term is . We

have ) ;
log J_. (Mj (z))—log( J4z ])—l— J2z L +0(z77),

as z — 00, so that

pio(z) = ajolog (bj — aj> + ajologz — ajjoaj;;bj +0(z72).
The only other contribution to the O(z™!) term comes from
b — a,
pia(2) = ajmi jﬁ *Cla, ) [Ujowu,5] (2)
= ozj,lwibj — % szl +0(z7%) = —ozj,luzfl +0(z7?),

V2 2w
by (2.16]). This gives

g+1 4
¢ A exp E ajolog (b ) — ®P(ay) | .
=1 i 4

3This does not appear in our recurrence formulae but is necessary in ([4.12)) below. Additionally, |c| is
commonly referred to as the capacity of X [125].
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The first order term can be approximated as

g+1
a; + b; b, —a;
(gn) =~ —Z (%’,0% + ;2\/53) :

Jj=1

4.5.83  Numerically computing b,

To numerically compute b,, we first compute Aq,..., A, according to by numerically
evaluating g% (z) + g5 (2) on the gaps (b;,a;41). We then obtain A;(n),...,Ay41(n) in the
same manner as we obtained the coefficients for gx. We do this by numerically computing
the integrals via a Chebyshev-T-based quadrature rule and solving the system ({4.5)).

Once the coefficients are known, we can evaluate b, in the complex plane in accordance
with by developing a method to compute the relevant Cauchy integrals. We do so by
utilizing the formulae of Theorem Since we know R(z) and our coefficients, we need
only numerically evaluate

1 1
Cla; 5] [R_J (2),  Charsa) [E} (2),

forj=1,...,9+1,¢=1,...,g9. To do this, let a = b;, b = aj;1 or a = a;, b = b; for some
j. If we consider a truncated Chebyshev series

Vs —avb—s & F el
T(S)szoﬂgzj( ;[a, b]),

then
p ~

Cla) [RLJ ~ Cla) [Z Bi(=mi)L;(0; [a, b])wr(o; [a,b])]

J=0

- i 8,Cu [T o, )ior (o a, )]

Of course, these Cauchy integrals can be computed via our exact formulae in Theorem [2.5.1],
so we can approximate ,, by computing a truncated series and taking linear combinations
of Cauchy integrals as appropriate.

4.5.4  First-order asymptotic behavior

Now, we compute the first order term S in ([4.7). This is the O(z7972) term of the Cauchy
integrals in (4.4) since R(z) ~ 297! as z — oco. To compute this, we use the asymptotics of
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Cauchy integrals to find
g+1

W Z ( ) bj gg+1 i ( A ) a1 g+l
b, =—> Ain / ds — log(e"~* / ds.
2.4 | R 2 w R

J ¢

To compute this term numerically, we use a Chebyshev-T-based quadrature rule on each
interval to evaluate the integrals.

4.6 Solving the deformed FIK problem

The pieces are now in place to numerically solve the Riemann—Hilbert problem £.2.5] As a
simplifying assumption, we take each C; in Figure to be a circle centered at (a; + b;)/2
with a diameter greater than b; — ajﬁ but small enough so that C; and C}, do not intersect
Whenﬂ j # k. Then, can be solved via a block linear system according to our methods
for circles, intervals, multiple domains, and matrix problems by accounting for shifting and
scaling things to the unit interval and circle as appropriate. The only remaining difficulty lies
in choosing orthogonal polynomial bases so that the asymptotic conditions at the endpoints
are satisfied.

On each interval [a;, b;], we choose orthogonal polynomial bases based on the endpoint
asymptotic conditions from [4.2.5¢

R A e e e R e
Sn(z)—o(l_i_‘z_aj’—ajm 1+‘2_aj’aj/2 y R T ayg,

N A e e SR ER O el
Sn(z) _O(1+|Z_b]|ﬁj/2 1+|z_bj|ﬂj/2 ) z%b].

Because the weight functions have asymptotic behavior

wr;(z) = O(|z — a;|71/?), z = aj, wr(z) = 0(|z = b| ™), z = by,
wii(2) = O(|z — a;['/?), z = aj, wyy(z) =O0(|z = b;|'/?), z— b,
wy;(2) = O]z — a]'"?), z—a;, wy;(2) = O(|z — b|7H?), z — b,
ww;(2) = O(|z — a;|71/?), 2= aj, ww;(z) = 0(z — b|"?), 2 — b,
we choose bases as follows:
e If a;, 3; = —1, then we use C, 5,)[U;rwy,;| in the first column of the matrix ansatz U

(3.13) and Cjq; 1 [T ywr ;] in the second column of the ansatz.

YHeuristically, we find that the diameter should be at least 5(b; — a;)/4 to avoid stability issues.

>To be fully robust, one should take C; to be a Bernstein ellipse to which 1/h;(2) is analytically con-
tinuable, but this requires a method to numerically solve Riemann—Hilbert problems on such an ellipse.
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o If o, B; = 1, then we use Cp; 5,)[L; jwr ;] in the first column and Ciy; 5,1[U; xwy ;] in the
second column.

o If aj = 1,8; = —1, then we use Ciq, 3,1 [W; rww,;] in the first column and Cig, 5,)[V; rwv,;]
in the second column.

o If aj = —1,8; = 1, then we use Ciy, 5,1 [Vjrwy,] in the first column and Cjg, v, [Wj rww;]
in the second column.

4.6.1  Recovering coefficients

Once a numerical solution to is obtained, we compute SS) by summing the first order
terms of each approximate function in the block system. More explicitly, if the (¢, m) entry
of S,, has a Laurent series representation

Nj 2 —q; k
Z %( - J) ,
k=—N; J
on each C; where ¢; = (a; + b;)/2 and r; denotes the radius of C; and an orthogonal
polynomial series representation
2L,
> dikClay ) [pr0]
k=0

on each [a;, b;], then
g+1

<S£11)>£m = Z (TjCj7_1 + %djp) )

where the scaling follows from ([2.16) if p; and w are a shifted and scaled Chebyshev polyno-
mial and its weight, respectively. This combined with our computed first order contributions
of gy and h,, from earlier allows us to recover our recurrence coefficients from (4.8)) as

i, = S(1)> _(S(1)> A B I

a ( o)y n+1 1 hn +bn+1 (92)17
M ~ (1 (1

b= (80, (810),,

4.6.2  Cauchy integrals

To recover Cauchy integrals from our numerical method, we recall that the (1,2) entry of the
true solution (3.3)) to the original Riemann-Hilbert problem is the Cauchy integral of
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the monic orthogonal polynomial, meaning that

Cs, [pnw] (Z) = Tn (Yn(z))m )

where 7, is the coefficient on the z" term in p,(x). From [53],
n—1
Tn = H bj_la
§=0

with 79 = 1, so this term can be easily computed if we are already computing the recurrence
coefficients. To obtain this from a computed solution S, (z), we undo our series of transfor-
mations. If we assume that z ¢ ¥ and furthermore that z ¢ D; where D; is the interior of C;
for any 7, then we need not worry about undoing the lensing step. In fact, the second column
of Y, is unaffected by the lensing step, so this need not be accounted for when computing
Cs [paw] (2), regardless of whether z € D;. Since the remaining steps are diagonal, we can

compute
n—1
1 N
- bn(2)—ngs(2)
Cx. [pnw] (2) <| | Bjc) (Sn(2)>12 e : (4.12)

j=0
For a given z, this is easily done in parallel with computing the recurrence coefficients by

computing gx(z) once at the beginning and computing b, (z) each time we solve Riemann—
Hilbert Problem [£.2.5

4.7 Examples and applications

4.7.1 The single interval case

As a first example, we consider our methods applied to a single interval for which recurrence
coefficients are known asymptotically. For simplicity, we consider this interval to be [—1, 1].
It turns out that the functions gy, and b,, can be computed exactly in this case, so solving the
Riemann—Hilbert problem numerically becomes simpler. First, we observe that there
are no gaps between intervals on which jump conditions can be induced, so the function b,, is
identically zero for all n. Furthermore, determining g% becomes trivial, and the exponential
of gs can be computed explicitly as [99)

=) = p(2) =2+ V2 +1Vz -1,

and the weight function is given by

w(e) = (@) (VaF1) " (VI=2)",
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b —1/2]

J J

Figure 4.4: Plots of the difference between the first 51 orthogonal polynomial coefficients of
a Chebyshev-U weight modified with (4.13) and an unmodified Chebyshev-U weight.

and h, satisfies the usual assumptions of being positive on [—1, 1] and analytic in a neigh-
borhood of it [100]. We additionally find that the first-order correction (gsx); = 0 in this
case, meaning that all correction terms in the recurrence coefficient formulae drop out.
As with the multiple interval problem, we choose C) = {z : |z| = 5/4}, restricting our
choice of h to functions that are positive on [—1, 1] and whose reciprocals are analytic in an
open set containing D;. For our example, we choose
T4+ 1
ha(z) = —Z ++x2, (4.13)
and a; = f; = 1 to obtain a Chebyshev-U-like weight. We first compute the first 51 coeffi-
cients of these orthogonal polynomials using 160 collocation points on C and 16 collocation
points on [—1,1]. We should expect these coefficients a;,b; to tend to the Chebyshev-U
coefficients (a; = 0,b; = 1/2) exponentially as j — oo [76]. In Figure , we plot these
differences |a;| and |b; — 1/2| for the first 51 computed coefficients that exhibit the expected
behavior.

In Figure [4.5, we plot the error at each of the first 51 coefficients for various numbers of
collocation points on [—1, 1], always choosing the number of collocation points on C; to be 10
times the number on [—1,1]. The method is able to compute the recurrence coefficients ;, b;
starting at any choice of j without first computing dy, b, for & < j. To demonstrate this, we
include a similar plot showing the errors in computing a@; and Bj for 5 = 1000, ...,1020 for
various numbers of collocation points in Figure [4.6]
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Figure 4.5: Absolute error in the computed first 51 orthogonal polynomial coefficients for a
Chebyshev-U weight modified with (4.13)) for 2, 4, 8, and 16 collocation points per interval

(PPI) on [—1,1].
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Figure 4.6: Error in the computed a;, Ej for 5 = 1000,...,1020 for a Chebyshev-U weight
modified with (4.13]) for 2, 4, 8, and 16 collocation points per interval (PPI) on [—1,1]. In
this case, a; = 0, and the method approximates it well.
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Figure 4.7: Error in the computed first 51 orthogonal polynomial coefficients for a Chebyshev-
T-like weight on [—1.8, —1] U [2, 3] for 2, 4, 8, and 16 collocation points per interval (PPI).
The convergence for large 7 in the 8 collocation point case suggests that ratio of collocation
points on circles to points on intervals is not optimized. Computing these coefficients requires
0.13, 0.12, 0.30, and 0.97 seconds, respectively, via our method.

4.7.2  Multiple intervals

Next, the accuracy of our method is demonstrated in computing with orthogonal polynomials
on multiple intervals. In all examples, we will take h;(z) = 1 for all j, for simplicity,
and compare our computed coefficients against those computed by the Householder method
described in Section A.7.1]

In Figure we consider orthogonal polynomials defined on [—1.8, —1] U [2, 3] with a
Chebyshev-T-like weight on each (a; = ; = —1 for j = 1,2). Furthermore, in Figure ,
we include a timing comparison of our method to an optimized O(N?) algorithm given as
RKPW in and lanczos.m in [74]. Since we are concerned with asymptotic timings for
this comparison, our method is applied with only the jump conditions on the intervals as
mentioned in Section As is also mentioned in this section, there exist classes of weight
functions for which the circles C; are not needed for any polynomial degree, and we will
explore this further in future work. We observe that our method begins to outperform the
RKPW method if around 3200 pairs of recurrence coefficients need to be computed; however,
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time (seconds)

Riemann--Hilbert
RKPW

500 1000 1500 2000 2500 3000 3500
Coefficient pairs computed

0.00 f B—E—&

Figure 4.8: Timing comparison of the RKPW method [81] and our approach with only the
jump conditions on the intervals considered. We observe that our method begins to outper-
form the RKPW method once around 3200 pairs of recurrence coefficients are computed.

since the RKPW method is heavily optimized while our method is coded suboptimally, we
expect the threshold to be much lower with a better implementation. The RKPW method
also has the aforementioned weakness in that it requires a priori knowledge of the desired
recurrence length N, and altering this a posteriori requires potentially restarting the entire
algorithm. Thus, in practice, one should consider using the RKPW method to compute the
first few coefficients and our method asymptotically.

In Figure we consider orthogonal polynomials defined on [0.1,1.1] U [2,3] U [3.5, 4]
with a Chebyshev-V-like weight on each (a; = 1,8; = —1 for j = 1,2, 3). Finally, in Figure
4.10,, we consider orthogonal polynomials defined on [—3.2, —2.2] U [0.1,1.1] U [2,3] U [3.5, 4]
with a Chebyshev-T-like weight on [—3.2, —2.2], a Chebyshev-U-like weight on [0.1,1.1], a
Chebyshev-V-like weight on [2, 3|, and a Chebyshev-W-like weight on [3.5,4] (o = 8 = —1,
ag = Po =1, a3 = 1,03 = =1, ay = —1,6, = 1). In each example, we use the same
number (2, 4, 8, and 16) of collocation points on each interval and 10 times that number
on each circle C; and compute the first 51 recurrence coefficients. In practice, one should
consider using a different number of collocation points on each interval and varying the ratio
of collocation points on circles to points on intervals to optimize runtime.

Heuristically, our method as described encounters stability issues once g reaches 4 or
5; however, 6 digits of accuracy is maintained until about ¢ = 11. This is because the
linear systems and become ill-conditioned as g increases. In Chapter , we will
circumvent these instabilities by using a different basis.

In all figures, we observe rapid convergence to the “ground truth” coefficients a;, Bj for
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Figure 4.9: Error in the computed first 51 orthogonal polynomial coefficients for a Chebyshev-
V-like weight on [0.1,1.1] U [2,3] U [3.5,4] for 2, 4, 8, and 16 collocation points per interval
(PPI). Computing these coefficients requires 0.13, 0.25, 0.57, and 2.78 seconds, respectively,
via our method.

any value of j. Errors on the order of machine precision are always achieved when we
use 16 collocation points on each interval and 160 points on each circle. Oftentimes, fewer
collocation points are needed to achieve this accuracy.

4.7.8 The Toda lattice

The semi-infinite Toda lattice as considered by Deift, Li, and Tomei [54] (see also [112]) with
boundary condition b_;(t) = 0 is defined by semi-infinite operators

Go(t) bo(t) 0 bo(t)
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Figure 4.10: Error in the computed first 51 orthogonal polynomial coefficients for
a Chebyshev-T-like weight on [—3.2,—2.2], a Chebyshev-U-like weight on [0.1,1.1], a
Chebyshev-V-like weight on [2,3], and a Chebyshev-W-like weight on [3.5,4] for 2, 4, 8,
and 16 collocation points per interval (PPI). This weight function is plotted in Figure [£.1]
Computing these coefficients requires 0.15, 0.19, 0.99, and 5.96 seconds, respectively, via our
method.
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using the relation

X(t) = [B(t), X(1)],

where [-, -] denotes the standard matrix commutator. Given an initial condition X(0) =
J(w) corresponding to the Jacobi operator to some orthogonal polynomial weight w, the
time-dependent a;(t), Ej(t) are given by the respective recurrence coefficients dj,Bj of the
orthogonal polynomials with weight e'*w(z) [54] (see also [141]), i.e., if X(0) = J(w), then
X(t) = J(we').

Since our method allows for weights to be scaled by positive analytic functions, we are
able to numerically evolve the Toda lattice for initial conditions corresponding to the various
orthogonal polynomial weights in our arsenal; however, the scaling of e'* grows exponentially
in the complex plane, so we are only able to evolve the Toda lattice to a finite time horizon
before encountering precision issues.

As a first example, we consider an initial condition of

0 1/2
1/2 0 1/2

X(0) = 1/2 0 1/2 ,

corresponding to a Chebyshev-U weight on [—1, 1]. Choosing to use 120 collocation points
on C; and 20 on [—1, 1], we compute the first 11 recurrence coefficients with h(z) = e** for
times ranging from ¢ = 0 to ¢t = 11.5 and plot the results in Figure [£.11} Numerical blowup
is observed shortly after time t = 11.5.

Now, we compute the time-evolution of the Toda lattice with initial condition X(0)
corresponding to the recurrence coefficients of orthogonal polynomials with a Chebyshev-
T-like weight on [—3,—2] U [2,3]. Numerically, we observe that @;(0) = 0 for all j and as
j — 00, b;(0) alternates between 0.5 and 2.5 as displayed in Figure

We evolve the Toda lattice numerically for times ranging from ¢ = 0 to t = 4.5 in the
same manner as beford’| and plot the results in Figure [4.13]

Additionally, we emphasize that our method allows us to compute any recurrence coef-
ficient without first computing the others, meaning that the evolution of @;(t),b;(t) can be
computed for any j. We demonstrate this by plotting a;16(t), biis(t) in Figure

Finally, we consider the time-evolution of the Toda lattice with initial condition X(0)
corresponding to the recurrence coefficients of orthogonal polynomials with a Chebyshev-1/-
like weight on [0.1,1.1]U[2,3]U[3.5,4]. Now, the initial condition as displayed in Figure [4.17]
appears almost noisy. We evolve the Toda lattice numerically for times ranging from ¢ = 0
to t = 5.7 in the same manner as before and plot the results in Figure [4.16]

Now, we will turn our attention to the primary applications of this numerical method:

By taking h;(z) = e'® for each j and computing the first 11 recurrence coefficients at each time with 120
collocation points on each C; and 20 on each interval, we approximate the evolution of the Toda lattice.
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Figure 4.11: The evolution of the first 11 tridiagonal elements of the solution of the Toda
lattice X(¢) with initial condition corresponding to a Chebyshev-U weight on [—1,1] from
time ¢ = 0 to time ¢ = 11.5.
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Figure 4.12: The first 51 recurrence coefficients for a Chebyshev-T-like weight on [—3, —2] U
[2, 3] computed using 120 collocation points on each C; and 20 on each interval.
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initial condition corresponding to a Chebyshev-T-like weight on [—3, —2] U [2, 3] from time
t =0 to time t = 4.5.
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Figure 4.16: The evolution of the first 11 tridiagonal elements of the solution of the Toda
lattice X(¢) with initial condition corresponding to a Chebyshev-W-like weight on [0.1,1.1]U
[2,3] U[3.5,4] from time ¢ = 0 to time ¢ = 5.7.
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5.1 Introduction

This chapter is based on [19]. Code used to generate the plots in this chapter can be found
at [14].

The Chebyshev iteration [69,83/(105] is an inner product-free iterative method often used
to solve symmetric, definite linear systems Ax = b where an estimate on the eigenvalues of
A is known. This iteration is based on the minimax property of the Chebyshev polynomials.
More specifically, let T, (z) = T,.(z; [a, b]) where [a, b] contains o(A) but not zero. Then, the
T, (x
b — Ag:(A)b ~ 0 as well as a convenient recurrence relation.

A somewhat unconventional variant of this method arises from building a Chebyshev

approximation to the function f(z) = % on an interval containing the spectrum of A. Specif-

1— rk 1-rp(z)

polynomial 74 (z) = will be small on the spectrum of A, and ¢ (z) = will satisfy

ically, f can be written in a Chebyshev-T series as

S DN s [ LG )

_Z<—” >L2 L = ( mmm>zf( )
z)
W\/m\/b—z

where 0, is the Kronecker delta. This yields a series for the matrix inverse by replacing
Zj( ) with the matrix polynomials 7', ;(A). Thus, the solution to the linear system can be
approximated as

11 i bij(z) dz T .
=A b”;(/a . Wmm)zj(A)b—.ka. (5.1)

This formula can be implemented as an explicit iteration, see Algorithm [I, We advocate for
this modification because, as we describe in this chapter, it allows one to directly generalize to
general classes of orthogonal polynomials. Furthermore, the asymptotics of such polynomials
give error bounds for the iteration.

The assumption that A is symmetric and definite can be relaxed provided that the
eigenvalues of A lie sufficiently close to [a,b] [105,[106]. In fact, given an ellipse containing
the spectrum of A, but not the origin, one can find an optimal interval [a, b] for which the
Chebyshev iteration converges (after possible rotation A — el?A); however, the iteration
fails if there is no such ellipse [105].

For instance, assume that the eigenvalues of A lie in [ay, b| U [ag, by] where a; < by <0 <
as < by. In this case, to use the iteration , the shifted and scaled Chebyshev polynomials
need to be replaced with polynomials with similar properties on multiple intervals to those
of the Chebyshev polynomials on a single interval. In the classical view, one needs to
replace r; with polynomials that are small on [a1, ] U [ag, by] and large at the origin. de

A“M

dz =k
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Algorithm 1: Modified Chebyshev iteration
Input: A, b, initial guess xy, parameters «, ¢ such that « —c =a and a + ¢ = b.
Set b < b — Axy.
Set po = b.
Set S(] = ;
Set x; = éﬁ@
for k=1,2,... do

if k=1 then
‘ Set p; = %(Apg — apy).
else
| Set pr = 2Api_1 — 22pr_1 — Pr—2.

end
Set Sk = Skfl (—% + \/% - 1\/% + 1)
Set Xp11 = Xg + 2SkPk-
if converged then
Set Xpi1 ¢ Xpr1 + Xo.
return xj.
end

end

Boor and Rice [49] explore using the minimax polynomials on [a1, b1] U [ag, be] for this, and
they present a method to compute such polynomials. Unfortunately, such polynomials do
not, in general, satisfy a three-term recurrence relation which makes generating the matrix
polynomials difficult. Saad [132] circumvents this issue by instead using polynomials that
are orthogonal with respect to a weight function w supported on [ay,b1] U [ag, by]. Since
such polynomials satisfy a three-term recurrence relation, the difficulty lies in computing
the recurrence coefficients and the generalization of the integral terms in . Using a
clever construction, for this two-interval case, Saad iteratively builds the first k of these
quantities in O(k?) arithmetic operations using Chebyshev polynomials defined separately
on each interval. Specifically, he computes the degree k£ polynomial ¢, that minimizes a
weighted L? norm |1 — ogg(0)||z2 for a chosen weight function w and uses their three-term
recurrence to compute gix(A)b iteratively. In this work we, in effect, improve upon that
in [132] by taking w(z) = 2%v(x) where v(z) is the weight function that Saad employd]}

In Chapter [ we developed a numerical Riemann—Hilbert-based method for computing
recurrence coefficients and Cauchy integrals for orthogonal polynomials with weight functions
supported on multiple, disjoint intervals (see |[120,/158] for a method for measures supported
on R). This method computes the first k recurrence coefficients and Cauchy integrals in
O(k) arithmetic operations. These quantities can be employed analogously to (5.1)), yielding

n [132], v(x) is found by using h; constant, a; = 3; = —1 in (3.5).
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Figure 5.1: Histogram of the eigenvalues of A € R2%0%200 (left) and the convergence of the
Akhiezer iteration applied to Ax = b where b € R?® is a random Gaussian vector. The
reference line that approximates the convergence rate is derived in Section m

a generalization of the Chebyshev iteration that improves the complexity of [132].

In this chapter, we demonstrate how the Akhiezer polynomials, along with the numerical
method of Chapter 4] can be used to extend to an iterative method for solving Ax = b
where A has eigenvalues on, or near, multiple, disjoint intervals. We will refer to this
method as the Akhiezer iteration. Furthermore, we discuss how the Akhiezer iteration can
be extended to compute matrix functions f(A)b for suitably analytic functions f, similar to
the approach in [43], and implemented in optimal complexity with a provably exponential
convergence rate. In Figure 5.1 we demonstrate the convergence of the Akhiezer iteration
applied to a symmetric matrix with spectrum contained in [—3, —1] U [2, 4].

The rest of this chapter is organized as follows. In Section [5.2] we present the Akhiezer
iteration and its extension to matrix functions and discuss convergence rates. In Section [5.4],
we discuss how the Akhiezer iteration can be implemented adaptively when A is symmetric.
In Section [5.5] we present examples and applications, and in Section [5.6] we present our
conclusions and discuss potential extensions. Akhiezer’s orthogonal polynomial construction,
including explicit formulae for recurrence coefficients and Cauchy integrals, is presented in

Section [2.7 of Chapter

5.2 The Akhiezer iteration and matrix function evaluation

5.2.1 The Akhiezer iteration for solving linear systems

Following [132], orthogonal polynomials with respect to a weight function w of the form
(3.5) (in particular (2.21))) can be used to extend the classical Chebyshev iteration to solve
indefinite linear systems. Assume that a square matrix A has eigenvalues on, or near,

Y = j’g [aj,b;] and that 0 ¢ X. If pg,p1,... denote the orthonormal polynomials with
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respect to w, then a p;-series expansion for 1/(x — 2), for x € ¥, z ¢ ¥, is given by

rT—z g <pj’<>—z>L2(E)pj(x)

=5 (2wt o -
= Z:;SE [pjw] (2)p; ().

This can be extended to an iterative method for solving the linear system Ax = b by
truncating the series with z = 0:

9] k
=A"'b= ZSE [pjw] (0)p;(A)b ~ Z Sy [pjw] (0)p;(A)b =: X1 (5.3)

We call the iterative implementation of this approximation the Akhiezer iteration. The
recurrence coefficients and Cauchy integrals can be computed either by the Riemann—-Hilbert
approach of Chapter [flor by (2.24) and (2.25)) in the case of the g = 1 Akhiezer weight. Then,

the Akhiezer iteration for shifted linear solves can be implemented as in Algorithm [2]

Algorithm 2: Akhiezer iteration to approximate (A — 2I)"'b, 2 ¢ &
Input: A, b, initial guess xy, and a function to compute recurrence coefficients
ay, be and Stieltjes transforms S, = Sk, [prw] (2).
Set b + b — Ax,.
Set po = b.
Set X1 = Sopo.
for k=1,2,... do
if k=1 then
‘ Set p1 = %(Apo — GoPo)-
else
‘ Set py = (Apk | — G- 1Pk—1 — bk—2Pk_2).
end
Set Xpy1 = X + SkPk-

if converged then
Set, Xk4+1 < Xp+1 + Xo.

return xj
end

end
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Algorithm [2| can instead be utilized to build an approximation to the matrix inverse A !
by using b = I and removing the initial guess xy. Then, at each step, the algorithm requires
matrix-matrix multiplication rather than matrix-vector products but is otherwise identical.

Remark 5.2.1. In (5.2)), one can differentiate with respect to z a number of times to find
expansions for x~P for p € N, provided one can compute derivatives of the Stieltjes transforms
Ss. The Riemann—Hilbert approach of Chapter [ allows for this computation in a fairly
straightforward manner, but we do not implement this here.

Convergence

From [58], we have the following behavior of the orthogonal polynomials:

Lemma 5.2.2. Let ¥ = ?ii[aj,bj] C R be a union of disjoint intervals and let w be a
weight function of the form (3.5)). Denote the corresponding orthonormal polynomials by
(pj(2)),=gs fir e >0, and set V={2 € C : |z—a;| > ¢ [¢=bj| > ¢, j=1,....,9+ 1}
Then,

Pa(2) = 0n(2)e™=C) 2miCy [pow] (2) = 6,(2)e =G 2 eV,
where 6,(z) and 0,(z) are uniformly bounded in bothn and z € V.

Proof. By [58, Equations B.2, B.3] and undoing the lensing step of the Riemann-Hilbert
problem deformations, the above formulae hold for §,(z) and §,(z) depending on bounded

quantities and H;:S 7 where logc is the O(1) term in the expansion of gy at infinity.
J

By [58, Equations B.3, B.12],
n—1
" [ =0).
§=0

as n — 00, 0 0,(z) and 6,(z) are bounded from above. The rest of the claims follow
immediately from [5§]. O

To ease presentation, we introduce the following definitions.

Definition 5.2.3. We say that a matriz is generic if it s diagonalizable and has no eigen-
values at the endpoints of 3.

This definition is here to simplify the analysis, and our theorems require the matrix in
question to be generic. With a more technical approach, one can obtain similar bounds for
non-generic matrices and the algorithms in question still converge at roughly the same rate.
We remark on this below.

Definition 5.2.4. Given X and A € C™*" define

v(z; A) = maxRegy();) — Regn(2), v(A) = maxRegx(});).
j j

where \; are the eigenvalues of A.
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Theorem 5.2.5. Consider a density w of the form (3.5). If A € C"™™ is generic and its
eigenvalues \; all satisfy Regs()\;) < Regs(2), then there exists ¢ > 0, depending only on
the eigenvalues of A, such that

)p;(A)b — (A —2I)"'b

Y

2

satisfies
. kv(z;A)
Bulz) < VI [V, Ibller— ey
where A is diagonalized as A = VAV~ A = diag(\i,..., \,). In particular, the Akhiezer
iteration converges, at worst, at a geometric rate given by e’*A) if z ¢ 3 since

|xx — (A — 2I) 'b||y = Ex(2).

Proof. We have

Zsz pjul (2)p;(A)b

k—1
Z Ss [pjw] (2)p;(A)b — (A — 2I)”

2

w] (2)Vp;(A)V~'b

2

<HVH2HV I, ||b||2z Jnax  [2mCy [pjw] (2)p; (Aol -

-----

Since A, is not at an endpoint of ¥, by Lemma [5.2.2]
[27iCs; [pjw] (2)p; (Ae)| = 16;(2)]10;(A)|7e(@=00 7850 < i),

for some constant ¢. The theorem follows from

kl/(z A)
Z e]u zA) _
1— el/(z A)°

]

Remark 5.2.6. Theorem could, in principle, be extended to a broader class of matrices.
Forinstance, if A does have eigenvalues at the endpoints of X3, the orthogonal polynomials at
these endpoints are either bounded or grow at a polynomial rate. Since the convergence rate
15 geometric, this growth could be accounted for in the error bound without inhibiting con-
vergence. However, one could instead perturb 3 so that these eigenvalues lie in the interior,
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and the iteration will suffer a small perturbation to its geometric rate of convergence.

Remark 5.2.7. Jordan blocks, i.e., degenerate eigenspaces for A, could be accounted for
by investigating the derivatives of the orthogonal polynomials. Due to the Markov brothers’
inequality, (129, Theorem 1.10], it is clear that this will not change the exponential rate of
convergence. Yet, more refined estimates are possible.

5.3 The Akhiezer iteration for matrix function approximation

The Akhiezer iteration can be extended to compute matrix functions for square matrices A
with eigenvalues on or near 3 = Ujgg laj, b;]. The function of a matrix f(M) can be defined

in several equivalent ways. For our purposes, the following two definitions will suffice:

Definition 5.3.1. Suppose that f is a scalar-valued function defined on the spectrum of
a diagonalizable matriv M € C™ ", where M is diagonalized as M = VAV~ A =
diag(A1, ..., An). Then,

(M) := Vdiag (f(A), ... f(0) V.

With suitable assumptions on f, this definition can be extended to nondiagonalizable
matrices via the Jordan normal form, but we will restrict most of our analysis to diag-
onalizable matrices. When f is appropriately analytic, we have the following equivalent
definition 86, Theorem 1.12]:

Definition 5.3.2. Suppose that I" is a counterclockwise-oriented simple curve that encloses
the spectrum of M € C™*" and that f is analytic in a region containing I' and its interior.
Then,

f(M) := % /r f(2)(2I — M) *dz.

Applying a quadrature rule to Definition [5.3.2} such as a trapezoid rule [153], with nodes
z; and weights w;, this can be approximated as

m

In practice, we find that it typically suffices to take I' = Uj:i I'; to be a collection of circles
around each [a;, b;]. In this case the trapezoid rule on each I'y has weights and nodes

27Ti7”k
’LUj =

(k) (k)

i6: 10 .

e, zij=nrges +cp, J=1,...,my,
my

where {GJ(-k) "k are evenly spaced points in [0,27), r; and ¢ are the radius and center of

j=1
: . 1
['y, respectively, and m; is the number of quadrature nodes on I'j, ?:1 m; = m. For
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convenience, we reorder the weights and nodes for all contours I';, as
zj,wi, J=1,2,...,m,

with the first m, corresponding to I';, the next msy corresponding to I's, and so on.
To approximate f(A)b, the resolvent is approximated by

(51— A) = 3 So o] (2)pe(A) ~ — 3 S [pru] (2))pe(A),
=0

=0

and the matrix function is approximated by

f(A)b =~ f} == frm(A)b = — i (Z f(z;)w;Cs [pew] (zj)> pe(A)b. (5.4)

=0 \j=1

As before, the recurrence coefficients and Cauchy integrals can be precomputed either by
the Riemann—Hilbert approach of Chapter (4| or by and in the case of the g =1
Akhiezer weight. Then, the Akhiezer iteration for matrix function approximation can be
implemented as in Algorithm

Algorithm 3: Akhiezer iteration for matrix function approximation
Input: f, A, b, quadrature nodes z1, ..., z,,, quadrature weights wy, ..., w,,, and a
function to compute recurrence coefficients dy, b, and Cauchy integrals
Ckj = Cs [pew] (25)-
Set fg =0.
for k=0,1,... do
if k=0 then
| Set pg = b.
else if k=1 then
‘ Set p1 = %(APO — GgPo)-
else
‘ Set Pr =

L (Apr_1 — @p_1Pr_1 — Bk—ka—Q)-

b1
end
Set ap = — 0%, O f(z)w;.
Set fk+1 = fk + oLPk-
if converged then
| return f;;.
end

end
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Remark 5.3.3. To compute the full matriz function f(A) rather than its action on a vector,
one may take b = 1. The algorithm then performs matriz—matriz multiplications rather than
matriz—vector products at each step, but is otherwise identical.

Remark 5.3.4. The approximation to f need not be from the discretization of a Cauchy
integral. It could be from a Padé approximation, a AAA approximation [116], or some other
form of rational approximation. As long as the approzimation can be written in pole-residue
form, the Akhiezer iteration can be applied. We refer the reader back to Remark[5.2.1] for
the case when the approzimation contains more than just simple poles.

5.3.1 Convergence

Theorem 5.3.5. Suppose A € C"*" is generic with eigenvalues satisfying Regs(A) <
min; Regs(2;), and suppose |f(2)] < M for z € T and 377" |w;| < 27w L. Then,

I5(A)b  fen(ADblly < 5[V [V, Iblla max [on(A)] + LM max Ea(s),

where A is diagonalized as A = VAV~ A = diag(A\,...,\,), and

pm(T) = Z — ZL‘ Z

Proof. By the triangle inequality,

I£(A)b — frm(A)b|, < b——Zf z)wi(zI—A)"'b

2
m

% > fwi(51 = A) b — fin(A)b

j=1

_|_

2

Then,

2m

H b——Zfz]w]z] A)'b

2

-1 / f(2)(2I —=A)"'Vbdz — %V‘l jzrj; f(z))wij(zI—A)"'Vb

2

HVHzllV s b2, Jnax  |om(Ad)l-

.....
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Then, in the notation of Theorem [5.2.5],

1 « _
o > f(z)wi(zT— A) b = frm(A)b
j=1 2
1 m k—1
<5 > 1 (z)wi (I — A) b+ f(z)w; > Sx [pow] (z)pe(A)b
j=1 £=0 2
1 m
= 2_Z| (25)[|w;] Ex(2) < LM] ?axm}Ek(z])
=t T
and the result follows. O]

For a reasonable quadrature rule, lim,, o pm(z) = 0 for all x, likely exponentially, so
provided that m is taken to be sufficiently large, the Akhiezer iteration converges, at worst,
at an asymptotic geometric rate given by €™ ¥(%i4) provided that A is generic and its
eigenvalues )\, all satisfy Regs(\) < min;—; _,, Regs(z;). In practice, we find that this
bound is quite pessimistic, so we offer an alternative view. We first state an analog of

Theorem 2.3.3

Lemma 5.3.6. Let I',(X) denote the level curve eReon(2) = o for o > 1, and assume that f
is analytic in the interior of T y(X) and satisfies |f(2)| < M for z interior to I',(X). Then,
there exists a constant C' > 0, independent of f, such that for all { € N,

[(f.pe)iz(s)| < OMo™*

Proof. Define Q, = {z € C : o7 < eReoz(2) < o} for some 0 < 1 < 1. Choose € in Lemma
to be sufficiently small such that ©, C V, and denote the uniform bound on |d,(z)| by
D. Let ¢ satisty 1 < " < ¢’ < p, and consider the level curve I',(X). Then, by Cauchy’s
integral formula and Lemma [5.2.2]

‘ fapf ’ - 27'('1 )z — .CC g(l')YU(l')dx
D ,,
= F(2)Cs [pew] (2)dz| < [Ty(8)| M ™",
FQI(E) T
using C' = o= [I',(X)| D. Since this inequality holds for all ¢’ < g, it must hold for . 0

Theorem 5.3.7. Under the assumptions of Lemmal|5.5.0, suppose that

Zg pe(A)b]2 < oc.



91

Then, there exist (€,0) satisfying |eme| < ||pmlloo = Maxyes [pm(x)| and a constant C > 0
such that in any norm

Hf( )b — fem(A b—i-ZEmépé bl <CMY o' |Ip(A)b.

=k
Proof. For a given /,
m 1 m
= st el () = [ pee) g 32 2w = iz
j=1 =1
where
1 m
=5 Z (z).
Thus,
k—1
from = Z(fm,pzhgu(mpe.
=0

Let e = (fm — f.Pe)12,(x). By the Cauchy-Schwarz inequality,
lemel <M1 fm = fllzz ) < llomllo-
Then,

f(A)b — fim(A b—I—ZEmepe A)b = (£, )1z )pe(A)b.
l=k

By the triangle inequality and Lemma [5 _, there exists some C' > 0 such that

<CM Y o!|p(A)b].
=k

Hf( )b = frm(A b+25m€p€

]
The bound from Theorem implies that when A is diagonalized as A = VAV,

k—1
1f(A)b = fem(A)b]l2 < V]2V 2Bl [||Pm||ooZ||pe ||2+CMZQ “lpe(A)]l2
=0 {=k

This demonstrates that if the quadrature rule is taken such that ||p,,||o is sufficiently small,
then the convergence rate will be largely determined by the distance from ¥ to the nearest
singularity of f. More precisely, || f(A)b— fim(A)b]| = O(0™"+ | pm|l«) When the spectrum
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of A is contained in X, and the rate of convergence will be governed by the furthest level
curve I',(X) to which f can be analytically extended. If f is entire, the initial convergence
is superexponential. The level curves of Lemma [5.3.6] can be thought of as higher genus
analogs to Bernstein ellipses as they dictate the convergence rate in the same manner. A
contour plot of e®°?=() is included as part of Figure |5.3|

Because Theorem [5.3.5| gives a different bound, we have, supposing that I' lies inside

FQ(E)a

LF(ADD — e (Al _ ,
f < mind [pmloe S IpeA)lle - CMS o~ e (A)
VIIV-12lb] Z : Z :

kl/(z],A)
ngm( Mz + LM eg{a%m}m}

k-1 e kv(z«;A)
<min< | pmllco Zeg"(A) +dCM

1 — eu(z*;A) )
£=0

1 ek (z;A)
g llPm(A)ll2 + cLM  max m} )

for another constant ¢ > 0 by Lemma m Here, z, is any point on I',(X).

If A is generic and the spectrum of A is contained in X, then v(A) = 0 (||pe(A)||2 = O(1))
and the first term inside the minimum is likely to be smaller than the second since the nodes z;
are inside I',(X), but, eventually, the first term will dominate the second when Z?;é lpe(A)||2
becomes large. The second term then implies that the errors remain small, even if this sum
is large. Also, if A is generic but the eigenvalues of A are not contained in ¥, the second
term here will still be small, giving useful bounds. The first term will also likely be small,
but as v(A) > 0, the sum grows exponentially with respect to k. In this case, the balance,
i.e., which term gives a better bound in a given situation, will change.

5.3.2  Complexity

To run Algorithm [3| for &k steps, using that computing dj,éj,Sj requires O(1) arithmetic
operations and supposing that Ty is the complexity of matrix multiplication by A, we need
less than kT'a + 7kn—+km+O((1+m)k) arithmetic operations if A € C™ ™. The O((1+m)k)
term represents the computation of a;, Bj, S; for 5 =0,1,... k. The complexity of the first
Akhiezer iteration, Algorithm [2] is found by setting m = 0. Furthermore, if a tolerance of €
is desired for function approximation, we expect to set m = O(loge™!). This is in comparison
with the method in [43] where the complexity is kTx + O(k*m + n), and m = O(e¥/7) is
required, in general, to achieve a tolerance of e.
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5.4 Adaptivity

In the case where the matrix A is symmetric, i.e., it has all real eigenvalues, the asymptotic
behavior of the polynomials yields an adaptive algorithm that estimates a good choice for
the bands X = U?g [aj, b;] then applies the iteration to solve the system Ax = b. For
simplicity, we will consider only the g = 1 case ¥ = [ay, b1] U [ag, by, but such an approach
can be applied to the g > 1 cases as well. Furthermore, such an approach could be used as
a first step in computing a matrix function by producing an estimate of the spectrum of A.

By Lemma [5.2.2] if not all eigenvalues of A are contained in ¥, the matrix polynomials
p;j(A), and therefore ||p;(A)b|| as well, grow at an asymptotic rate given by emaxk Reas(h)
where A1, ..., \, denote the eigenvalues of A. Thus, if the approximate growth rate is given
by r, then performing root finding on e®®9() — r around each endpoint of ¥ will yield a
new set of bands that contain the eigenvalues of A. A naive implementation of this is

given as Algorithm [4 This algorithm ensures that the Akhiezer iteration on the outputted

Algorithm 4: Adaptive band selection

Input: Initial guess for bands ¥ = [ay, b1] U [ag, bs] where by < 0 < ap, A € C™*"
A = A* b e C" parameters 7, > 1, 0 < y; < 1.

while Norms of matrix polynomials ||p;(A)b|| grow as j — oo do

Compute the growth rate r of ||p;(A)b|| as j — oo.

Set f(z) = =) — ¢ for gy corresponding to [a, by] U [az, bo].

Perform bisection on f on [y,a1,aq]. If bisection fails, set a; < 7,a1; otherwise
set a; < ¢ where c is the computed root.

Perform bisection on f on [by,7;b1]. If bisection fails, set by < 7;b1; otherwise set
b1 < ¢ where c is the computed root.

Perform bisection on f on [y;aq, as]. If bisection fails, set ag <— 7;a2; otherwise
set as <— ¢ where ¢ is the computed root.

Perform bisection on f on [be, v,b2]. If bisection fails, set by < 7,ba; otherwise set
by <— ¢ where c is the computed root.

Compute norms of matrix polynomials ||p;(A)b|| for po, p1, ... corresponding to
the updated bands ¥ = [ay, by] U [az, bs].

end
return ¥ = [ay, by] U [az, bs]

bands ¥ = [ay, by} U[as, by] applied to Ax = b will converge at the rate e 7= In practice,
computing the growth rate of the matrix polynomials can be challenging due to theta function
oscillations implicit in the orthogonal polynomials. One way to do this is to consider the
ratio .
|pn+k(z)| _ |5n+k(z)| kRegs (2)
[Pn(2)] 10n(2)]

)
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which follows from Lemma Since 8, (z) = O(1), for sufficiently large n and k,

r e eRegg(z) ~ ’pn+k(z)| )
|Pn(2)]

Of course, what “sufficiently large” means in practice is not always clear, and one may need
to experiment with different values of n and k for different matrices.

The factor e Re9=(0) typically increases as the sizes of the intervals increase, so the con-
vergence rate will be suboptimal if the eigenvalues of A are contained in some ¥’ C . The
convergence rate can be improved by modifying Algorithm |4 so that only one endpoint is
moved at a time and the new growth rate is computed after each movement. If the growth
rate decreases, the algorithm proceeds to the next endpoint. Otherwise, the endpoint is
reverted to its previous value and the algorithm proceeds.

An improved band estimation technique can be employed if one is willing to compute up to
4 (or more generally, 2¢g + 2) inner products. This is done by approximating the eigenvector
corresponding to the eigenvalue with the most growth. In particular, one computes y =
pn(A)b for a sufficiently large n and normalizes y = ﬁ to avoid round-off errors. This is

iterated as y = p,(A)y, y = ﬁ until convergence. Then, the eigenvalue corresponding to
the largest growth rate is approximated by the Rayleigh quotient

yTAy
yly

The relevant endpoint is then moved to strictly contain this eigenvalue, and the algorithm
iterates until all approximated eigenvalues fall within the bands. We find this approach to be
the most accurate, and the eigenvalues are computed to machine precision, so the algorithm
needs only 4 Rayleigh quotient computations to accurately approximate the true bands.

On the other hand, if one only cares that the iteration converges and is not concerned
with the rate, a simpler approach can be applied. If one takes the initial guess for the
bands to be the symmetric intervals [—b, —a] U [a, b], convergence can be obtained without
moving the interior endpoints. This follows from the fact that the iteration converges if
Regs(Ar) < Regs(0) for all eigenvalues Ay of A and that Regx(z) is maximized on [—a, a]
at z = 0. Thus, one only needs to adjust the parameter b so that Regs(\x) < Regx(0) for
all eigenvalues such that |\g| > b.

5.5 Examples and Applications

Since this work is inspired by that of Saad, we first consider an example presented in [132]
Section 8.1]. Let A € R*9%200 he a diagonal matrix with eigenvalues spaced uniformly in
[—2,—0.5] U [0.5,6], and let b = Ae where e € R?*™ is the vector of all ones. We run the
Akhiezer iteration using ¢ = 1 Akhiezer polynomials and plot the relative residuals in Figure
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Figure 5.2: Relative residuals at each iteration of the Akhiezer iteration applied to a diagonal
matrix A € R29%2%0 with eigenvalues spaced uniformly in [-2,—0.5] U [0.5,6] and b = Ae.
The rate of convergence is well-approximated by the reference line Ce™*Res=(0),

5.2 We observe that this looks similar to the result in [132].

To construct a more complicated example, we consider a 200 x 200 real matrix with
randomly generated eigenvalues in [—2,—0.5] U [0.5,6]. We construct A by moving the
eigenvalues off the intervals by adding a Gaussian perturbation and removing the near-
diagonal structure by conjugating by an orthogonal matrix. Again, we take b = Ae. In
Figure|5.3] we plot the eigenvalues of A on a contour map of Regy, and the relative residuals
for the first 370 iterations of the Akhiezer iteration using g = 1 Akhiezer polynomials.

To demonstrate the convergence of the Akhiezer iteration for matrix function approx-
imation, we consider the same matrix A as the previous example but let b € R?*® be a
random Gaussian vector. We let the contour be two circles: one centered around each in-
terval with diameter 1.15 times the length of the interval. We take 200 quadrature nodes
divided between the two circles proportionally to their width. First considering the entire
function f(z) = exp(x), we use with g = 1 Akhiezer polynomials to approximate f(A)b
and plot the 2-norm of the difference between this approximation and f(A)b in Figure .
We observe superexponential convergence until the iteration saturates due to rounding er-
rors. Instead, letting f(x) = tanh(z) and then f(z) = exp(x)/x, we plot the same errors
at each iteration in Figures and for two different matrices A. We observe that this
approach allows one to compute f(A)b for functions f that have singularities at zero, albeit
at a slower rate than for functions with singularities farther away from . Furthermore, the
bound of Theorem [5.3.7] estimates the convergence rate accurately when the spectrum of A
is contained in Y and is pessimistic but close when this is not true.
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Figure 5.3: Eigenvalues of a matrix A superimposed on a contour plot of Regx(z) (left) and
relative residuals at each iteration for the Akhiezer iteration applied to Ax = b := Ae. The
asymptotic rate of convergence is well-approximated by the reference line Cee®(®:4),

f(x) = exp()
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Figure 5.4: 2-norm error at each iteration for the Akhiezer iteration approximation to f(A)b
where f(z) = exp(z), A € R?0*20 i5 as in Figure [5.3] and b € R* is a random Gaussian
vector. The iteration converges superexponentially, saturating within 20 iterations.
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f(x) = tanh(z)

£, — f(A)D]
I£,— f(A)BI,
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Figure 5.5: 2-norm error at each iteration for the Akhiezer iteration approximation to f(A)b
where f(z) = tanh(z) (left) and f(z) = exp(x)/x (right), A € R?%*2%0 has randomly
generated eigenvalues in [—2,—0.5] U [0.5,6], and b € R*? is a random Gaussian vector.
The convergence rate bounds C;e?(7/%4) (left) and Cye?”(%4) (right) approximate the true
convergence rates.

f(z) = tanh(z) f(@) = exp(z) /2

I, — f(A)b]
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Figure 5.6: 2-norm error at each iteration for the Akhiezer iteration approximation to f(A)b
where f(z) = tanh(z) (left) and f(z) = exp(z)/x (right), A € R?%*2% ig a5 in Figure [5.3]
and b € R?® is a random Gaussian vector. The convergence rate bounds C;e?(7/%4) (left)
and Cye™(A) (right) approximate the true convergence rates.
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[—2, — 0.5] U [0.5, 6] [—2, — 0.5] U [0.5,0.7] U [5.8, 6]

% —@— Errors —@— Errors
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Figure 5.7: Relative residuals at each iteration for the Akhiezer iteration applied to Ax =
b where A € R29%200 hag eigenvalues near [—2, —0.5] U [0.5,0.7] U [5.8,6] and b € R
is a random Gaussian vector with Akhiezer polynomials on [—2,—0.5] U [0.5,6] (left) and
orthogonal polynomials with the weight on [—2,—0.5]U[0.5,0.7] U [5.8,6] (right). The
convergence rate e”(%4) plotted in the reference line is approximately 0.888 (left) and 0.787
(right). The iteration converges to a relative residual of 107! in 177 iterations (left) and
102 iterations (right).

To illustrate the advantage of having more knowledge of the spectrum, we consider A and
b constructed in the same manner as the previous example but with the original eigenvalues
taken to be in ¥ = [—2,—0.5] U [0.5,0.7] U [5.8,6]. In Figure [5.7} we plot the convergence
of the Akhiezer iteration using Akhiezer polynomials on [—2, —0.5] U [0.5, 6] and orthogonal
polynomials with the weight on Y. We find that the iteration converges to a relative
residual of 1071% in 177 iterations in the former case and 102 in the latter in spite of the
unbounded behavior at the endpoints of orthogonal polynomials with the weight .

As a final example, we consider the boundary-value problem (BVP) on [0, 1]:

Applying a centered finite difference approximation on an equally spaced grid of 100 points
yields a symmetric indefinite linear system Ax = b with eigenvalues on the positive real axis
that are unbounded as the grid spacing is refined. To control the eigenvalues, we apply a
preconditioner L~! where L corresponds to a centered finite difference approximation on the
same grid applied to the BVP
d2
_@u(x) =Y

u(0) = u(l) =
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[—416236, — 0.24854] U [0.25104, 3.10107] [—4.15388, — 0.28391] U [0.44168, 1.01575]
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Figure 5.8: Relative residuals at each iteration for 250 iterations of the Akhiezer iteration
applied to a preconditioned BVP for two different approaches for adaptive band selection
(left: Algorithm [4] right: Algorithm [} moving one endpoint at a time). The convergence
rate e”(%4) plotted in the reference line is approximately 0.933 (left) and 0.879 (right).

We then expect L™' A to have the majority of its eigenvalues bounded by 1 on the positive real
axis with the remaining eigenvalues on the negative real axis. Thus, we apply Algorithm 4] to
the system L™'Ax = L~'b with an initial guess of ¥ = [-2, —0.5] U [0.5, 1] and parameters
Yo = 5,7 = 0.7 and obtain the bands ¥ = [-4.16236, —0.24854] U [0.25104, 3.10107]. The
true eigenvalues of L™1A fall in [—4.14928, —0.28169] U [0.43062, 0.99921] with eigenvalues at
each endpoint, so this algorithm does a good job of capturing the “worst offender” but far
overshoots the right endpoint. However, applying the modification of Algorithm [4]to optimize
the convergence rate described in Section yields the bands ¥ = [—4.15388, —0.28391] U
[0.44168, 1.01575]; these are very close to the true bands, but note that the interval endpoint
—0.28391 < —0.28169, and an eigenvalue lies outside the computed bands. This occurs due
to difficulties in approximating the exact matrix polynomial growth rate (r in Algorithm
but gives just a slight perturbation to the geometric rate of convergence. Furthermore,
applying the variation with inner products finds the true bands to full precision.

In Figure [5.8, we plot the relative residuals when applying the Akhiezer iteration to
L~!'Ax = L~ 'b with the Akhiezer polynomials on 3 = [—4.16236, —0.24854]U[0.25104, 3.10107]
and the Akhiezer polynomials on ¥ = [—4.15388, —0.28391] U [0.44168,1.01575] for 250 iter-
ations.

5.6 Discussion and open questions

The Akhiezer iteration introduced in this chapter is extended to Sylvester matrix equations in
Chapter [0, where the same polynomial approximation framework yields inverse-free iterative
methods with sub-cubic arithmetic complexity for low-rank right-hand sides.
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First, in this chapter, we have not addressed the question of adaptivity for matrices with
eigenvalues off the real axis. In [106], this is handled for the classical Chebyshev iteration by
estimating the convex hull of the spectrum via the power method and choosing the iteration
parameters based on the known “optimal ellipse” containing this convex hull [105]. For
the Akhiezer iteration, similar eigenvalue estimations could be employed, but one would
instead need to look for at least two distinct regions of eigenvalues rather than the convex
hull. Extending the notion of the optimal ellipse to a higher genus seems to be the primary
difficulty. That is, given ellipses containing the spectrum, finding the intervals that optimize
the convergence rate of the Akhiezer iteration requires a generalization of the results of [105]
to more complex geometries based on the level curves of Regs(z). How to best approach
this is an important and interesting question that we leave for future work.

On the other hand, the adaptivity techniques for symmetric matrices of Section 5.4} can be
used for eigenvalue approximation, even when decoupled from the Akhiezer iteration. When
the eigenvalues are contained in two disjoint intervals, the variant based on inner products
computes both interior and exterior eigenvalues to full precision. In particular, given any
symmetric matrix, one could compute interior eigenvalues in the interval [b, ¢] by choosing an
initial guess of [a,b] U[c, d]. Then, the algorithm would compute two consecutive eigenvalues
in [b, ] or leave b and/or ¢ unchanged if there are zero/one eigenvalues in this interval. This
requires at most 4 Rayleigh quotient computations, so this provides an efficient method to
compute interior eigenvalues to full precision.
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Chapter 6
SYLVESTER MATRIX EQUATIONS
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6.1 Introduction

This chapter is based on [20]. Code used to generate the plots in this chapter can be found
at [21].

In numerical linear algebra, a fundamental problem is computing the solution of the
Sylvester matrix equation , with X as the unknown. It appears in applications related
to model reduction and stability analysis for large-scale dynamical systems [10,82,/126],
eigenvalue assignment for vibrating structures [38], noise reduction in image processing [39],
various tasks in control systems and signal processing [28,(72,/103],/161], and the solving
of partial differential equations (PDEs) [37,/71,/110,/139]. We consider the case where the
coefficient matrices A and B are diagonalizable with spectra each contained in disjoint
regions on or near the real axis.

Iterative methods for solving these equations have been a central focus of research for
several decades (see [137] and the references therein), and this has co-evolved alongside the
broader development of rational Krylov methods [26]31,/131] and related iterative solvers
that fundamentally involve approximations via rational functions. In settings where C is
low rank and A and B are banded, sparse, or otherwise structured so that shifted inverts
are inexpensive, rational-based iterative methods can be extraordinarily effective. However,
when A and B are dense or otherwise costly to invert, such methods will become prohibitively
expensive, offering no advantage over the O(m®+n?) direct solver of Bartels and Stewart |23,
which is itself too costly in the large-scale setting. A natural alternative one might look for
is an iterative method based on polynomial approximation. This avoids the cost of inversion,
instead requiring low-rank matrix-matrix products when C is low rank. Existing methods
based on such ideas (e.g., (block) polynomial Krylov methods) incur a cost per iteration that
grows cubically with respect to the iteration number due to the orthogonalization step [136],
often suffer from storage constraints, as they require storing all previous iterations, and
their convergence rates are often too slow to capture the singular value decay of the true
solution [94,|126]. Such methods also require residual-monitoring, while the methods that
we introduce here do not.

With the limitations of competing methods in mind, we consider a successful method for
solving when C is low rank and A and B are dense to be one that requires o(n® +m?)
arithmetic operations and o(nm) stored entries. Direct and rational-based solvers typically
fail at the former, while standard polynomial-based methods typically fail at the latter.

Here, we introduce two new polynomial-based iterative methods for solving Sylvester
matrix equations that achieve both criteria using the Akhiezer polynomials. Because these
polynomials have good convergence properties on cut domains, we are able to obtain rates
of convergence in our algorithms that are geometric with the degree of the polynomial (and
number of iterations). The result is a collection of inverse-free iterative methods with prov-
able, and often explicit, geometric rates of convergence (see Figure. When C is low rank,
as is often the case in practice, the methods developed here only require low-rank matrix-
matrix products and some low-dimensional QR and singular value decompositions. They do
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not require storage and orthogonalization against a growing collection of basis vectors. Since
we have error bounds, monitoring of a residual or other convergence indicators is also not
required. When X is numerically of low rank, these methods can be used to construct an
approximate solution in low-rank form.

A particularly attractive feature of the methods that we introduce here is that their
convergence rates are easily determined a priori. That is, denoting the true solution to (1.2)
by X, the kth iterate X} satisfies

IX — X < Co, (6.1)

in an appropriate norm for some constants C' > 0 and 0 < o~! < 1. Let o(M) denote the set
of eigenvalues of a linear operator M, i.e., the spectrum. If (A) C [a, 1] and o(B) C [—1, —q
for a € (0,1), Method 1 (developed in Section has convergence rate

o) =y 6:2)

while Method 2 (developed in Section has convergence rate

_1-va
C1+4a

In 138, Equation 3.1], Simoncini and Druskin give an error bound of the form (6.1)) for
a polynomial Krylov method (e.g., |137, Algorithm 5]) in the Lyapunov caseﬂ B = AT,

C = UUT with
o () = YOI Z VA
\/a—0—1+\/2a‘

In Figure 6.1, we plot these convergence rate bounds, as a function of a, as well as the
storage required for a test problem. We observe that both of our methods exhibit slower
convergence than the polynomial Krylov method, although Method 2 is quite competitive.
As we demonstrate below, Method 2 can be comparable to a polynomial Krylov method in
runtime, as the iterations of such a method require orthogonalization and are therefore more
expensive. On the other hand, run for enough iterations, both of our methods outperform
a generic polynomial Krylov method [137, Algorithm 5] in terms of the maximum required
storage. Despite having the slowest convergence rate, Method 1 tends to perform the best
in this sense.

0 '(a) (6.3)

(6.4)

1See 98] for more general error bounds. Our methods should also be able to provide error bounds for
polynomial Krylov methods, and this will be explored in future work.
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Figure 6.1: Left: Convergence rate bounds ,, for solving with a polyno-
mial Krylov method, Method 1, and Method 2, respectively, when B = —AT, C = UUT,
and o(A) C [a, 1], plotted as a function of a. Right: Number of stored matrix entries re-
quired at each iteration of each method applied to the problem of Figure described in

Section [6.2.2, with A, B dense.

6.1.1 An approach based on matriz functions

The two primary classes of iterative methods developed for solving are those based
on Krylov subspace projections, such as the block polynomial Krylov method, extended
Krylov method [136] and the rational Krylov subspace method [25]60], and those based
around directly using rational approximations to construct low-rank solutions, including the
cyclic Smith method [126,/133,/140], the low-rank alternating direction implicit (LR-ADI)
method [29,/104], and their variants. A distinct idea, first introduced by Roberts in [130]
in the context of solving matrix Riccati equations, is based instead on approximating the
matrix sign function [30,/57,[86]. This is also the core idea animating Method 1 below. We
define the sign function somewhat unconventionally as follows:

Definition 6.1.1. Let Up and Ug denote two disjoint sets in C. Then, the function sign(z) =
sign(z; Ua, Ug) is defined on Ux U Ugp as

. 1, z € UA,
sign(z) = 1 osetn

When the context is clear, we simplify the notation and refer to sign(z) without explicitly
listing the sets it is defined on. If 0(A) C Ua and o(B) C Up, then using the definitions for
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matrix functions we develop below,

(A 0\ (I, 0\(L, 0\(I 0\ (I 0 (65)
"#leB)"\x 1,)\0 -1,)\-x 1,) 7 \2x -1,/ |
H

Using ([6.5)), the solution X of (1.2) can be obtained by computing the matrix 1 sign(H) and
isolating the lower left block [86, Section 2.4]. To get an inverse-free iterative method for
computing X from this, we construct an approximation

sign(z) ~ Z a;p;(2), (6.6)

where (pj(z))jozo are the Akhiezer polynomials, and are therefore orthogonal with respect

to a special inner product. An efficient numerical method for evaluating these polynomials
(and computing the coefficients «; in the expansion) was recently introduced in [1819].
In principle, one can simply evaluate at z = H and extract the appropriate block
to create an approximate solution to . Evaluating each p;(H) directly is expensive
since the dimensions of H are double those of the original problem, and we seek to avoid
this. Using the block triangular structure and the three-term recurrence satisfied by the
Akhiezer polynomials, we develop a recursion that describes the evolution of the lower left
block as j grows, so that in most cased?] the resulting method only incurs a per-iteration
computational cost on the same order as the cost of matrix-vector products with A and B.
Under our convergence heuristics, O (log(m + n)) iterations are required to satisfy an error
tolerance, and therefore the overall cost of the low-rank variation of the method when A and
B are dense is O(m?logm + n?*logn).

The second method that we introduce functions largely in the same manner. Rather
than passing to a sign function, we directly approximate the inverse of the Sylvester operator
SasY = YA — BY via

1 m

; ~ ]ZO Q;jPj (Z),
where (p;(2))7, are again the Akhiezer polynomials. Again, the resulting method incurs
a per-iteration computational cost on the same order as the cost of matrix-vector products
with A and B in most cases, requiring O (log(m + n)) iterations to satisfy an error tolerance
with an overall cost of O(m?logm + n?logn) when A and B are dense. Both methods that
we introduce allow for compression at each step. Empirically, this, in combination with the
three-term Akhiezer polynomial recurrence, ensures that o(nm) entries need to be stored
when C is low rank. These methods can also be applied when the spectra of A and B lie in
or near an arbitrary number of real intervals, as in Chapter [5]

2The cost of the compression step dominates if the cost of matrix-vector products is o(m + n).
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Inverse-free iterative solvers can be advantageous in settings where the coefficient matrices
are dense, where fast matrix-vector product routines for these matrices are available, and in
settings where coefficient matrices are not directly accessible and only their action can be
observed. We view the Akhiezer-based method presented here as an analog to the Chebyshev
iteration for solving linear systems. The Chebyshev iteration can be advantageous over the
conjugate gradient method or GMRES since it only requires short recurrences and avoids
orthogonalization steps, and the Akhiezer-based approach is advantageous over polynomial
Krylov methods in the same way. Our hope is that the availability of a new inverse-free
method will prompt further developments, including investigations into other use-cases and
the analysis and development of analogous polynomial families for more general domains. As
we show in Section [6.5, Method 1 also supplies a new approach for related tasks, including
the evaluation of the Fréchet derivative of matrix functions and the solving of other matrix
equations. There is also a natural connection to the general evaluation of functions of
matrices, which is thoroughly discussed in Chapter [f]

Figure|6.2|compares the errors in approximating the sign function via Akhiezer polynomi-
als with the approximation error achieved via optimal rational approximation [6, Chapter 9]
(see also [115/154]) on various subsets of [—1,1]. While we cannot expect to achieve the
optimal rational convergence rate, the convergence rate is fast enough to yield a competitive
algorithm in regimes where inversion is costly. Comparisons with other inverse-free methods
are shown in Section [6.4 Furthermore, this convergence rate can be determined a priori
using only the intervals constituting the cut domain. It is governed by the level curves of
the function e®°92() where gs(z) is the classical Green’s function with pole at infinity de-
fined in Section [68,/162]. The convergence rate of an approximation to a function f is
governed by the largest value of ¢ such that f can be analytically extended to the level set
Regx(z) < ¢ [162].

For the sign function, this maximal level set will correspond to a value ¢* such that
the level curves Regy(z) = ¢* around each interval intersect. Thus, as ¢ crosses ¢*, we
see a bifurcation of a connected level curve to a disconnected level curve, or vice versa.
In Figure 6.3 we demonstrate this. We describe an inexpensive method to compute this
intersection point, and thus the rate of convergence of Method 1, in Section [6.2.3] Plots of
these level curves for more general domains can be found in [63].

6.1.2 Related work

As stated above, many polynomial-based methods suffer from growing per-iteration cost,
heavy storage requirements, and necessary residual computation which, in conjunction with
the slower convergence rate of such methods relative to rational-based methods, make large-
scale problems intractable. Considerable effort has focused on improving such methods on all
three fronts [41194,96,121,122]. In particular, the method of [121] both greatly reduces the
per-iteration cost and storage requirements of polynomial-based Krylov subspace methods
while accelerating convergence. Despite the fact that the convergence of polynomial-based
Krylov methods is slow compared to that of rational Krylov methods, the savings induced by
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Figure 6.2: Error plots of Akhiezer polynomial series and optimal Zolotarev rational approx-
imations to the sign function on different cut domains.
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—-0.25¢

-0.50

Figure 6.3: Generalized Bernstein ellipses for the cut domains [—2,—0.1] U [0.1, 1.5] (left)
and [~2, —0.5]U[0.5, 6] (right). These are level curves of ef¢92() from Lemma 5.3.6| The red
dashed line is the level curve where the curves around each interval first intersect, Re gs(2) =

c*, and this governs the convergence rate of the Akhiezer polynomial approximation to the
sign function on these domains.

solving the smaller sketched problems can make up the difference because of the per-iteration
savings. We suspect that the use of the Akhiezer polynomials in concert with a sketched
Krylov subspace method might lead to faster runtimes for such schemes, but we leave this
for future work.

Owing to the fact that sign(H) = H(H?)~'/2, iterative methods for computing matrix
square roots can be used to evaluate the matrix sign function. While many of these algorithms
make use of inversion, the Newton-Schulz iteration is an exception. More precisely, the
Newton—Schulz iteration to compute the sign function is simple:

1
Hy = SH, (31— HY).

This iteration converges quadratically, but it requires that ||I — H?|| < 1 in a subordinate
matrix norm [86, Section 5.3]. By contrastlﬂ, the methods presented here can be applied
whenever the eigenvalues of H are close to known intervals on the real axis. We discuss
other connections with algorithms for the matrix square root in Section [6.5.3] and refer
to [86] for a thorough survey.

3Newton—Schulz can be modified to converge globally, but this requires H to be Hermitian [44].
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6.1.3  Organization

The rest of this chapter is organized as follows. In Section (6.2, we present Method 1,
extending the Akhiezer iteration to an inverse-free iterative method for solving Sylvester
matrix equations via the matrix sign function and analyze its complexity and convergence
properties. In Section [6.3] we present Method 2, using the Akhiezer iteration to directly
approximate the inverse of the Sylvester operator and again analyze its complexity and
convergence properties. In Section [6.4] we apply the methods presented here to solve integral
equations and two-dimensional PDEs. In Section [6.5, we discuss other related applications.

6.2 DMethod 1: the matrix sign function

We now turn to solving the Sylvester matrix equation . We assume that the spectrum of
A is contained in Ua and that the spectrum of B is contained in Ug. Suppose = = a+¢eR is
chosen such that the halfplanes Hp and Hg separated by = contain U and Ug, respectively.
Then, define

1, z € Hj,

6.7
1, S HB. ( )

sign: C\ =2 — C, sign(z) = {
The choice of = will affect the convergence rate estimates that appear later in this section.
The solution of (1.2]) can be obtained as a subblock of the matrix sign function of the
block matrix H in (6.5)). This follows from the factorizations

(el n)-(eB)(x 1) (hs)-(x 1) (6 8):

so ((1.2)) is equivalent to the equation

AR (R [ B

When o(A) C lag,bs] C R, 0(B) C [a1,b1] C R, and b; < ag, the Akhiezer iteration
for © = [a1,b1] U [as, b), as presented in Algorithm [3| can be directly applied to compute
sign(H) (with b = I), and thus solve the Sylvester equation (L.2). Note that despite its
discontinuous nature, the sign function can always be defined so that it is analytic in a
(disconnected) region containing >. We discuss this application and efficiency improvements
in the following subsections.

This construction directly yields the following solution formula for (|1.2)), where the con-
vergence of the infinite sum follows from Lemma below:

Theorem 6.2.1. Define the sign function as in and let 0(A),c(B) be contained in the

interior of 3 = U?g [aj,b;] C R where = does not intersect . Let w be a weight function of

the form (3.5)) and denote the corresponding orthonormal polynomials by (p; (x))jio Then,
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the solution of the Sylvester equation (1.2)) is given by

= A 0 .
X =3 api () sinsm i H:(C B), 0y = [ sign(e)py(eyu o).
=0

Remark 6.2.2. The assumption that o(A),0(B) C ¥ in Theorem is unnecessary.
In the notation of Chapter [3, this assumption may be replaced with the requirement that
v(zo; H) < 0, where z, is any point on the level curve T'y(X), interior to which the sign
function is analytic. See Lemma|5.3.6.

6.2.1 Isolating the lower left block

Since only the lower left block of sign(H) is required to solve the Sylvester equation (|1.2)),
we can reduce the necessary arithmetic operations using the following lemma.

Lemma 6.2.3. Given a sequence of orthonormal polynomials (pj(z));io with three-term
recurrence (2.5)), the lower left block of p;(H) where

A0
m=(c )

CpJ(A) + Gj,

s given by

where G satisfies

GO = _C7
1
G = —(GyA + (ag+1)C),
1 bo( 0 (o )C) (6.9)
1 . .
G; = T (Gj—lA +pji—1(B)C — d;-1Gj_1 — bj—2Gj—2) ;] =2
i1
Proof. See Appendix [A.3] O

Lemma allows the Akhiezer iteration applied to Sylvester equations to be imple-
mented such that full block (n 4+ m) x (n + m) matrix-matrix multiplications are no longer
needed; however, the matrix polynomials p;(A) and p;(B) are both still required to com-
pute the desired lower left block. Thus, recurrences for these matrix polynomials and the
approximate solution can be run in parallel, effectively decoupling the large matrix-matrix
product into five smaller ones. A Sylvester equation solver based on this decoupling can be
implemented as in Algorithm
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Algorithm 5: Decoupled XA — BX = C solver via the Akhiezer iteration

Input: Matrices A, B, C and the Akhiezer data (functions to compute recurrence
coefficients ay, by and pr-series coefficients «y, for the sign function).

Set X() = 0.

for k=0,1,... do

if k=0 then
Set po(A) =1.
Set po(B) =1
Set GO =—-C.
else if k=1 then

Set p1(A) = %(Z%(A)A — Gopo(A)).

Set p1(B) = ;- (Bpo(B) — dopo(B)).
Set G1 = ;-(GoA + (ay +1)C).
else
Set pr(A) = j)k%l(pkfl(A>A — Ap—1Pk—1(A) — by_apr_a(A)).
Set pr(B) = ﬁ(Bpkfl(B) — Ag—1Pk—1(B) — bp_2pr—2(B)).
Set G, = ﬁ (quA + pr—1(B)C — ap—1Gj—1 — 6k72Gk72)~
end

Set Xk+1 =X+ a—2k (Cpk<A) —+ Gk>
if converged then
| return Xj.;.

end
end
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6.2.2 Compression and low-rank structure

In the case where the data matrix C in (|1.2)) is low rank, Algorithm [5|is suboptimal in that
it requires full matrix-matrix products. Moreover, it is known that when the rank of C is
bounded above by a small number » and A and B are normalE] with well-separated spectral
sets, then X is well-approximated by a low-rank matrix [27]. We say that such a matrix is
numerically of low rank. Specifically, we say that X is numerically of rank k& with respect
to the tolerance 0 < € < 1 if the (k + 1)st singular value of X is bounded above by || X]||re.
Throughout this chapter, we take ¢ = 10~**. Rather than constructing X, outright, it is
preferable to construct low-rank factors WZ, = X,.
Here, we suppose we are given a low-rank factorization of C in ([1.2)), and so consider the
equation
XA -BX=UV, (6.10)

where U € C™*" and V € C"™" are given with r much smaller than m and n. To incorporate
the low-rank structure into our iteration, we note that the recurrence (2.5) can be left- and
right-multiplied, respectively, giving

VPO(A) =V,
Vpi(A) = %(VPO(A)A —aoVpo(A)),

1 .
Vpr(A) = B—(Vpk—1(A)A — A1 Vpr—1(A) — bp_aVpr_—o(A)), k> 2,

k-1
and

pO(B)U =U,
1

p1(B)U = B_(BPO(B)U — aopo(B)U),
0
1 .

p(B)U = B_(Bpk—l(B)U — ap—1Pk-1(B)U — br_opr—2(B)U), k> 2.
k-1

By computing with only these recurrence formulae, we circumvent the need to compute the
full diagonal blocks of p;(H), greatly reducing the size of the needed matrix-matrix products

4Generalizations for the nonnormal case are also known [27].
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when r is small. Letting G; = J;K;, we write the recurrence in block low-rank form as
JoKo =Gy =-UV,
1 KoA
J1K1:G1:T(Jo (ELO+1)U) ( 0 ),
bo v
Kj_lA
AY
K.y |’
K]',Q

Ik, = Gj=+— (Jj-1 pii(B)U —a51djo1 —bj2d; )

j—1

j>2.

Then, letting X, = W Z,, the update step from Algorithm [5| can be written as
Wii1Zy1 = Xpp1 = (Wi U 2£J,) | Vpe(A)

These relations allow Algorithm [5] to be decoupled such that two matrices, Wy and Zy, are
updated separately and the approximate solution is the product of the two. However, their
direct use is hampered by the fact that the number of rows or columns grows rapidly with
k. To address this, we compress these matrices to their numerical rank as needed. A simple
compression method based on the QR/LQ and singular value decompositions (SVD) is given
in Algorithm [6]

Algorithm 6: Simple compression of (J, K)

COMPRESS(J, K, €)

Input: Matrices J € C™*", K € C™*¢ and tolerance e.

Run QR on J to get Q;R = J.

Run LQ on K to get LQk = K.

Run SVD on RL to get UXV = RL.

Truncate 3 so that all discarded singular values satisfy o3/, 07 < ¢, leaving
3 € RFE,

Truncate rows or columns of U and V as appropriate, leaving U € C™** and
V € ChxL,

~ ~o1/2 & & 1/2.-
Return J =Q;UY " K=X

Given a method that compresses the matrices J,K; and W, Z; to match their numerical
rank, the above recurrence relations allow Algorithm [5[to be rewritten so that only low-rank
matrix-matrix products and compression steps are necessary to compute a solution. An
implementation of this is given as Algorithm [7]

This algorithm chooses compression tolerances in a manner that depends on the iteration
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Algorithm 7: Low-rank XA — BX = UV solver using the Akhiezer iteration for
the sign function

Input: Matrices A, B, U, V, the Akhiezer data (functions to compute recurrence
coefficients ag, by and py-series coefficients «y, for the sign function), computed

de
Init
for

end

cay rate p and constant ¢ as in Section [6.2.3) and compression tolerance .
ialize Wq and Z, to be empty.

k=0,1,... do

if £=0 then

Set Vpo(A) =V.
Set po(B)U = U.
Set Jo = —U.
Set Ko =V.

else if k=1 then

Set Vpi(A) = 5 (Vpo(A)A — agVpo(A)).

bo
Set p1(B)U = ;-(Bpo(B)U — agpo(B)U).
Set J1 = % (JO (ELO + 1)U)
KoA
Set K1 = ( \Of )
else

K. A
A%
Set Kk = Kk_l
Ky
end

Set Jy, Ky = COMPRESS(J, Ky, £°).
Set Wk+1 = (Wk O;—kU %Jk)

Zy,

Set Zk+1 = Vpk(A)

Ky

Set WkJrl, Zk+1 = COMPRESS (Wk+1, Zk+1, 6).
if converged then

| return Wy, 7.

end
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Figure 6.4: Numerical rank of the iterates of Algorithm |7| with unweighted compression
(left) and error of the approximation at each iteration against the true solution X, of ,
computed via sylvester, the built-in Julia implementation of the Bartels-Stewart algo-
rithm [23] (right). Here, A € R!000x1000° B ¢ R900x900" TV is rank 2, and the numerical
solution appears to have numerical rank 14.

step which we now motivate. Since X will be numerically of low rank, we expect the ap-
proximate solution W;Z; of Algorithm [7] to be numerically of low rank for all k. However,
we have no reason to expect the lower left block of p;(H) to be numerically of low rank for
large 7, meaning that as the iteration count increases, a low-rank object is being constructed
out of increasingly higher-rank objects. In Figure [6.4] we plot the numerical ranks of both
the component pieces J,K; and of the approximate solution W Z, for an example problem
where A € RI000>X100°5(A) C [2,3], B € R0 5(B) C [-1.8,—0.5], U € RY%%2 and
V € R?*190  The numerical rank of J, K, appears to grow, while the numerical rank of
W, Z, converges to that of the true solution. The reason for this is that J,Kj is always
scaled by a pj-series coefficient oy, when W Z;, is updated, but these coefficients decay expo-
nentially as k increases [19, Lemma 4.10]. Due to this decay and the fact that J,Kj is used
to generate Ji, 1Ky 1, one may consider enlarging the tolerance (as in Algorithm @ in the
compression of J,Kj by the decay rate of |ag|. See Section for a full discussion of this.
In Figure 6.5 we plot the numerical rank of J,K; and WZ, when the compression of J,Kj
is weighted by the decay rate. We observe that the rank of J,K; now decays as the rank of
W Z,. converges to that of the true solution, but the convergence rate of the iteration is not
noticeably affected.

6.2.3 Parameter tuning and heuristics

To determine the convergence rate o~' when f is the sign function, consider 3 = [ay, b] U
las, bo], by < ag. The largest value of ¢ such that f(z) = sign(z) can be defined so that it
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Figure 6.5: Numerical rank of the iterates of Algorithm |7| with weighted compression (left)
and error of the approximation at each iteration against the true solution X, (right). The
problem is the same as that of Figure [6.4 and only the tolerance for the compression of
J K} was changed.

is analytic in B, will correspond to the value of p where the disjoint level curves around
la1,b1] and [ag, bo| first intersect, as o increases. This intersection point is precisely the
unique local maximum of Regy(z) for z € [by,as]. The location of this intersection follows
from [19, Appendix A] and is given byﬂ

az zdz

ot = b1 z—a1Vz—bi\/z—a2\/z—by

- faZ dz
b1 z—a1vz—bivz—a2v/z—b2

Given the intersection point z* of the level curves, we have the following bound on the
coefficients of a pj-series expansion of the sign function:

oy = | (sign, p;) 2, s)| < Co?, o = eMeoCT),

for some constant C' > 0 that cannot in general be computed.

Remark 6.2.4. In the symmetric case ¥ = [—=b, —a] U [a, b], 0 < a < b, we have that z* =0
and [65]

+1

-1

SHISY

g:

Q|

We use this bound to inform a heuristic for the weighted compression described in Sec-

’A formula for z* may also be obtained by differentiating the formulae in [19, Section 3.1 and 4.1.1];
however, given the ease of computing gs, via the formula in |19, Section 4.1.1], we find that it is fastest
and easiest to find the intersection point z* via a numerical method such as the golden-section search.
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Figure 6.6: Modulus of the coefficients of an Akhiezer polynomial series approximation to
the sign function on [—1.8, —0.5]U[2, 3] (left) and [—1.8, —0.1]U[0.1, 3] (right) plotted against
the convergence rate heuristic with ¢ = 5 until the heuristic is smaller than 1071,

tion [6.2.2 We find that the weighted compression step tends to behave well when the
tolerance is simply multiplied by % at iteration k where p is computed a priori and ¢ is a
chosen constant taken in place of C'. Since the coefficients ; are computed a priori, one may
simply select ¢ such that |a;| < co™ by plotting or other means; however, we find that it
typically suffices to take ¢ = 5. One can always plot the series coefficients if uncertain. See
Figure for plots of the coefficients against the heuristic with ¢ = 5.

6.2.4 Convergence and stopping criteria

In this subsection, we present a convergence analysis that is largely a simplified version of
that of [19, Section 4] under the additional assumption that the eigenvalues of the matrix lie
in the interior of ¥. Some results are reproduced directly without proof. We begin with the
following definition to simplify the analysis:

Definition 6.2.5. We say that a matriz is generic if it is diagonalizable and none of its
eigenvalues lie at endpoints of 3.

See [19, Section 4.1.1] for remarks on how the analysis can be extended to nongeneric
matrices.

Theorem 6.2.6. Under the assumptions of Lemma |5.5.0, suppose that M 1is generic and
o(M) C X. Then, there exists a constant C' > 0, independent of f, such that the approzi-
mation (5.4)) satisfies

o
1—poV

1F(M) = Fyll, < M|Vl [V,
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where M is diagonalized as M = VAV 1,
Proof. By the triangle inequality,

Z a;p;(M
2

= CM|[Vl2 [V, Zg J Jmax |p; (V)]

1F (M) = Flly =

<> MV llp (M, [V,
j:k

Since A lies in the interior of X for all A € o(M), by Lemma [5.2.2] there exists some constant
¢ such that

pi ()] = |500] e <

for all j and A € o(M). The theorem follows from using €' = ¢C' and

fk

d o= —. (6.11)

Jj=k

]

Theorem [6.2.6] implies that the Akhiezer iteration converges, at worst, at a geometric
rate given by o~!. If f is the sign function, then M = 1. This theorem then implies that
there exists some constant Dyy > 0, dependent on the eigenvectors of M, such that

—k

Isign(M) — Fell, < Du £ = (6.12)
In particular, for a given tolerance ¢ > 0, we require
c(l-o")
[ | 6.13
[ e (6.13)

iterations to ensure that
||sign(M) — Fyl|, <.

Since it depends on eigenvectors and orthogonal polynomial asymptotics, Dy cannot be
cheaply computed in general. Like with the orthogonal polynomial series coefficients, we
hypothesize an upper bound Dy; < 10/ for generic M € C*** that are not highly nonnormal.
One can always run more iterations if this hypothesized bound appears insufficient.

We note that in finite-precision, the iteration will saturate when the coefficients «;; reach
machine precision €., We use

. {min {_ log, (6(11_—051)> , — log, (Em;Ch> H ’
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Figure 6.7: 2-norm error for X, against the true solution X, to (computed via
sylvester in Julia) at each iteration where C is rank 2, A, B € R?%0%2%0 (left), A,B €
RI000X1000 (right), o(A) C [2,3], and o(B) C [~1.8,—0.5]. Here, the reference line denotes
the convergence rate heuristic (6.14) with Dy replaced by the hypothesized upper bound
10(n +m).

iterations in place of (6.13]).
Now, consider H from and let X, denote the true solution of the Sylvester equation

(1.2). Of course, the error of interest is X; — X, not sign(H) — F;. Naively, we have

Dy o"
2 1—po 1

X~ X.[lo <  [lsign(F) — Fil, < (614
Empirically, we find that the error in this iteration does not decay faster than the geometric
rate given by o7!, so we do not seek to improve it further — we use the same hypothesized
upper bound Dy < 10(n + m) to determine the iteration count . In Figure , we
plot the errors || X — X.,||2 at each iteration against this heuristic and observe that it does
indeed capture the convergence rate and provide an upper bound until errors saturate.

6.2.5 Quadrature error analysis

In this subsection, we discuss the inexactness of quadrature rules. These results can also be
found in Chapter [5l One assumption that was made in the preceding convergence analysis
was that the coefficients «; in the p;-series expansion of f were computed exactly. To relax
this assumption, let

pm () = Mdz — Z f(zjle, (6.15)

rz—=o Zj —
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be a measure of the quadrature rule error. Denote the kth iteration of Algorithm [3] with
the approximate coefficients, by

Jem(M Z (Zf zj)w;Cs, [pow] (Z])> pe(M).

=0

Theorem 6.2.7. Under the assumptions of Lemma let M be a square matriz and
suppose that

ZQ IpeM)]2 < 0.

Further suppose that T', f are as in Definition and {z}5L,, {w;}7L, are quadrature
nodes and weights for I, respectively. Then, there exist €, satisfying |emel < [|pmlloc =
max.cx |pm(2)| and a constant C > 0, independent of f, such that

k—1 [e'S)
Hf(M) — fem(M) + Zé‘m we(M)]| < CMZ 0~ [pe(M) |2
=0 2 o

In particular, following the proof of Theorem [6.2.6, Theorem implies that when
a generic M is diagonalized as M = VAV ™! and satisfies 0(M) C X, there exists some
constant C’ > 0 such that

k—1 —k
1/(M) = fram(M)]l2 < [V V]2 (HpmHooZHpe M2+ C'M fg_1>- (6.16)

=0

Since ||pe(M)]]2 = O(1) when M is generic and (M) C %, the former term in the sum is likely
to be small; however, as k increases, this term will eventually become large. See [20, Appendix
A] for a discussion of why the errors still tend to remain small in this case. This appendix
also contains convergence analysis for generic matrices whose eigenvalues may not lie in X..

6.2.6  Complexity and storage

To analyze the complexity of Algorithm , we assume that the numerical rank of co™*J, K},
is given by R(k) and that R(k) = 0 for all £ > k* and some k* € N. That is, we assume that
the numerical rank of the weighted compression of J,Kj is bounded and eventually becomes
zero. This implies that the numerical rank of WZ, is also bounded, and we denote this
quantity by }?(k) Suppose that Ty is the cost of a left matrix-vector multiplication by A
and Tg is the cost of a right matrix-vector multiplication by B.

At the kth iteration of Algorithm [7] constructing the matrices Vpy(A) and px(B)U
requires at most 7(Ta + Tg) + 5r(m + n) arithmetic operations. The construction of Jy



121

and Ky, requires at most (2R(k — 1) + R(k —2) +r)m + R(k — 1)Ta arithmetic operations,
and the construction of Wy1 and Zy, requires at most (R(k) +r)m arithmetic operations.
The compression of J,K; COMPRESS(J;, K, %ke) requires O((2R(k — 1) + R(k — 2) + r)* +
(2R(k — 1) + R(k — 2) + r)?(m +n)) arithmetic operations, while the compression of W Z;
COMPRESS (W, Zy, €) requires O((R(k) + R(E) +7)3 + (R(k) + R(k) +7)2(m +n)) arithmetic
operations. Finally, the cost of computing the recurrence coefficients and p;-series coefficients
is assumed to be O(1), since computing the Akhiezer data requires O(k) operations for k
iterations.
To bound the complexity of Algorithm [7] run for & iterations, denote

R = Ha% {R(]), R(])} :
Then, to run Algorithm |7| for k iterations, we need O(kr(Ta + Tg) + kRTa + k(R + 1) +
k(R + r)*(m + n)) arithmetic operations. Note that when the stopping criterion is
applied, k£ = O(log(m + n)).

In the general case when Ty = O(n?), Tg = O(m?), r,R < m,n, and the stopping cri-
terion (|6.13)) is applied, Algorithm requiresﬂ O (m?logm + n?logn) arithmetic operations.
In contrast, the Bartels-Stewart algorithm requires O (m? + n?) arithmetic operations [23].
Furthermore, methods such as Alternating-Directional-Implicit (ADI) iterations that require
computing matrix inverses will also necessitate O (m?* + n3) arithmetic operations in general.

Under these same assumptions, a maximum of (10R + 6r)(m + n) stored entries are
required at any given iteration. Therefore, in the general case r, R < m,n, Algorithm
requires at most O(m+n) stored entries. By contrast, a standard polynomial Krylov method
such as [137, Algorithm 5] can require O(mn) (or worse) stored entries when the convergence
rate is slow.

6.3 Method 2: inverting the Sylvester operator
For a Sylvester equation (1.2)), define the Sylvester operator Sa g : C"™*"* — C™*™ by
SasY = YA - BY. (6.17)

Our second method directly builds a polynomial approximation to S;}BC, the solution
to . Applying the Akhiezer iteration to solve requires only the action of Sp g on
a matrix, so it can be implemented by iteratively applying . In particular, we have the
following theorem:

Theorem 6.3.1. Assume that 0(Sa ) is contained in the interior of ¥ = Ufg [a;,b;] CR

where 0 ¢ . Let w be a weight function of the form (3.5) and denote the corresponding

®Note that O ((m? + n?)log (m + n)) is equivalent to O (m?logm + n?logn).
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orthonormal polynomials by (p;(x));-, with recurrence coefficients (dj,éj);?‘;o. Then, the

solution of the Sylvester equation (1.2) is given by
X =Y a;P;, a;=27iC [pju] (0),
=0

where the matrices P; are given by the recurrence

PO = Cv
1 .
]_:)1 = T(POA — BPO — aoPo),
0
1 ~ .
Pj = B—(Pj_lA — BPj_l — aj_lpj—l - bj—ZPj—2>7 J Z 2.
i1

Proof. By Lemma [5.2.2| the function f(z) = 1/x is represented as an absolutely convergent
pj-series on X as

i = Z a;pj(x), o = /Ewdx = 2miC [p;w] (0).

By the assumptions on 0(Sa ),

X =8,5C =) a;p;(San)C.

j=0
]

As before, the assumption that o(Sap) C X is unnecessary, see Remark As
with Method 1, truncating the infinite series of Theorem directly yields an iterative
method for solving the Sylvester equation ; however, the recurrence and series coef-
ficients can be made more explicit in the typical use case. The eigenvalues of Sy p are
precisely the set {\ — p}rco(a)uco®) = 0(A) — o(B), so intervals containing o(Sa ) are
easily determined from those containing o(A) and o(B). In particular, if o(B) C [aq, bi]
and o(A) C [ag,bs], by < ag, then 0(Sa ) C ¥ = [ag — by, by — ay]. In this case, the iter-
ation can be constructed with Chebyshev polynomials (shifted and scaled to ¥) and their
particularly simple recurrence relation. An implementation of the iteration in this case is
given as Algorithm [§] (cf. [19, Algorithm 1]). In the single-interval case, this method is es-
sentially a modification of the classical Chebyshev iteration applied to solve the equivalent
linear system (A7 ® I, — I, ® B) vec(X) = vec(C). See [19, Appendix C] for a discussion of
this. When X consists of more than one interval, Algorithm [§| (and Algorithm @ below) may
be generalized by constructing P and Sy with the Akhiezer data as in Theorem and
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Algorithm 8: XA — BX = C solver via the Akhiezer iteration for 1/x

Input: Matrices A, B, C and parameters «, ¢ such that o0(A) —o(B) C [a —c¢,a+].

Set gfl:—%—i— s -1/2+1L

for k=0,1,... do

if k=0 then
Set PO =C.
_ 1
Set SO = —mm.
Set X1 = S()Po.

else if k=1 then
Set P1 = %(P()A - P()B — O./Po).
Set Sl = SOQ_I.
Set, X2 = Xl + 251P1.

else

Set Pk = %(PkflA — Pkle — OéPkfl) — Pk,Q.
Set S = Skflg_l.

Set Xk+1 = Xk + QSkPk

end

if converged then
| return Xji;.

end

end
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Figure 6.8: Frobenius norm error for X;, against the true solution X, to (computed via
sylvester in Julia) at each iteration of Method 2 where C is rank 2, A, B € R1000x1000,
o(A) C [0.5,1] U {10}, and ¢(B) C [—1.8,—0.5]. For the solid lines, Algorithm [J] is used
with ¥ = [1,11.8], and for the dashed lines, Algorithm [J] is modified to use Akhiezer poly-
nomials with ¥ = [1,2.8] U [10.5,11.8]. The reference lines denote the convergence rate of
Corollary with the leading constants replaced by the heuristic Da g.c = 20(m + n).

Algorithm [3] In Figure [6.8 we include an example where A has a single outlier eigenvalue,
and we observe that convergence is accelerated when 3 is chosen to consist of two intervals
instead of one.

6.3.1 Low-rank structure and compression

As with Method 1, we handle low-rank problems of the form (6.10|) by writing the recurrence
in block low-rank form and compressing matrices to their numerical rank as needed. The

procedure for this is essentially the same as for the sign function iteration. In particular,
letting P; = J,K;, the recurrence of Theorem becomes

JoKo =Py =C,
1 KoA
JlKl = Pl == B— (J() —BJO —doJo) KO 5
0 KO
Kj_lA
. ) K;_ :
JjKj = Pj = — (Jj,1 —BJ]',1 —aj,l.]j,l —bj,QJj,Q) K] ! ,y ] > 2.
bj,1 j—1
K
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Letting X = W,Z,, the update step can be written as

Z
Wii1Zps1 = Xps1 = (Wi aiJi) (KZ) :

With this in hand, Method 2 can be implemented in low-rank form as in Algorithm [9]
We now motivate the choice of compression tolerance. As before, Lemma([5.2.2| guarantees
that the coefficients o satisty

| < Co™7, g =ele=0), (6.18)

for some constant C' > 0 that cannot in general be computed. Heuristically, we again find
that the weighted compression step behaves well when the tolerance is multiplied by ¢*/c
with ¢ = 5. In the single-interval case presented in Algorithm [9] the coefficients Sj are
obtained by iteratively dividing by o, meaning that holds for C' = 25j. Thus, one may
instead weight the compression directly by Si. Empirically, some precision is lost when this
is done, so we continue to use the heuristic in this case.

To demonstrate our heuristics, we repeat the experiment of Figures and [6.5] In
Figure , we plot the numerical rank of J K, and WZ, with and without weighting the
compression step. We observe that the weighting bounds the numerical rank of J, K, while
the error appears unchanged.

6.3.2 Convergence and stopping criteria

We now present a convergence analysis of Method 2 that essentially follows from that in
Section and is again largely a simplified version of that of |19, Section 4]. The follow-
ing theorem results from [19, Theorem 4.5] and describes the convergence of the Akhiezer
iteration applied to solve a linear system.

Theorem 6.3.2. Let ¥ = Ugﬂ[a], ;] C R be a union of disjoint intervals such that 0 ¢ 3,
and let a generic matriz M € C** be diagonalized as M = VAV~ and satisfy (M) C X.
Let w be a weight function of the form (3.5) and denote the corresponding orthonormal
polynomials by (pj(x));’io. Then, there exists a constant d > 0, depending only on the
eigenvalues of M, such that

Regg (0) .

pj(M)b—M™'b

o *
<AV [Vl bl 2 o=

2

The following corollary describes the convergence rate of Method 2.

Corollary 6.3.3. Under the assumptions of Theorem on M = S B, denote the solu-
tion of (1.2) by X, and let A and B be diagonalizable and o(A) — o(B) be contained in the
interior of . Then, there exists d > 0, depending only on the eigenvalues of M, such that
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Algorithm 9: Low-rank XA — BX = UV solver via the Akhiezer iteration for 1/x

Input: Matrices A, B, U, V, parameters «, ¢ such that
0(A) —o(B) C [a — ¢,a+ ¢], and compression tolerance e.
Initialize Wy and Zg to be empty.

Set p7' = -2+ /T —1,/2+ 1

for k=0,1,... do

if k=0 then
Set JO =U.
Set KO =V.
Set Sy = m
else if k=1 then
Set J1 = (%Jo —%BJO —%Jg).
KoA
Set Ky = | Ky
Ko
Set S, = Spo .
else
Set Jk = (%Jk,1 —%BJ]C,1 —2%ka1 —kag).
Kk_lA
Ky
Set Kk = K]Cfl
Ky 2
Set Si, = Sk_lg_l.
end
Set Jy, Kj, = COMPRESS(J, Ky, £°).
if k=0 then
‘ Set Wk+1 = (Wk Sk']k)
else
| Set Wiy = (Wi 25.J%).
end
Zy
Set Zk:—i—l = Kk; .
Set WkJrl, Zk+1 = COMPRESS (Wk+1, Zk+1, 6).
if converged then
| return Wy 1,7 ;.
end

end
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Figure 6.9: Numerical rank and error of the iterates of Algorithm |§| with unweighted com-

pression (top) and weighted compression (bottom). The matrices A, B, U,V are the same
as in Figure [6.4]
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the iterate Xy, = Zf;é a;P; satisfies

—k
X0 = Xl < dIValle [VZ, Vel V5[, IC1 2. 0= ™o,

where A and B are diagonalized as A = VAAAV:,‘1 and B = VBABV;, respectively.

Proof. The eigenvector matrix of A7 ®1,, — I, ® B is given by V4 ® Vg. The result follows
from the identity ||M ® Nz = || M]|2||N]|2. O

Thus, Method 2 converges at a geometric rate p~! = e R0=(0) In the single-interval case

¥ = la, b,
b+a b+a b+a
e —1 1.
e b—a+\/b—a \/b—a+

Denote Da g.c = d||Vall2 HV;}HQ IVEll2||Vs'||, ICllr. Then, for a given tolerance € > 0,

we require
c(1- @‘ﬂ

DaB,c

k= [— log,

iterations to ensure that ||X; — X||, < e. For generic A € C**" and B € C™*™ that are not
highly nonnormal, we hypothesize an upper bound Da g.c < 20(m + n). In finite precision,
for a given tolerance €, we use

o o (23) e 2]

iterations as our stopping criterion.

We demonstrate these heuristics by repeating the experiment of Figure 6.7, In Fig-
ure we plot the errors || X — X.||r against the bound of Corollary with Da B.c
replaced by 20(m + n) and observe that it does indeed bound the error.

6.3.3 Complexity and storage

We analyze the complexity of Algorithm [7] under the same assumptions as with Method 1.
That is, we assume that the numerical rank of co™*J,K, is given by R(k) and that R(k) = 0
for all £ > k* and some k* € N. We denote the numerical rank of W,Z, by Ii’(k;), the
cost of a left matrix-vector multiplication by A by Ta, and the cost of a right matrix-vector
multiplication by B by Tg.

At the kth iteration of Algorithm [0 the construction of J; and Kj requires at most
3mR(k — 1)+ (Ta + Ts)R(k — 1) arithmetic operations, and the construction of Wy, and
Zj.1 requires at most mR(k) arithmetic operations. The compression of J,K; COMPRESS(J,
Kp, £9) requires O((3R(k — 1) + R(k — 2))? + (3R(k — 1) + R(k — 2))2(m + n)) arithmetic
operations, while the compression of W}, Z;, COMPRESS (W, Zy, €) requires O((R(k)+R(k))3+
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Figure 6.10: Frobenius norm error for X; against the true solution X, to at each
iteration where A, B, C are the same as in Figure Here, the reference line denotes
the convergence rate of Corollary with the leading constants replaced by the heuristic
DA,B,C = 20(m + ’fl)

(R(k) + R(k))2(m+n)) arithmetic operations. Finally, the cost of computing the coefficient
Sk is O(1). For multiple intervals, the cost of computing the recurrence coefficients and
pj-series coefficients is again assumed to be O(1), as computing the Akhiezer data requires
O(k) operations for k iterations.

As before, we bound the complexity of Algorithm [ run for k iterations by denoting

R = max {R(]), R(])} :
Then, to run Algorithm [J] for k iterations, we need O(kR(Ta + Tg) + k(R +1)> + k(R +
r)2(m + n)) arithmetic operations. Due to the extra k¥RTg term, this will typically be
more expensive than running Method 1 (Algorithm @ for the same number of iterations;
however, as we demonstrate in Figure [6.1] fewer iterations are typically needed to reach a
given tolerance. As with Method 1, when Ty = O(n?), Tg = O(m?), r,R < m,n, and
our stopping criterion is applied, Algorithm @ requires O (m?logm + n%logn) arithmetic
operations.

Under these same assumptions, a maximum of 10R(m + n) stored entries are required
at any given iteration. Therefore, in the general case r, R < m,n, Algorithm [J] requires at
most O(m + n) stored entries.
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Matrix size (n x n) | Method 1 | Method 2 | Polynomial Krylov
n = 4000 1.26813 0.349146 0.302879
6000 2.43285 0.74685 0.661923
8000 4.81385 1.35561 1.34982
10000 7.01396 2.32737 2.18676
12000 10.4664 3.27932 3.18396
14000 15.3646 4.3167 4.65676
16000 18.6218 5.96538 6.22975
18000 25.5412 7.20563 7.77245

Table 6.1: Runtimes (in seconds) for the inverse-free methods as shown in Figure (left).
Despite requiring more iterations, Method 2 eventually matches and slightly outperforms
the polynomial Krylov method. Importantly, it requires far less memory to run. Unlike the
polynomial Krylov method, Methods 1 and 2 have memory costs that remain bounded as
the number of iterations grows.

6.4 Examples and applications

6.4.1 Comparison of methods

Here, we test the performance of Methods 1 and 2 against various competitors. In Figure|6.11],
we include a timing comparison[] of these methods (Algorithms |7 and @ with a standard
block polynomial Krylov method [137], factored ADI [29], and sylvester, the built-in Julia
implementation of the Bartels-Stewart algorithm [23] for problems of various sizef} In the
case of the block polynomial Krylov method, we implement the method as described in [137,
Algorithm 5] with the method in [96, Equation 2.4] applied to cheaply monitor the residual.
We do not implement any restarting strategies.

It is unsurprising that even when o(A) and o(B) are close, all of the inverse-free methods
eventually outperform factored ADI and Bartels—Stewart as the size of X increases due to
the dense matrices involved. We note that while the required number of iterations of the
inverse-free methods grows as 0(A) and o(B) approach each other, if ¥ remains constant as

"The timing tests in this subsection were done on a Lenovo laptop running Linux Mint 22.1 Cinnamon
with 16 cores and 62.2 GB of RAM with an Intel®) Core™ Ultra 9 185H processor. All other computations
in this chapter were performed using a single thread on a Lenovo laptop running Ubuntu version 20.04
with 8 cores and 16 GB of RAM with an Intel®) Core™ i7-11800H processor running at 2.30 GHz.

8For all problems in this subsection, A and B are generated by randomly generating eigenvalues in the
designated interval and conjugating by a random orthogonal matrix, and C = UV corresponds to random
U, V.
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Figure 6.11: Left: Timing comparisons of Methods 1 and 2 against the factored ADI,
Bartels—Stewart, and polynomial Krylov methods for solving . Both factored ADI and
Methods 1 and 2 are run with a tolerance of € = 2 x 107® (left) while the polynomial Krylov
method is run until the residual is less than 2 x 107'% (left), which requires between 16 and
30 iterations. Here, A and B are both dense square matrices of varying size, with o(A) C
[0.5,1.95], 0(B) C [—4, —2], and C is rank 1. Since the timing comparisons between Method
2 and the polynomial Krylov method are hard to parse in this figure, we include a table
of timings for the three inverse-free methods with n > 4000 in Table Right: Timings
for Method 2 and the polynomial Krylov method, which are both substantially faster than
the other considered methods, for a more challenging problem. Here, tolerance parameters
are kept the same, but C is a rank 10 matrix, o(A) C [.5,1.95], and o(B) C [—40, —2].
Convergence is slower for both methods (between 62 and 80 iterations per run for both
methods), and the cost per iteration is greater due to the higher-rank right-hand side.
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the matrix size increases, there will always be a threshold past which inverse-free methods
are advantageous.

As shown in Figure and Table[6.1], for large problems where convergence is relatively
rapid (e.g., < 50 iterations), Method 2 matches or slightly outperforms the polynomial Krylov
method. For problems involving higher-rank right-hand sides and eigenvalue distributions
that slow the convergence of iterative methods, Method 2 clearly performs better than all
other methods. However, the major advantage of both Methods 1 and 2 in either setting is
that they require less memory relative to the polynomial Krylov method, with no specialized
restarting strategies needed to achieve these savings. Moreover, there is no need to monitor
the residual since we can precompute the number of iterations required using our heuristics
and bounds on the solution error norm. We also observe that while Method 1 appears to
require the least memory (see Figure , it requires a substantially higher runtime than the
other inverse-free methods.

In Figure [6.12] we compare timings for the two fastest inverse-free methods on a fixed
problem size (1500 x 1500) with varying eigenvalue distributions. We observe that when one
of the intervals containing eigenvalues of A and B is much larger than the other, Method 2
(Algorithm E[) outperforms the polynomial Krylov method. In this setting, the number of
iterations required by the polynomial Krylov method is only slightly less than the iterations
required for Method 2 (e.g., 161 vs. 169 when a = 0.1). Since the polynomial Krylov method
has a cost that grows as the number of iterations grows, it can be slower than Method 2
when many iterations are required. If instead the two intervals are symmetric and small, the
polynomial Krylov method converges more rapidly than Method 2 (e.g., 36 vs. 49 iterations
when a = 0.1) and is also more efficient in terms of runtime.

While there are some regimes where Method 2 is faster than a basic polynomial Krylov
method, these experiments can be summarized as follows: Method 2 can essentially match
the performance of a basic polynomial Krylov method while requiring far less memory (see
Figure and no special restarting strategies.

6.4.2 Integral equations

Given Holder continuous, symmetric kernels Ky, K5 : [—1,1]> — R and continuous functions
fiyeoos frig1,- -, 90 1 [—1,1] = R, we consider the integral equation

2u(z,y) + / K (e )’ + / Kalyule )y = 3 lwlads), (619

for the unknown u : [—1,1]> — R. We assume that the L*([—1,1]) eigenvalues of the
operators defined by Kj, Ky lie in the interval (—1 + §,00) for some 6 > 0. Denote the
Gauss-Legendre quadrature nodes and weights for n sample points by {;}7_, and {w;}}_,,
respectively. Applying this quadrature rule to each integral in and collocating at the
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Figure 6.12: Timing comparisons of Method 2 against a block polynomial Krylov method
[137, Algorithm 5] for solving where A, B € R1%00%1500 and C is rank 5. Here, Method
2 (Algorithm @ is run with a tolerance of ¢ = 2 x 107, while the polynomial Krylov
method is run until the residual is less than 2 x 107!°. The parameter a corresponds to the
distribution of the eigenvalues of A, B, with ¢(A) C [a, 1], and o(B) C [-20, —a] (left) and
o0(B) C [-1,—a] (right). The latter case enables much faster convergence for both methods.

points {z; }?:1 in both = and y yields the Sylvester equation
I+K)U+UI+Ky) =) fig/, (6.20)
=1

where K, Ky, U € R™" and f/, g, € R™ have entries

(K172>j7k = \/ijkK1,2($j7$k)7 Ujr~ \/ijku(xj,xk),
(ff)] = \/wjff(xj)v (gf)] :\/wjgf(xj)a {= 1,...,7’.

The eigenvalues of I+ K, are larger than § and less than’| 1 + ||K; 2|2, which remains
bounded as n increases. Because Y ,_; f,g!’ has rank at most r, Method 2 can be applied
as in Algorithm [9] The efficiency of this method allows for such integral equations to be
solved on fine grids. In Figure , we plot both an approximate solution to with
Ki(e.y) = Ka(e,y) = exp(—2lz — ), 1 = 1, file) = 2205 and gi(x) = sin(20z) at
n = 2000 gridpoints and the error in at each iteration of Method 2.

As an extension, given additional rank 1 kernel functionﬂ K3, Ky : [-1,1]2 = R, consider

(6.21)

9An upper bound can be more cheaply computed by instead using the Frobenius norm.

10T his is a convenient but unnecessary assumption. To apply Method 2 in the manner described, at least
one of the resulting matrices K3 and K, must be representable in low-rank form. In this case, the number
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Figure 6.13: 2-norm error for U, against the true solution U, (computed via sylvester in
Julia) at each iteration of Method 2 (Algorithm[J)) in solving (left) and corresponding
approximate solution of at n = 2000 gridpoints with K (z,y) = Ks(z,y) = exp(—2|z—
y), filz) = 1 %Sﬁz)z, and g¢i(x) = sin(20z) (right). Here, the reference line denotes the
convergence rate of Corollary with D B,c replaced by the hypothesized upper bound

20(n + m).

the integral equation

/

Q.
<

1 1
2U(w,y)+/ Kl(x,x’)U(w’,y)dw”r/ Ko (y, v )u(z,y')
-1 -1

b r (6.22)
+/_1 /_1 Ks(z, 2 )u(z', v ) Ky(y,y)da'dy = Zfz(x)ge(y).

=1
Applying Gauss—Legendre quadrature to (6.22) in the same manner yields the generalized
Sylvester equation
(I+K)U+UI+K,) +KUK] = > fig], (6.23)
=1

where K3, K, € R™" have entries

(K3,4)j,k = \/ijkK3,4(xj; Tr),
and the other matrices are defined as in (6.21]). To see how Method 2 can be used to solve

of required GMRES iterations is one plus the rank of K; ® K.
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Figure 6.14: Approximate solution of at n = 2000 gridpoints with Kj(z,y) =
Ky(z,y) = exp(—2|z — y|), Ks(z,y) = cos(20x)exp(y), Ki(z,y) = cosh(z)sinh(y),
@) = 22, and () = —exp(s) (eft) and Ki(z,y) = Falz,5) = exp(—(z — 1)?),
Ks(z,y) = ysech?(x), Ky(z,y) = exp(z — y), fi(r) = —, and g(z) = —sin(10z) (right).
In both cases, preconditioned GMRES applied to converges in at most two iterations.

(6.23]), denote the solution to the Sylvester equation ([1.2]) by the linear map
Then, ([6.23)) is equivalent to the linear system
(I + 7ZI+K1),(I+K2)) K3UK4T = TIrK,),1+K>) Z fzggT- (6.24)

/=1

Using Method 2 to compute the action of T(14k,) 1+K,), matrix-free GMRES or another
iterative method can be used to solve . Furthermore, since this system is identity plus
rank 1, GMRES will converge in at most two iterations. We include two solutions computed
in this manner in Figure |6.14]

6.5 Other applications

6.5.1 Algebraic Riccati equations

An algebraic Riccati equation is a generalization of the Sylvester equation of the form

AX — XB - XDX = C. (6.25)
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Under certain conditions on the data matrices, a solution to (|6.25)) can be obtained by
computing the sign of the matrix [35]
A D
a(4 D)

If the eigenvalues of H are known to lie on or near a collection of disjoint intervals ¥, solving
the Riccati equation (6.25]) is a direct application of the Akhiezer iteration, albeit without
the decoupled and low-rank structure of the Sylvester equation algorithms. However, if only
the eigenvalues of the individual data matrices are known, little can be said in general about
the eigenvalues of H. Particular cases when the eigenvalues of H are easily determined are
when C = 0 and when D = 0. The latter case reduces precisely to the Sylvester equation
ED. The former case has the trivial solution X = 0. If an invertible solution X exists,
@ is equivalent to

XA -BX!'-D=0o,

which is simply a Sylvester equation for X~!. Thus, while Method 1 can, in principle, be
generalized to algebraic Riccati equations, knowledge of the eigenvalues of the full block
matrix H is required to compute anything nontrivial. If the eigenvalues of H are suspected
to lie on a collection of disjoint intervals, the adaptive procedure described in [19, Section
5] could be employed to approximate these intervals, then the Akhiezer iteration could be
applied directly to compute sign(H) and solve (6.25).

6.5.2 Fréchet derivatives

A natural application of this work is to the computation of Fréchet derivatives. Given a
matrix A € C"*" and matrix function f : C"*" — C™*", the Fréchet derivative of f at A is
a linear map L;(A, o) satisfying

f(A+E) - f(A) = Li(A,E) = o (| E]),

for all E € C™". Fréchet derivatives need not exist, but must be unique if they do [86,
Section 3.1]. By modifying |[111, Theorem 2.1] and its proof to use lower triangular matrices,
if p denotes the size of the largest Jordan block of A and f is 2p — 1 times continuously
differentiable on an open set containing the spectrum of A, then for any E € C**™

f A 0\ f(A) 0
E A) \L;(AE) f(A))"
Since computing the Fréchet derivative requires only the lower left block of this matrix
function, the recurrences utilized in Method 1 can be applied nearly directly with f in

place of the sign function; only the series coefficients o; need be modified appropriately. In
Figure [6.15] we plot the error at each iteration of computing the Fréchet derivative for the
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Figure 6.15: 2-norm error for approximation Ly to Ly(A, E) at each iteration of Algorithm
modified to compute Fréchet derivatives for f(z) = sign(x) (left) and f(z) = exp(x) (right).
Here, A € R200%2%0 hag eigenvalues in [—2, —0.5] U [0.5,6] and E is rank 4. Because the
exponential function is entire, our algorithm achieves superexponential convergence before
errors saturate. The true solution is computed via the Newton iteration [8 Section 5] (left)

E 2 (right). Here, the reference line
denotes the convergence rate bound (6.12)) with Dy replaced by the hypothesized upper
bound 10¢ for generic M € C***.

and the built-in Julia function exp applied to (A

matrix sign function and matrix exponential. We observe that the method converges quickly
with the same convergence guarantees as when it is applied to Sylvester equations. The
Fréchet derivative of the matrix sign function is useful for analyzing the stability of algorithms
to compute the matrix sign, matrix square root, and other related matrix functions [92].

6.5.3 Matrix square roots and the polar decomposition

The matrix sign function can also be used to compute the matrix square root and inverse
square root. In particular, if A € C"*" has no eigenvalues on (—o0, 0], then [86, Equation

6.32)
. (0 A 0 A2

If A has eigenvalues contained in or near some interval [a,b] on the positive real axis, the

I 18‘) are in or near [—v/b, —/a] U[/a, v/b], and the Akhiezer iteration can
be applied to compute A'/? and A~/2 in parallel. The off-diagonal structure of the relevant
block matrix prevents the direct application of Lemma [6.2.3, and an analogous result for

off-diagonal block 2 x 2 matrices would need to be worked out for this approach to be made

eigenvalues of <
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efficient. It is currently unclear whether this would be more efficient than directly applying
the Akhiezer iteration to A to compute A2 and A~'/2 separately. Regardless, the Akhiezer
iteration should produce an inverse-free method for computing the matrix square root and
inverse square root; we leave this for future work.

Similarly, the matrix sign function is connected to the polar decomposition, which can be
used to solve the orthogonal Procrustes problem [86, Theorem 8.6a]. If the polar decomposi-
tion of a matrix A € C™*" (m > n) is given by A = UH where U € C™*" has orthonormal
columns and H € C™*" is Hermitian and positive semidefinite, then [86, Equation 8.6]

. (0 Ay [0 U
Metlax o) T U o)

Thus, the Akhiezer iteration can be applied to compute the polar factor U of the polar
decomposition, in particular when the eigenvalues of A*A are located in or near a known
interval on the real axis. In the special case where A is symmetric, an algorithm is immediate
as sign(A) = U. Otherwise, an off-diagonal analog to Lemmawould likely be necessary
for this approach to be made efficient. Another option is to compute the polar factor by
applying the Akhiezer iteration to the inverse square root with the formula U = A(A*A)~1/2
[87, Chapter 8§].
The Fréchet derivative of the polar decomposition can be obtained via the identity |75]

0 A 0 E 0 P(A) 0 Lr(A,E)
en| A0 BT 0| [ PA)Y 0 Lp(AB)y 0

0 0 0 A 0 0 0 P(A)

0 0 A* 0 0 0 P(A)* 0

Here, P denotes a function that maps a matrix to its polar factor and A, E € C"*". The
Akhiezer iteration can again be applied to compute Lp(A, E), in particular when the eigen-
values A*A are located in or near a known interval on the real axis since the eigenvalues of
the relevant block matrix are given by both square roots of these eigenvalues. Once again,
an analog of Lemma for 4 x 4 block matrices with the relevant sparsity pattern is likely
needed for efficiency, but this would yield an inverse-free method that, in contrast with that
of |75, would not require that all singular values of A be small.

6.6 Discussion and future work

Perhaps the largest question that we have not addressed is that of adaptivity. Throughout
this chapter, we have assumed access to intervals on the real axis that (approximately) con-
tain the spectra of the coefficient matrices A and B. If these intervals are instead unknown,
the adaptive approach outlined in Chapter 5, Section can be applied to the block matrix
H from to approximate the necessary intervals. Alternatively, since the problem of
finding the eigenvalues of H decouples, the same method with a single interval and shifted
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and scaled Chebyshev polynomials could be applied to each coefficient matrix individually.
In the low-rank case of Method 1 (Algorithm @, one could also consider performing this
analysis with the norms of the iterates J,, K; as empirically, these appear to grow at the
same rate as the norm of H.

A more difficult generalization would be allowing the coefficient matrices to have nonreal
eigenvalues. For instance, A and B could have eigenvalues contained in disjoint open sets in
the complex plane. If these sets are well-separated, there potentially exists a pair of intervals
on the real axis, or a pair of lines in the complex plane, that enable Method 1 to converge in
a reasonable number of iterations. Such a result exists for the related Chebyshev iteration
and relies on the notion of an “optimal ellipse” [105,/106]. Extending this notion to higher
genus cut domains is a challenging open problem. Solving it likely requires a complete
understanding of the generalized Bernstein ellipses of Figure [6.3] Such a generalization
could, for instance, enable an inverse-free method for the matrix-sign approach to eigenvalue
computation when used in place of the Newton iteration in [22 Section 4].

For symmetric matrices, sign(M) is equal to the polar factor for M. The Akhiezer
polynomials could be applied in the context of divide-and-conquer eigensolvers based on
spectral projections attained via the polar factor [115]. An inverse-free polar decomposition
method based on Halley’s iteration was developed in |114], where inverse factors are rewritten
using QR decompositions of a block matrix related to the iterate. However, the Akhiezer
polynomials should lead to an eigensolver with the polar factorization step only requiring
matrix products. Akhiezer polynomials could also potentially provide a cheaper alternative
to the minimax polynomials in the recent Polar Express algorithm [9].

We have not attempted to implement methods involving hierarchical numerical linear
algebra, but a natural connection to consider is the setting where A, B and C are rank-
structured. As shown in [97], it is often the case that X is well approximated in this setting
by a rank-structured matrix. Combining the Akhiezer iteration with the divide-and-conquer
scheme in [97] would take advantage of fast multipole-based matrix-vector products available
for A and B and potentially supply an inverse-free version of the algorithms.

6.7 Bivariate matrix functions

This section is based on in-progress work with Thomas Trogdon and Heather Wilber.

As demonstrated in Figure [6.1] both methods introduced in this chapter achieve slower
convergence rates than the “worst case” error bound of a polynomial Krylov method. This
is because a polynomial Krylov method constructs a bivariate approximation, while the
framework of Chapter |5{only allows for univariate approximation. In this section, we develop
an extension of the Akhiezer iteration to bivariate matrix functions.

A result of Krein [93] is that when the Sylvester equation is uniquely solvable, the
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solution is given by [48, Equation 3.10]

(eI -B)'C(yI—A)"!
427{7{ - C(y - dz dy.
T Jra JTg

where 'y and I'g are counterclockwise-oriented simple curves enclosing the spectra of A and
B, respectively, and 'y N T'g = (). More generally, given a uniquely solvablﬂ linear matrix
equation of the form

> B XAN =C, (6.26)
5,k=0

where each ¢;;, is a complex number, then [48, Theorem 3.2]

_ -1 _
j{ ]{ («1 C (yI—A)™! dz dy.
Ta JTg P(z,y)

y) = Z cjkxjyk

7,k=0

where

This motivates Kressner’s deﬁnition@ of a bivariate matrixz function.

Definition 6.7.1 (Kressner |95, Theorem 2.8]). Let A € C™*" and B € C"™*™, let Qa, g C
C be open sets containing o(A) and o(B), respectively, and let f(x,y) be analytic in Qg X

Qa and continuous on cl (g x Qa). The associated bivariate matriz function f{B,A} :
Cmxm — C™ ™ s defined by

FBANC) =——5 ¢ § fle,)(T-B) Ol A)" de dy,

Fa JI'p

where T'a and T'g are counterclockwise-oriented simple curves enclosing o(A) and o(B) in
Qa and Qg, respectively.

With this definition, (1.2) is solved by X = f{B, A}(C) for f(x,y) = -, and (6.26)

y—x’

is solved by X = f{B,A}(C) for f(z,y) = 5+-. The Fréchet derivative of an analytic

(fv )

function g is likewise given by f{A,A}(E) = L,(A, E) where f is the divided difference 95|
Theorem 5.1]

9@) —gly)
flzy) = r—y g (6.27)
g (), T =y.

1A matrix equation of this form is uniquely solvable if P(z,y) # 0 for all (z,y) € o(B) x o(A).

12The definition here differs from Kressner’s by a transpose. As noted in [95], this is purely a matter of
convention.
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The key idea behind a bivariate Akhiezer iteration is to construct a low-rank approxi-
mation at the scalar level. That is, if we wish to compute f{B,A}(C), we construct an
approximation

vy~ Y de(@)e(y), (6.28)
(=1

where each ¢, and 1, is an appropriately analytiﬁ univariate function. If such an approxi-
mation is accurate to machine precision for a relatively small r, we say that the function is
numerically of low rank. See |149, Chapter 3] for a discussion of when functions possess this
property.

Given a low-rank approximation to f of the form ((6.28])), Definition decouples into
univariate matrix functions

f{B,A}(C Z¢e )Ctl(A). (6.29)

When C = UV is low rank, (6.29)) immediately yields an approximation in low-rank form:

Vi (A)
f{B,A}(C Z@ JUVYy(A) = (6:(B)U --- ¢,(B)U) C |- (6:30)
Vi, (A)

Once such an approximation is obtained, the Akhiezer iteration applies directly to each
block entry in . As before, assume that both A and B have real spectra contained
in disjoint subintervals. That is, ¥ 2 o(B) and ¥z D o(A) are unions of intervals of
the form . Let wg,wa denote weight functions of the form and denote their
corresponding orthonormal polynomials by (pkB)k:O and (pkA)k:ov respectively. Let I'g and
I['Yy be contours enclosing ¥ and ¥ that lie within the regions of analyticity of all factors
¢¢ and 1y, respectively. We denote these contours with a prime to distinguish them from
the contours in Definition [6.7.1] as the domains of analyticity for the factors need not align
exactly with those of f. We equip them with quadrature nodes {z;} C I'g and {y;} C I'y
and quadrature weights {wZB} and {wf‘}. As before, it typically suffices to take each contour
to be a union of circles around the constituent intervals and apply the trapezoidal rule.

Given the univariate functions ¢, and v, their series coefficients are computed in precisely
the same manner as in the univariate Akhiezer iteration of Chapter [f, and this computation
only requires sampling ¢, and 1), at quadrature points. Writing

= Bupp(@),  ly) = verrry), (6.31)
k=0 k=0

13By this, we mean that each ¢, is analytic in a region containing o(B), and each ¥, is analytic in a
region containing o(A).
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the coefficients are the weighted inner products

Bee = | dulz)pp (@) we(z)de,  yor = g VoY) pie () wa(y) dy.

3B

Applying the Cauchy integral formula to ¢, and )y,

Bog = — , ¢0(2) Csy [prws] (2) dz, Ve = — , Vi(2) Cs, [pirwal (2) da.

A

where I'y (resp. [')) encloses o(B) (resp. o(A)), and each ¢, (resp. 1) is analytic in a
region containing its interior. Applying a quadrature rule to each gives the approximations

Bok ~ — Z Go(zi) wp Csy [pRws] (2:), Yer R — Z Uo(y;) wi Csu [Prwal (y;).  (6.32)

J

Given these (approximate) series coefficients, we assemble the factors of (6.30]) via the series
$(BYU =D BuppB)U,  Viu(A) =) 7, VpR(A).
k=0 k=0

The matrix polynomials Ly := pB(B)U and Ry := Vpi(A) satisfy the three-term recur-

rences of their respective families and are generated once, shared across all r factors.

Accumulating the truncated sums produces the blocks W®) =~ ¢,(B)U and Z) ~ Vi),(A),
71

whose concatenations W = (W(l) e W(T)) and Z = : form the low-rank solution
7,

WZ ~ X. If U € C™* and V € C°*", each block W® is m x s, so W € C™ " and

Z € C™*™. In contrast to Methods 1 and 2, the factor dimensions are fixed at rs throughout

the iteration, so no compression is needed to control storage, though the final output may

be compressed to its numerical rank if desired. An implementation of this procedure is given

as Algorithm [I0]

It remains to construct the low-rank approximation (|6.28)) numerically. Methods to con-
struct two-dimensional low-rank function approximations, including the SVD and continuous
Gaussian elimination, are surveyed in [149]. As noted above, to compute the Akhiezer data
needed for Algorithm [I0] one only needs to evaluate the functions ¢, and 1, at quadrature
points. Thus, it suffices to approximate f in low-rank form on the grid {z;} x {y;}. Sampling
f there yields the matrix F with entries F;; = f(x;,y;). Adaptive cross approximation [24]
can be applied to F to generate the desired low-rank approximation. An implementation
of the complete-pivoting LU variant is given as Algorithm This generates a low-rank
approximation F ~ CDR where the factors CDY/2 and D'/2R contain the desired infor-
mation. The columns of CDY? are the samples (¢y(x;))., and the rows of DY/2R are the

79
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Algorithm 10: Bivariate Akhiezer iteration for X = f{B, A}(UV)

Input: Matrices A, B, U,V and the Akhiezer data for ¥5 and Xp (functions to
compute recurrence coefficients az, b2, a2, b2 and series coefficients 1, vex as
in (6.31)).

Initialize W®) =0 and Z¥ =0 for £ =1,...,7r.

for k=0,1,... do

if k=0 then
| Set Lo=Uand Ry =V.

else if k=1 then
‘ Set L1 = %(BLO — aOBLo) and R1 = %(R()A — déRo)

else

Set Lk = ﬁ(BLk—l - CVLkBilLk_l — kaiQLk_Q).
Set Rk = ﬁ(Rk—lA - d?fle_l — 6?72].:{]6_2).

end

Set WO «— WO 1 Be Ly, and 7O «— 7© 4 YerRy for £ =1,...,r.

if converged then

7@
return W = (W(l) e W(T)) , L=

Z'(r)

end
end
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samples (wg(yj))j. With these matrices in hand, the Akhiezer data are generated through
the quadrature approximations (6.32]).

Algorithm 11: Complete-pivoting LU cross approximation (A ~ CDR)
CPLU(A, k, €)
Input: Matrix A € C™*", maximum rank k, and tolerance e.
Set E < A and let C, R, d be empty.
for j=1,2,...,k do
Set (p, q) « argmax, , |E,,|.

R d
Set C <« (C E;,q), R + (Ep,;)’ and d < (E_l).

Set E« E—E,E;!E,.. "
if |E||o < € then
Set D <« diag(d).
return C, D, R
end
end
Set D « diag(d).
return C, D, R

6.7.1 Convergence

In this subsection, we provide a brief convergence analysis of Algorithm [10| under the ide-
alization that both the low-rank approximation (6.28)) and the series coefficients By, Ve
are exact. The convergence is best understood through the bivariate orthogonal polynomial

series of f. Expanding f in such a series,

fay) = s B@ph), o= / [ re @ (@) ea () dy e

i,j=0
(6.33)
the bivariate matrix function decouples termwise into

X = c;pP(B)UVPHA).

1,j=0

Applying the approximation (6.28]) to (6.33)), we find that

.
Cij ~ E BeiVe s
=1
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so the kth iterate of Algorithm [10| approximates the kth square partial sum:

k—1

X ~ Z Cij p?(B)UVp?(A).

1,j=0

Thus, the convergence rate of Algorithm [10] is governed by the decay rate of the bivariate
orthogonal polynomial series coefficients ¢;;. This decay is governed by the joint analyticity
of f, measured in each variable through the generalized Bernstein ellipses of Lemma [5.3.6|
Denote by pp the largest g such that f(o,y) extends analytically to the interior of I',(Xp) for
every y € Yo and by pa the largest g such that f(x,¢) extends analytically to the interior
of I'p(Xa) for every z € ¥p.

Theorem 6.7.2. Assume that both the low-rank approximation and the series coef-
ficients By, Ve are computed exactly. Let A = VAAAV;1 and B = VBABVgl be diago-
nalizable with o(A) and o(B) in the interiors of ¥a and ¥, respectively. Then there is a
constant D > 0, independent of k, such that the iterates of Algorithm [10 satisfy

X, — X[, <Do*  o=min{oa, 08}

Proof. See Appendix [A.4] O

The asymptotic convergence rate is o~! = max{ le, le}, the slower of the two univariate
rates. For Sylvester equations (1.2), the corresponding function f(z,y) = 1/(y — x) has a
singularity only at x = y, so the convergence rate is governed by gs, (resp. gsg) evaluated
at the nearest endpoint of Xg (resp. Xa). Writing Xg = [a1,b1] and Yo = [ag, by] with
by < ay,

0~' = max {e*RBEEB(GQ)’ e*Reng(bl)} ] (6.34)

One can verify that in the symmetric single-interval case, this recovers the error bound of a
polynomial Krylov method (6.4)) displayed in Figure

6.7.2 FExamples

We demonstrate Algorithm [10{on three problems, collected in Figure [6.16; a Sylvester equa-
tion, a Stein equation, and a Fréchet derivative. Throughout, A and B have real spectra
and o(A) C [2, 3], each kernel function f is approximated in low-rank form by Algorithm
sampled on circular contours, and all errors and residuals are measured in the matrix 2-norm.

For the Sylvester equation XA-BX =UV, wetake c(B) C [-2,1.2] and f(z,y) =
1/(y — ). The error against the Bartels—Stewart solution [23] (sylvester in Julia) decays
at the predicted rate (6.34) (the reference line), saturating near 35 iterations.

For the Stein equation X — BXA = UV, a case of with P(z,y) = 1 —xy, we take
o(B) € [-0.2,0.2] and f(z,y) = 1/(1 —xy). This kernel is singular on xy = 1, so its factors
carry singularities at the reciprocals of the opposite spectrum, and the rate is set by
Lemma evaluated there; the residual saturates near 35 iterations.
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Figure 6.16: Convergence of Algorithm with o(A) C [2,3] in all three panels. Left:
the error in solving the Sylvester equation (1.2) XA — BX = UV with ¢(B) C [-2,1.2];

the reference line is the rate ((6.34]).

Center: the residual in solving the Stein equation

X — BXA = UV with ¢(B) C [-0.2,0.2]. Right: the error in computing the Fréchet

derivative Ley, (A, E) with B = A and a low-rank direction E.

For the Fréchet derivative Le, (A, E), we take g(x) = e and compute f{A,A}(E) for
[ defined as in ([6.27), comparing against the lower-left block of exp(%4 ). This kernel is
entire, so convergence is faster than any geometric rate, saturating in about 11 iterations.
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Part 111
THE KDV EQUATION
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Chapter 7
SOLITON GASSES
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7.1 Introduction

This chapter is based on [16]. Solution animations and Julia code used to generate the plots
in this chapter can be found at [15].

A soliton gas can be thought of as a very large number of solitons, with possibly random
amplitudes and phases, interacting weakly (rarefied gas) or strongly (dense gas) in a medium
modeled by an integrable nonlinear wave model. This concept goes back to the work of
Zakharov [166]. There has been a growing interest in the study of such solutions at the
analytical, numerical, and experimental fronts in the past decade or so, and the literature
on soliton gasses is vast. We refer the reader to the comprehensive review article [146] on
the subject and the references therein. The notion behind the construction of such solutions
from an integrable systems point of view is the so-called “dressing” method [167]. This idea
was employed in [61] to construct the so-called primitive potentials, which can be taken as
initial data for a solution modeling a soliton gas.

The current state of the art for computing soliton gas solutions of integrable nonlinear
wave models is largely limited to either computing a suitable nonlinear superposition of
N solitons for N large or numerically implementing an available asymptotic formula in a
suitable asymptotic region of the space-time domain. The former approach is equivalent to
computing an iterated (or N-fold) Darboux transformation, and it requires high-precision
arithmetic because the size of the underlying linear algebra system is proportional to N (the
number of solitons), and that linear system becomes numerically ill-conditioned as N grows.
The latter approach has its difficulties as the accurate evaluation of asymptotic formulae
involving Riemann theta functions is a challenging task, if at all possible, especially when
the genus of the underlying Riemann surface is not small. Moreover, the availability of
spacetime asymptotic formulee is limited to soliton gasses obtained by the accumulation of
eigenvalues on one pair of bands in the spectral plane. Regardless, such formulae cease to
be accurate for intermediate values of (z,t) outside of asymptotic regimes. An approach
that is more closely related to our work was taken in [61], where soliton gas (primitive)
potentials were computed via the solution of a system of singular integral equations arising
from a dressing construction. The numerical solution of this system necessitated the use of
high-precision (i.e., quadruple or higher) arithmetic. In the current work, we avoid the use of
high-precision arithmetic by using Riemann-Hilbert (RH) steepest-descent deformations [55]
to, in effect, precondition the singular integral equations. Despite the growing body of work
on both theoretical and experimental fronts, an efficient framework for computing soliton
gas solutions of integrable nonlinear wave models has been elusive.

Specifically, in this chapter, we introduce a fast and accurate method to compute a class
of soliton gas primitive potentials in the context of the Korteweg—de Vries (KdV) equation

Up + ULy + Uyyy = 0, —00 < o < 400, (7.1)

based on the numerical solution of their Riemann—Hilbert problem (RHP) representations.
An advantage of this approach is that there is no time-stepping involved, as (x,t) enter the
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Figure 7.1: KdV soliton gas with r1(\) supported on five pairs of bands, nonlinearly superim-
posed with five solitons. In the notation of (7.4)), I; = [0.25,0.5], Iy = [0.8,1.2], I3 = [1.5,2],
Iy = [25?3]7 I5 = [47 5]? with f1(2> = 17 fZ(Z) = 1/27 f3(2) = 1/47 f4(2) = 1/87 fS(Z) = 1/16
and a; = b; = % for 5 = 1,...,5. The solitons are associated with (see Riemann—Hilbert
Problem k1 = 0.1, ko = 0.7, k3 = 2.25, k4 = 3.5, K5 = 5.5 with the norming constants
x1 = 10°, xo = 1000, x3 = 100, x4 = 10, and y5 = 107.
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problem as (explicit) parameters. The method is easily parallelizable over values of (z,t).

The method presented here can compute primitive potentials of soliton gasses (at ¢t = 0,
for all ) and their time evolution under the KdV flow for small values of ¢, still on the entire -
axis. In this regime, the method is asymptotically accurate as * — +oo and does not require
high-precision arithmetic. Importantly, it allows us to compute soliton gas solutions of the
KdV equation with associated Riemann-Hilbert jump conditions supported on many pairs
of bands. We also compute such soliton gas solutions nonlinearly superposed with a number
of solitons. See Figure|7.1|for a soliton gas solution of with associated Riemann—Hilbert
jump conditions supported on five (pairs of) bands and nonlinearly superimposed with five
solitons, computed with our method. Pointwise evaluation of the solution in Figure does
not require higher precision arithmetic and takes about 0.7 seconds in the unmodulated
region (see Section and 0.08 seconds in the quiescent region (see Section on a
standard laptopﬂ

The method presented here can also compute soliton gas solutions of the KdV equation
in the entire (x,t)-plane outside of an unbounded wedge-shaped region emanating from
(xz,t) = (0,0). See Figure for a pure soliton gas (no solitons) supported on five pairs of
bands. The bottom panel presents the computed large-time evolution in the tail x < —Kt
for some suitable choice of constant K > 0. Figure provides the density plot of a
soliton gas with associated Riemann—Hilbert jump conditions supported on a single pair of
bands, nonlinearly superimposed with two solitons, in the complement of the aforementioned
wedge-shaped region. As is apparent from this figure, the validity of our method extends a
little bit into the wedge (see the boundary curves in black). The extension stops once the
exponential factors supported on the suitable deformed jump contours become too large as
(x,t) penetrates into the wedge.

In Figure [7.4] we present a plot of the computed large-time evolution of a soliton gas
with associated Riemann—Hilbert jump conditions supported on two pairs of bands (instead
of five as in Figures and [7.2)), and in the notation of (7.4)), we choose fi(z) to be much
larger than fy(z).

This work is a culmination of recent advances made in Chapter [4/in computing orthogonal
polynomials that are orthogonal on multiple disjoint intervals and work in computing large-
genus solutions of the KdV equation [33]. The key ingredient behind these developments is
the choice of a basis that encodes the behavior (e.g., the singularity structure) of the solution
of an RHP at the endpoints of the jump contour. We also make use of the machinery available
in the OperatorApproximation.jl software package [155].

This work focuses mainly on the computation of soliton gas potentials supported on many
bands and completing the groundwork for nonlinear superpositions of such potentials with
many solitons. Extensions of our method to the entire (z,t)-plane, along with routines to
compute KdV and mKdV soliton gas solutions, are developed in Chapter [

LAll computations in this chapter can be performed on a Lenovo laptop running Ubuntu version 20.04
with 8 cores and 16 GB of RAM with an Intel®) Core™ i7-11800H processor running at 2.30 GHz. However,
due to the ease of parallelization, a cluster can greatly reduce the time it takes to generate the figures.
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Figure 7.2: A pure KdV soliton gas with r1(A) supported on five pairs of bands. In the
notation of (7.4), I = [0.25,0.5], I, = [0.8,1.2], I3 = [1.5,2], I, = [2.5,3], I5 = [4,5] with
fi(z) =1, folz) = 1/2, f3(2) = 1/4, fu(z) = 1/8, fs(z) = 1/16 and a; = b; = 5 for
j=1,....5.
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0.00 ™
-20

Figure 7.3: Density plot of the computed soliton gas with 71 (\) supported on a single pair of
bands with two solitons. In the notation of , I =[1.5,2.5], fi(z) =1, and a; = by = %
The solitons are associated with the eigenvalue parameters Ky = 1, ko = 4 and the norming
constants x; = 10, x2 = 107!°. Outside of the wedge region, the numerical method presented
here is seen to be uniformly accurate with a computational cost that is independent of
(x,t). Inside the wedge, the numerical method begins to break down, and additional RH
deformations need to be incorporated. See Chapter
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t
Figure 7.4: A pure KdV soliton gas with 7(\) supported on two pairs of bands. In the
notation of (7.4), I; = [1,2], I, = [2.5,3] with fi(z) = 100, fo(z) = 1 and a; = b; = 1,
j = 1,2. Bottom panel: The same solution plotted along the ray x/t = —32.
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7.1.1 Riemann—Hilbert definition of a KdV soliton gas

Let g € Z, be fixed and consider a collection of disjoint closed intervals i[a;, b;], 1 < j < g,
on the imaginary axis with 0 < a; < b; < a;41 for each 1 < j < g — 1. We denote the union
of these intervals and of their reflections by

g

g
Y, = U[aj’bj] and Y= U[—bj» —a,],
j=1

j=1

and take all of these intervals to be oriented upwards. We consider a function r: (i¥; U
i¥_) — C such that r{(\) is positive for A in the interior of each interval i[a;, b;], extending
analytically to a neighborhood of each i[a;, b;] with the local behavior

r(iz) = fo,(2)(z — a;), a;€{—3,1}, (7.2)

for z in a neighborhood of a;, where f, (2) is analytic and satisfies f,;(2) > 0 for z > a;.
Similarly,

7nl(iz) = fbj(z)(bj - z)bj’ bj € {_%7% ) (7'3)
for z in a neighborhood of b;, where f (2) is analytic and satisfies f;,(2) > 0 for z < b;.
Here, all of the roots are taken to be the principal branch. Therefore, in the computations
in this chapter, we take

ri(iz) = fj(2)(z — a;)% (b; — 2)%, for z € I; := [a;,bj], ¥, = U 1, (7.4)
j=1

for analytic functions f; and constants a;,b; € {—%, %} For A € i¥_, r; is defined by
symmetry: 71(A) = r(—=A). With these ingredients, we consider the following problem,

which we take as the definition of a soliton gas:

Riemann—Hilbert Problem 7.1.1 (Pure KdV soliton gas). Let (z,t) € R x Ry be fized.
Find a 1 x 2 row vector-valued function M(X) = M(X\; x,t) with the following properties:

Analyticity: M()\) is analytic for A € C\ (iX, UiX_), admitting continuous boundary
values on the interior of X UiX_.

Jump conditions: The boundary values Mt () (resp. M~ (X)) from the left (resp.
right) are related via

1 0 .
p2i(zA+41N?) 1) ;A €Iy,

1 2i7°1 ()\)e—Qi(zA+4t)\3)
0 1

M) =M"(}) (—Qirl(/\)

M+()\):M‘(A)( ) AeiX., j=1.2....¢.
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Normalization: M(\) = (1 1)+ O(A™!) as A — .

Symmetry condition: M(—\) = M()\) <(1) (1)>

This problem has appeared in [61,78] with different assumptions on the behavior of r;(\)
at the endpoints’] The setting of [78] assumes that r;(\) is nonvanishing and bounded
at the endpoints, in contrast with the assumptions in our work. As the reader will see,
the endpoint behavior that we assume for r1(\) enables a particularly fast computational
method. Riemann-Hilbert Problem has a unique solution [78| (see Section in
Chapter |3 for the notion of a solution when a; or b; is negative), and we can recover the
soliton gas solution of by the second-order term at infinity [62]

u(z,t) = —/\lim 207 (M (A 2, )Mo (s 2, t) — 1), (7.5)
— 00
where M,;(\; x,t) is the jth component of the row vector M(A; z, ).
We proceed with rotating the A-plane clockwise by introducing r(z) := 2ri(iz) and
Y (z) := M(iz), which satisfies the jump conditions

_ 1 0
Y+(Z) =Y (2) (_ir(z)eQG(Z;I,t) 1) , 2 E E-l—a e(zvxvt) =Tz = 4t23a (76)
: 20(z;x,t)
YH(z) =Y (2) (é ””(Z>el ) ., zEeX. (7.7)

and is analytic elsewhere. Note that all (real) intervals are oriented in the increasing direc-
tion. We consider the numerical solution of the RHP satisfied by Y (z), which inherits the
normalization and symmetry conditions in Riemann-Hilbert Problem [7.1.1]

Regarding the behavior of Y (2) at the endpoints, let ¢; denote either of the endpoints a;
or bj, and let 7; denote the corresponding power a; or b; as in (7.2) and (7.3). As z — ¢,

we have
oo @m>oa?, o=t s
(0(z—¢I%) o), if 7=-4

This situation is mirrored on the negative real axis. As z — —c;, we have

N

N |—

(o) o). if ;=

Y@F:(om O(z+cl5)), i %=

|
N[ —=

2A derivation of Riemann-Hilbert Problem via a limiting procedure involving the accumulation of
eigenvalues of the Schrodinger operator on a single pair of bands with respect to a suitable density can be
found in [78].
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The endpoint behavior stated in Riemann-Hilbert Problem [7.1.1] is thus consistent with
and implied by the behavior of the jump matrix at the endpoints: it is not an independent
condition but rather specifies the appropriate function space in which the solution is sought.

Writing A = iz in the large-A expansions that led to (7.5]), the soliton gas solution u(z,t)
of is recovered from Y (z) = Y (z;x,t) via the formula

u(z,t) = lim 222(Y,(2;2,1)Yo(2; 2,t) — 1). (7.9)

Z—00
The choice of basis for the Cauchy density below is motivated by a local singularity anal-
ysis carried out in Section [3.3.4] of Chapter [3 the structure encountered in the unmodulated
region (Section |7.2.2)) is analyzed there in detail, while the quiescent region (Section is
simpler since its triangular jump matrices admit local solutions directly by Cauchy integrals.

7.2 Computing soliton gasses

7.2.1  Quiescent region

When ¢ = 0, the jump matrices in (7.6)—(7.7) are O(1) (away from the endpoints) for z > 0
and become exponentially close to identity as © — +oo since Re(—2zx) < 0 on X, and
Re(2zz) < 0 on ¥_ in this case. This configuration extends to a region of the (x,t)-plane
for t > 0 as long as Re(—20(z;z,t)) < 0 is maintained on ¥, (the situation is mirrored on
¥ _ automatically). The axis Re(z) = 0 is always a part of the locus Re(—260(z;z,t)) = 0.
The other branch of this locus is given by Re(z)? = 3Im(z)* 4+ £. Thus, the aforementioned
boundedness or exponential decay of the jump matrices to the identity is preserved for all
(x,t) with t > 0 satisfying

z > 4Kt (7.10)

for an arbitrary constant K > bz. In this setting, the RHP at hand can be treated numerically
as is, without implementing any contour deformations, by using an appropriate basis with
weights encoding the endpoint behavior of Y(z) as described in Chapter . The region
described by is the analog of the “constant region” as t — +oo in 78| for the case

g=1.

7.2.2  Unmodulated region

When t = 0 and = < 0, the situation is dramatically different: All of the exponentials in
— grow exponentially and unboundedly as ¥ — —oo. This behavior cannot be put
under control solely by employing one of the four canonical matrix factorizations for the
jump matrices since the exponents are real-valued. In this setting, the RHP is stabilized
by modifying the exponent via introducing a g-function. This is a generalization of the
approach taken in [78,/79] for the case g = 1. Let I'y; denote the gaps: 'y = [—aq, a1],
I'; = [bj,a;41], and I'_; = [—aj41, —b;] for j =1,2,...,¢9 — 1. To have a uniform treatment
that also captures a region when ¢ > 0, we proceed with allowing for ¢ > 0 with x < 0 and do
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Figure 7.5: Contour plot showing the sign of Re(¢(z;x,t)) in the complex plane for ¢ > 0 in
the unmodulated region treated in Section[7.2.2 Here, x = —2, ¢t = 0.01, and in the notation

of (74), I, = [1,2], I, = [2.5,3].
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not designate a particular large parameter. Since 8(—z;x,t) = —6(z;x,t) and R(—z) = R(2)
(where R(2)* = [[%_,(2* — a3)(2* — b7)), the solution satisfies g(—2;x,t) = —g(2;2,t). This
odd symmetry halves the effective size of the problem: it suffices to construct g in the folded

plane ¢ = 22, following the approach of Chapter . Denote
f]zU[a?,b?], ].A_‘(]:(O,CL%), f‘k:(bz,azﬂ), k=1,...,9—1,

and define the folded phase 0(C; z,t) = x /C— 4¢3, so that 0(z; x,t) = 0(22; ) for z > 0.
Let R(§ ) be the function analytic for ¢ ¢ 3 satisfying

RO =T[C-a))(¢=13), R =¢+0("") as{— oo

j=1

We seek g(¢) = g(¢; z,t) analytic for ( ¢ (—o0, bg], admitting continuous boundary values
on (—oo, b?), satisfying

Q) +87(Q) =20(Ca,t), (e,

~

g+(()_g_(<):19k('x7t)7 Ceflﬁa k:07177g_17

where ((z,t) are real-valued constants, along with §(¢) = O(¢™2) as ¢ — oo and §(¢) =
O(¢ — Y2 as ¢ — ¢? for each endpoint ¢ € {a1,by,...,a,,b,}. Then,

A~ A 1 A
. R(¢) 20(s; x,t) Qr( ds
80 -5 [ = N et
2m Js RE(s)(s — £ R(s)(s = ¢)
where the g constants Qo(z,t),...,Q,_1(z,t) are determined by the decay condition at in-
finity. These moment conditions result in the linear system
g .
A md 250 (s; x,t
ZQ a:t/ il S:_/Mds, m=01,. .. g—1 (7.11)
o r. R(s) s R*(s)

The unique solvability of this linear system is established by the following lemma.

Lemma 7.2.1. The g X g matriz G defined by

G_ (/ si” ds)
Ly R(S) 0<m,k<g—1

1s 1nvertible.
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Figure 7.6: Jump contours and jump matrices associated with S(z;z,t) near each interval.
p(z2,t) = g(z;2,1) — 0(z; 2, ).

Proof. The proof is identical to that of Lemma [4.2.2] m

This system is half the size of the corresponding system in the unfolded plane: the
symmetry €2_j = {2y reduces the 2g — 1 original gap constants to g independent unknowns
Qp = Q. As with the unfolded system, conditioning is improved by replacing s™ with a
degree-(g — 1) polynomial basis vanishing at the midpoints of I'y, ..., I',_;. We compute the
integrals in ([7.11]) via Gauss—Chebyshev quadrature. Finally, g is recovered from g by

g(z%z,t), Re(z) >0
ooty = | im0 Rel) 20,
—g(z%x,t), Re(z) <0.

Now, introduce open and disjoint disks D;, j = 1,2,...,g, chosen so that D; encloses

laj, b;] in its interior, and let D_; be the analog of D; for [—b;, —a;]. We take the disk

boundaries to be oriented counter-clockwise and make the following definitions (with corre-
lated signs on each line):

1 LGQO(z;x,t) Fl
S(z) == Y(z) <0 r(2) . ) d=los z€ D; NCH, (7.12)
1 0\
S(z) == Y(2) (_<> 1) etEeos 2 e D;NCY, (7.13)
)

for j = 1,2,...,g. Recall that o3 = diag(1,—1). We set S(z) := Y (2)e?=@8s elsewhere.
Using r*(z) = —r~(z) on ¥, UX_, we find that the jump conditions satisfied by S(z) are as
given in Figure[7.6l We denote the modified exponent by ¢(z;z,t) := g(z;z,t) —0(z; x,1). A
contour plot of the sign of Re(y(z; x,t)) is given in Figure , and one can see that the jump
matrices on the circles are exponentially close to the identity matrix if £ > 0 becomes large
for 2/t in this region. This behavior together with the fact that the circular jump contours
are detached from ¥, UX_ (no self-intersection points with jump matrices involving r(z))
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is what enables an efficient numerical method. Therefore, the assumptions on the behavior
of r(z) at the endpoints are absolutely essential for our approach.
Again, let ¢; denote either of the endpoints aj or bj, and let v; denote the corresponding

power a; or b; as in and (| . From . , and -, we find that as z — ¢;,

2|72 , it =3,
. ®a>m| J D Y -

(00—l o), it %=-4

N =

The situation is again mirrored as z approaches an endpoint of [—b;, —a;], but the behavior
of the columns is flipped.

As in Chapter [4 we introduce a correction h(z) = h(z;,t) to eliminate the constant
jump conditions on the gaps at the expense of introducing real constants on the intervals.
By the same symmetry, h(—z;z,t) = —h(z;x,t), so we construct b via a folded counterpart
b(¢). We seek h(¢) analytic for ¢ ¢ (—oo, b?], admitting continuous boundary values on
(—00,b?), satisfying

N bl

Q) =57(0) = log(exp(=iu(x.1)) . (€T k=01....9-1

Q) +h7(¢) = Aj(z, 1), Ce(db), j=12,..,4g

along with h(¢) = O(C2) as ¢ — oo and h(¢) = O(¢ — )2 as ¢ — ¢ for each endpoint
ce{ay,bi,...,a40,}. Then,

Z/] - j(z,t)d Z/F log( eXp 122;6_(xc>t)))d |

where the g real constants A;(z,t),..., Ay(z,t) are determined by the decay condition at
infinity. The moment conditions result in the linear system

N

g, . b smds 91 n s™ds
Az, t / - =— log(exp(—i2(z,t / —, m=0,1,...,9—1. (7.15
D2kt [ 5 = = Llostenl-ituie ) [ G g-1. (1.5

The unique solvability of this system is established by the following lemma.

Lemma 7.2.2. The g X g matriz H defined by

H-— /bﬂz 5" ds
a? R+(S)

) 0<m<g-1, 1<j<g

18 1nwvertible.
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Proof. The proof is identical to that of Lemma , noting that R*(s) is purely imaginary

with sign-definite imaginary part for s € (a3, b?). O

The coefficients on the left-hand side are purely imaginary for each m (since Rt (s) is
purely imaginary on X), confirming that A;(z,t) € R. The coefficient matrix is independent

of (z,1), and the right-hand side remains bounded in (z,t) even though Qk(x, t) may grow, so
A;(z,t) are bounded. The integrals in ([7.15) are computed via Gauss-Chebyshev quadrature
using the same polynomial basis approach as in ([7.11]). Finally,

_ B 6(22;x,t), Re(z) > 0,
b(zx,t) = {—6(z2;w,t), Re(2) < 0. (7.16)

We now make a global definition and introduce an exponent:
R(z) := S(2)e"=®09s and  ¢(z;2,t) := b(z;2,t) + g(z; 2,t) — O(2; 2, 1),

Note that R(z) = (1 1) + O(z™') as z — oo. Since the transformations Y (z) — S(z) —
R(z) involve right-multiplications by diagonal unimodular matrices near z = oo, it follows

from ([7.9)) that
u(z,t) = lim 22*(Ry(z; 2, ) Ra(2;2,t) — 1).
Z—r00
For z lying over a gap '), (i.e., 22 € T, Re(z) > 0), the unfolding (7.16) and condition ([7.15)
give b (z;x,t) — b~ (z; x,t) = log(exp(—iQ(z,t))). Therefore

bt (z) — b (2) 4 i = log(exp(—iQ)) + i = 27il

for some ¢ € Z, and similarly on —T (the reflected gaps). Thus R(z) has no jumps across
any of the gaps I'y. The jump conditions satisfied by R(z) are described in Figure This
final RHP satisfied by R(z) is again treated numerically via the method of Chapter .

Remark 7.2.3. This method could, in principle, be sped up significantly by considering r with
a common analytic extension to a region containing [—by,,b,]. In this case, the 2g circular
jump contours can be replaced by a single large one. See Section [4.4).

Note that the gap in the (x,¢)-plane for ¢ > 0 between the regions described in Sec-
tion and Section disappears at t = 0, allowing us to compute the soliton gas
primitive potentials quickly and accurately for all z € R.

7.3 Nonlinear superposition of a pure soliton gas with solitons

It is possible to insert a multi-soliton into a soliton gas by supplying suitable residue condi-
tions for the RHP satisfied by Y (z) for a number of simple poles. In this case, we consider
solving the following RHP:



163

1 0
ie2¢(z;x,t)
r(z)

1
_ ie2¢(z;x,t)

je—2¢(zxt)
[1 )
r(z)

0

Figure 7.7: Jump contours and jump matrices associated with R(z;z,t) near each interval.
¢(z;,t) = p(z;2,1) + b(z;3,1).

Riemann—Hilbert Problem 7.3.1 (KdV soliton gas with solitons). Let (z,t) € R x Ry
be fized. Find a 1 x 2 (row vector-valued) function N(X) = N(X;z,t) with the following
properties:

Analyticity: N()\) is analytic for A € C\ (iX; UiX_), admitting continuous boundary
values on the interior of iX, UiX_, with the exception of simple poles at A = =ikj,
kj >0,7=12,...,N, in the complement of i¥X; UiX_.

Endpoint behavior: The same as in Riemann—Hilbert Problem [7.1.1].

Jump conditions: The boundary values NT(X\) (resp. N~(X)) from left (resp. from
right) are related via

_ 1 0 .
N =N (g a1 )+ A€ a0

; —2i(Az+4tA3)
Nt(A) = N"()\) ((1) 2”1“)61 ) Aeil-b;,—a;], j=1,2,....9

Residue conditions: At each simple pole A = +ikj, j =1,2,..., N, N(\) satisfies

=

: 0 0
Res N(A) = lim N()) (iX'em(mjz—mgt) O) )
J

)\:iﬁj /\—>in
. 0 _inezi(mjx—sz?t)
)\:R—eiij N() = ,\Einm]- N (0 0 ’

with norming constants x; € Ry \ {0}.
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Normalization: N(A) = (1 1) + O(A™!) as A — oc.

Symmetry condition: N(—\) = N()\) ((1) [1))

As with Riemann—Hilbert Problem [7.1.1] we rotate the A-plane and consider the related
function Y (z) := N(iz). The jump contours and pole locations z = *x; for Y(z) are then
on the real axis. The solution u(z,t) of the KAV equation (7.1) is obtained from (7.9). In
Figure [7.8] we present the computed large-time evolution of a soliton gas supported on two
pairs of bands, nonlinearly superimposed with three solitons. In the notation of , we
choose fi(z) to be much larger than f3(z). We also note here that our method is by no
means limited to constant functions f;(z) in (7.4) (see Figure[7.11).

7.83.1 The solution procedure

An overview of our procedure is as follows: We first ignore the poles in Riemann—Hilbert
Problem [7.3.1] (in the rotated plane of z = —i)) and compute the matrix solution| P(z),
normalized so that P(z) — [ as z — oo, and use P(z) as a global parametrix for the RHP
with poles, reducing it to a discrete finite-dimensional linear algebra problem. We solve the
discrete problem, computing the solution S(z), and superpose its solution via S(z)P(z) to
compute the nonlinear superposition of solitons with soliton gasses. We now describe the
steps in this procedure in more detail.

To handle potential exponential growth in the residue conditions, we flip their triangu-
larities as needed via the transformation

Y(2) = Y(o)u(2)7, w(z) = [[ 2

Y
Z4+ K;
jEK K

where K is an index set corresponding to “large” residue conditions. In particular, for some
constant ¢ > 0, we define
~ e,

-},

in the unmodulated region. Our implementation takes ¢ = 10 as the default value.

K =K(x,t) = {j : ’XjeSH?t_Q”jx

in the quiescent region and

8r3t—2k;x+2g(k;)+2h(r;5)

K:{j: X;€

3A matrix solution ceases to exist at a set of isolated points (x,t), but we ignore this behavior for our
numerical purposes just as in [34] and [160].
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Figure 7.8: A KdV soliton gas with r1(\) supported on two pairs of bands. In the notation
of (74), I = 1,2], I, = [2.5,3] with fi(z) = 100, fo(z) = 1l and a; = b; = 1, j = 1,2.
The three solitons superimposed are associated with k1 = 0.8, ko = 2.25, and k3 = 3.5 and

the norming constants y; = 10%, xo = 10°, x3 = 1072, Bottom panel: The same solution
plotted along the ray z/t = —32.
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Figure 7.9: A KdV soliton gas with 71(\) supported on one pair of bands. In the notation of
(74), I = [1.5,2.5] with fi(z) =1 and a; = b; = 1. The superimposed soliton is associated
with x; = 3 and the norming constant y; = 1074
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Figure 7.10: A KdV soliton gas with r1(\) supported on one pair of bands. In the notation of
(74), I = [1.5,2.5] with fi(z) =1 and a; = b; = 1. The superimposed soliton is associated
with k1 = 1 and the norming constant y; = 10.
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Figure 7.11: A KdV soliton gas with r;(\) supported on five pairs of bands, nonlinearly
superimposed with five solitons. In the notation of (7.4)), I; = [0.25,0.5], I, = [0.8,1.2],
I3 =1[1.5,2], I, = [2.5,3], and I5 = [4,5] with fi(z) = (z — 0.375)* + 1, fa(2) = (2 — D) + 1,
f3(2) = (z —1.75)% + 1, fu(2) = eXp(z — 2. 75) + 1, f5(2) = exp(—(z — 4.5)?) + 1 and
Cllzb 2,&2—522;113:2,[]3: 2,Cl4= 2,b4:%,a5:b5:—%.The
five sohtons are associated with the eigenvalue parameters k1 = 0.1, ko = 0.7, kg = 2.25,
ks = 3.5, ks = 5.5 and the norming constants xy; = 10°, yvo = 1000, x5 = 100, x4 = 10,

X5 = 107S.
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This transformation has the effect of modifying the residue conditions to

~ ~ 0 0
Y(z)= limY ¢ K
Res (Z) 1m (Z) (XjGSN?t_gHjIUOij)z 0) s ) ¢ 5

Z=Kj Z—rKj

678m§?t+2/€j
ResY(z) = lim Y(z) <O x50’ (;)? > , JEK.
0

Z=Rj Z*}HJ‘ O

The residue conditions on the negative real axis follow from the symmetry condition.

In the unmodulated region, the disjoint disks D; are assumed to be sufficiently small so
as not to contain the poles ;. The steepest descent deformations then result in the residue
conditions

. 0 0 .
Res R(Z) = lim R(Z) ( 853t—25j17+29("4j)+2f1(5j)U(K,)2 0) o J §é K7
J

Z=Kj Z—rKj X]e J

0 e—8r;?t+2n]-x—2g(n]-)—2h(f~c]-)
ResR(z) = lim R(z) X () , JEK.

Z=Kj Z—rKj O 0

Once the matrix solution P is obtained, the residue conditions that S(z) = R(z)P(z) ™!
satisfies are computed through the following formula: Given a residue condition

Res R(z) = lim R(2)E24;,

z==%K; z—EK;

of R, the corresponding residue condition of S is given by

Res S(z) = lim S(z)P(£k;)BP(£k;) " (I - P,<:|:I<Lj)EijP(:]:I€j)_1)_1,

z=%kK; 2=tk

where P’(z) denotes the componentwise derivative of P(z). We compute P’(+x;) by numer-
ically expanding P(z) in a Laurent series in a small circle centered at £x;.

7.4 Examples, demonstration of convergence, and performance

7.4.1 Ezamples

In this subsection, we enumerate the examples found throughout this chapter.

5 pairs of bands with 5 solitons

In Figures |7.1] and [7.11} we plot a soliton gas corresponding to r;(A) supported on five pairs
of bands, nonlinearly superimposed with five solitons. In the notation of ([7.4]), Figure
considers variable f; and various endpoint behaviors a;, b;.
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5 pairs of bands

In Figure , we plot a pure soliton gas corresponding to () supported on five pairs of
bands, including for large negative x at ¢ = 100.

1 pair of bands with 2 solitons

In Figure , we consider a soliton gas corresponding to 71 (\) supported on one pair of bands,
nonlinearly superimposed with two solitons. We include a density plot of this solution in the
(x,t)-plane outside of the wedge-shaped region where our method begins to break down.

2 pairs of bands

In Figure we consider a pure soliton gas corresponding to 71(\) supported on two pairs
of bands. We plot its tail at ¢ = 100 and its behavior along the ray x/t = —32.

2 pairs of bands with 3 solitons

In Figure [7.8) we include the same plots as Figure [7.4] but with the solution nonlinearly
superimposed with three solitons.

1 pair of bands with a taller soliton

In Figure , we plot the time evolution of a soliton gas corresponding to r1(A) supported
on one pair of bands, nonlinearly superimposed with one taller soliton, showing the soliton
escape the soliton gas.

1 pair of bands with a shorter soliton

In Figure [7.10, we plot the time evolution of a soliton gas corresponding to 7 () supported
on one pair of bands, nonlinearly superimposed with one shorter soliton, showing the soliton
becoming trapped within the soliton gas.

7.4.2 Convergence

In Figure[7.12] we demonstrate the convergence of our computational method as we increase
the number of collocation points used on each component of the jump contour associated
with the RHP that is treated numerically. We plot the absolute pointwise error made in
computing a soliton gas potential

Ey(z) := |up(2,0) — wgrue(z, 0)]

where p refers to the number of collocation points used on each interval, denoted by “PPI”
in Figure[7.12] Here, ugue(2,0) denotes the solution computed with a large value of p. The
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Figure 7.12: Pointwise errors for various numbers of collocation points. PPI (Points Per
Interval) denotes the number of collocation points used per interval I;, and 10 times that
number of points are used on each circle. 50 PPI is used as the exact solution in comparisons.

soliton gas potential computed for Figure is associated with 7 () supported on two pairs
of bands (in the notation of (7.4)) I; = [1.2,2], I, = [2.5,3] with fi(z) = 100 and f»(z) =1
and a; = b; = %, 7 = 1,2. This soliton gas potential is also nonlinearly superimposed with
two solitons associated with the eigenvalue parameters k1 = 1, ko = 4 and the norming
constants x; = 10, x2 = 1071, While we observe that our method is quite accurate, some
precision is lost due to the large condition number of the collocation matrix (empirically on
the order of 107). Future work will aim to improve the conditioning of this linear system.

Finally, in all of the plots presented in this chapter, 20 collocation points are used on
each interval and 120 points are used on each circle in the jump contour for the RHP treated
numerically.

7.4.8 Notes on performance

Perhaps the most attractive feature of our method is that it is trivially parallelizable. Since
x and t are only parameters in the RHP, all computations in this chapter can, in principle,
be done in the time it takes to solve a single RHP, i.e., a pointwise evaluation of u(x,t).
With this perspective in mind, we give rough pointwise evaluation runtimes on a standard
laptop for the solution plots above in Table [7.1]

7.5 Conclusion

This chapter introduced a fast and accurate method for computing KdV soliton gas solutions
via the numerical solution of the associated Riemann—Hilbert problem. The key contribution
is the use of Deift—Zhou steepest-descent deformations to precondition the singular integral
equations, avoiding the high-precision arithmetic required by earlier approaches [61]. The
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Unmodulated region | Quiescent region
Figures and |7.11| 0.7s 0.08 s
Figure |7.2 0.4s 2 ms
Figure 7.3 0.03 s 5 ms
Figure 7.4 0.02 s 0.4 ms
Figure|7.8 0.1s 0.02 s
Figures |7.9| and |7.10| 0.02's 3 ms

Table 7.1: Pointwise evaluation runtimes in seconds (s) or milliseconds (ms) to compute the
solutions u(z,t) presented in each figure listed in Section |7.4.1}

g-function and its correction b, constructed in the folded plane ¢ = 22 as described in
Section [7.2.2] exploit the odd symmetry of the problem to halve the effective linear system
sizes and reduce the domain of integration from ¥, U X_ to .. The method treats the
quiescent region (Section , where no deformations are needed, and the unmodulated
region (Section , covering x < 0 and small to moderate ¢, and handles nonlinear
superpositions with finitely many solitons via the residue conditions of Section [7.3]

The primary limitation of the method is its restriction to the complement of a wedge-
shaped region in the (z,t)-plane: the steepest-descent deformations break down when & =
x/(4t) enters the modulated regime where the effective genus of the g-function changes. This
limitation is overcome in Chapter 8, where the modulation parameter is computed and the g-
function is adapted accordingly, enabling uniform accuracy throughout the entire (x, t)-plane
for both KdV and mKdV soliton gasses.



173

Chapter 8

LONG-TIME COMPUTATIONS OF KDV AND MKDV
SOLITON GASSES
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8.1 Introduction

This chapter is based on a manuscript in preparation [17].

In this chapter, we develop a numerical method that extends that of Chapter[7]to be valid
in the entire (x,t)-plane. Due to technicalities, we present the method in the context of the
mKdV equation; the necessary modifications for the KdV case are described in Section [8.4]
The corresponding definition of an mKdV soliton gas, in the same setting as before, is given
by the following RHP.

Riemann—Hilbert Problem 8.1.1 (Pure mKdV soliton gas). Let (z,t) € R xR be fized.
Find a 2 x 2 matriz-valued function M(X\) = M(X; z,t) with the following properties:

Analyticity: M()\) is analytic for A € C\ (iX; UiX_), admitting continuous boundary
values on the interior of X, UiX_.

Jump conditions: The boundary values M (X) (resp. M~ (X)) from the left (resp.
right) are related via

_ 1 0 .
M+()\) =M <)\> (2ir1(>\)621(2:)\+4t/\3) 1) ) A € 12+,

: —2i(zA+4tA3)
M*H(A\) = M~ ()\) ((1) 2”“1@)61 ) ANeix., j=1.2.. .0

Normalization: M(\) =1+ O(A™ 1) as A — oo.

As in the KdV case, Riemann—Hilbert Problem has a unique solution [79]. Given a
solution M to Riemann-Hilbert Problem [8.1.1} the soliton gas solution of (1.4]) is recovered
from the residue at infinity:

w(z,t) = lim 2IAMi2(\; 2, t).
A—00
As in Chapter [7| we rotate the A-plane clockwise by defining z = —iX and r(z) = 2r(iz).
The numerical method we describe below solves for Y (z) = M(iz) with the convention that
all (real) intervals are oriented in the increasing direction.

See Figure for a soliton gas solution of with associated Riemann—Hilbert jump
conditions supported on five (pairs of ) bands and nonlinearly superimposed with five solitons,
computed with our method. This is a longer-time evolution of Figure (7.1l Figure 8.2 provides
the density plot of a soliton gas with associated Riemann—Hilbert jump conditions supported
on a single pair of bands, nonlinearly superimposed with two solitons. Our numerical method
is demonstrated to be uniformly accurate in the wedge-shaped region where that of Chapter 7]
breaks down.
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Figure 8.1: KdV soliton gas with r1(\) supported on five pairs of bands, nonlinearly super-
imposed with five solitons (cf. Figure .
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0.50 4

0.25

Figure 8.2: Density plot of a KdV soliton gas with 7 (\) supported on a single pair of bands
with two additional solitons (cf. Figure [7.3).

Our method uses Deift-Zhou steepest descent deformations to, in effect, precondition
the singular integral formulations of Riemann—Hilbert Problem and Riemann—Hilbert
Problem The deformations we employ vary in the (z,t)-plane and depend on the
parameter § := 7. In particular, we partition the (z,)-plane into wedges as in Figure ,
where the critical values ;1,812,215 - - -, &2 are computed as described in Appendix@ and
apply different deformations in each region. In the unmodulated regions, the support of the
g-function is fixed, while in the modulated regions, one must first compute the modulation
parameter «;(&£) as described in Appendix [B| to determine the support of the g-function.
The method of Chapter [7] is uniformly accurate in the genus 0 and genus ¢ unmodulated
regions and can be easily extended to the remaining unmodulated regions. In this chapter,
we describe a numerical method that is valid in the modulated regions, enabling long-time
computations in the entire (z,t)-plane.
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5 = Eg—l‘l

§=¢&i
= 5,(1,2 = b(ZI

Unmodulated

G Unmodulated
enus ¢

Genus 0

Figure 8.3: Deformation regions of the (z,t)-plane for a genus g soliton gas. The wedge-
shaped regions are bounded by rays of £ = §;, with critical values &;;, computed as described
in Appendix [Bl With an appropriate g-function, soliton gas solutions in the unmodulated
regions can be evaluated via the method of Chapter [7, while the current work develops a

numerical method valid in the modulated regions.

8.2 Steepest descent deformations

In this section, we describe the steepest descent deformations that we perform on Riemann—

Hilbert Problem to solve the mKdV equation (|1.4)). These deformations depend on the

modulation parameter «;(§) described in Appendix [Bl The necessary modifications for the

KdV equation and Riemann—Hilbert Problem are discussed in Section .
Define

1 0 1 ir(z)edt0(=8)
Jio(z:6,t) = (ir(z)e—sw(z;ﬁ) 1) o Ju(=6t) = <0 ( )1 ) '

To solve Riemann-Hilbert Problem [8.1.1| in the rotated z = —i)\ plane, we seek a 2 x 2
matrix-valued function Y (z;¢,t) = Y(z) satisfying

Y+(Z) = Yi('Z)JL(Z;gat)? z € EJH ‘9(27€> = EZ - 237
Y (2) =Y () Ju(26,t), z€38,
Y(z)=1I+0(z"), Z — 00,
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that is analytic elsewhere.

To describe the steepest descent deformations, we assume that £ is within the jth modu-
lated region, i.e. £ € (§;1,&2). For £ in an unmodulated region, local deformations around
«; are no longer needed, and the deformations around the intervals not containing «; remain
unchanged.

We introduce open and disjoint disks Dy, k = 1,2,...,¢g, chosen so that Dj encloses
[ay, by] in its interior and let D_j be the analog of Dy, for [—by, —ax]. We also let D; = D;(a;)
be an open disk, disjoint from all Dy, chosen such that («;,b;] C Dj and «o; € 8l~?j. We
denote its counterpart by [lj and take all disk boundaries to be oriented counterclockwise.

Now, define

0 _i_8t0(2:¢) 1 0
To(z€t) = (ir(z)egte(z@ " 0 ) o Lz6t) = ( (iz)e*&@(zf) 1) ’

r

0 ir(z eBtG(Z;g) i 68t0(z§£)
Tu(z€t) = (;e—ste(z;g) ( )O ), U(z;¢,t) = (0 r(2) . )7

(2)

—_

corresponding to the canonical LT L and UTU factorizations, so
J, =0T, U, Jy=LTyL.
We define Z(z;&,t) = Z(z) by
Y () U(z 6,67, ze (Dj Ul Dk> nCH,

Z(2) = VY (2)L(z: 6,07, ze (D,] Ui, D ) nCH,
Y(2), otherwise.

Because r™ = —r~ along the branch cuts, Z satisfies the jump conditions given in Figure .

Figure 8.4: Jump contours and matrices associated with Z(z; &, t) near each interval.

To move the jump conditions away from the singularities at +a;, we solve the RHP for
Z locally. That is, we define a new function Z(z;¢,t) in the circles around %q; according
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to Figure and set Z = Z outside of these circles. Then, 7 satisfies the jump conditions

Figure 8.5: Local definitions of Z(z; &, t).

given in Figure near £«; and the same jump conditions as Z elsewhere.

L—l

Figure 8.6: Jump contours and matrices associated with Z(z, €,t) near ta;.

The functions g(z; ) and h(z; €, t) are constructed exactly as in Section[7.2.2)of Chapter|7]
working in the folded plane ¢ = 22. The only modification is that in the jth modulated
region the left endpoint a; is replaced throughout by the modulation parameter a;(§) from
Appendix Bl The g-function support in the jth modulated region is

[a?-, b?] U Ui:j+1[ai> %), <y,
[OéjzabgL J=9,
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replacing the fixed support & = UY_,[az, b7] of Chapter . By convention, we set g and b to
be identically zero in the (g + 1)th modulated region.
To remove the exponential growth, denote

P(z;ﬁ,t) — e(4t9(2;£)+h(2;£,t))037 Q(z;ﬁ,t) _ e4t9(z;£)037 o3 = <(1) 01) '

Now, define S(z;¢,t) = S(z) by

S . ZQ, inside the circles centered at =+ «;,
o zP, otherwise.

Then, S satisfies the jump conditions given in Figure [8.7] These jump conditions can be

b—17 —1m—1
l + L 1TU Q
P_'LQ

Figure 8.7: Jump contours and matrices associated with S(z;¢, ).

written in terms of the function

P(z;€,t) = 4t (g(2;6) — 0(2;€)) + b(2:€,1),
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which is controlled at the singularities £a;. On the appropriate contours, we have

1 . AL (ED) —1 _ r
PTT. P, = <ieAk(£,t)r ‘0 > ,  PTUP= (0 1 ) ’
. 1 0 11 0 —e
P_ JLP+ = (ire¢++¢ 1/ P+ TL Q - —ire¢+ 0 ’
-4 _ i,y - _ig=o-
—1p—1m—1 € r€ -1 —(° re

Thus, all jump conditions of the function S are controlled, and we will solve the corresponding
RHP numerically.

8.3 Numerical implementation

8.3.1 Solution procedure

While the jump conditions in the RHP describing S are controlled, the nonlocal jump con-
ditions P~'T; P, and P_'Ty P, cannot approach the identity in any regime. To obtain
uniform accuracy as in [159, Chapter 7], we implement a two-stage solution procedure that
first solves for these jump conditions via the method of Chapter [7| then solves for the re-
maining jump conditions via the method of [118]. That is, we first solve for a matrix-valued
function A(z;¢,t) = A(z) with jump conditions pictured in Figure 8.8

PlL-'P

,,,,,,,,,,,,,

P-LP

Figure 8.8: Jump contours and matrices associated with A(z;¢,t).

Once A is obtained, we define S(z;¢,t) = S(z) by

~ {S, inside the circles centered at =+ a;, (8.1)

S = . )
SA™", otherwise.

Then, S satisfies the jump conditions given in Figure . All nonlocal jump conditions tend
to the identity as t — oo for fixed &, so we solve for S with uniform accuracy via the method
of [118}|159).
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Figure 8.9: Jump contours and matrices associated with §(z; &, t).

8.3.2  Endpoint asymptotics and series exrpansions
The limiting RHP for A

For k # j, the jump conditions on ¥4 4 and Dy, are incorporated into the numerical method in
the manner described in Chapter . At £a; the solution A exhibits quarter root and inverse
quarter root behavior, while at £b; it has the same square root behavior as in Chapter .

This mixed endpoint behavior must be handled more delicately than the pure square root
behavior found in Chapters [ and [/} For instance, if the (1, 1) entry of the solution U of the
singular integral equation on («;,b;) is of the form

\4/1—z+ () 1
——— +as(z ,
Vz+1 2 v1—2z24/2+1

for some smooth functions aq, as, approximating these functions with polynomials is now a
problem of frame approximation rather than basis approximation (see |3, Example 3]). That
is, we consider the frame

{pﬁ"é)w(i,—é)} U{Pn(_i’_é)w(—iv—%)} |

11 : :
Because w(12) admits an expansion

UH(Z) = al(z)
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for some coefficients ¢, this frame is linearly dependent. Indeed, if one naively approximates

N/2 - N/2 -
U ~ chRg*Z”?)w(*z’*E) + Zénpﬁi’*ﬁ)w(rﬁ), (8.2)
n=0 n=0

for unknown coefficients ¢, and ¢,, the collocation matrix resulting from discretizing the
singular integral equation becomes increasingly ill-conditioned as N — oo.

To amend this conditioning issue, we follow the prescriptions of [3,4]. That is, we make
the following three modifications to the construction and solution of the collocation system:

e Oversample collocation points: The singular integral equation is enforced at more col-
location points. That is, if we include N frame elements in each component of the
approximate solution U ~ U and let x1,...,xy be the zeroes of Ty, the Mth Cheby-
shev polynomial of the first kind, we enforce

CiU(z)) — CrU ()T (z;) = J(z;) =1, j=1,..., M, (8.3)

for some M > N. The approximation in (8.3]) is made precise as an overdetermined
least squares problem of the form

¢ = min||A¢ — bl (8.4)

To obtain an accurate method, M /N must be sufficiently large. Our implementation
defaults to M = 3N.

e Truncated SVD: The least squares problem (8.4 is solved via a truncated SVD which
can be implemented as in Algorithm [I2] Our implementation defaults to € = 10€mach
where €., denotes machine precision.

Algorithm 12: Truncated SVD to solve ¢ = ming [|[A¢ — b||5.

Input: Matrices A € C™", b € C™** (m > n) and tolerance e.

Run SVD on A to get UXV = A.

Truncate X so that all discarded singular values ¢; > ¢ > ... > g, satisfy gj2 /5% < e,
leaving 3 € RF*k, _

Truncate rows or columns of U and V as appropriate, leaving U € C™** and
vecke.

Return ¢ = V*¥  U*b.

e Basis enrichment: The frame approximation is constructed by using considerably more
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terms from one basis than the other. For instance, (8.2)) is modified to

N1 11 P N2 11 P
Uy, ~ chPn(j’j)w(_Zv—i) + ZénPTSZ’ﬁ)w(Zv—i), (8.5)
n=0 n=0

where N7 + Ny = N and either N; > N, or Ny > N;. Our implementation defaults
to N1 = 25 and N2 = 5.

Remark 8.3.1. The collocation matriz resulting from these modifications remains ll-
conditioned as N1 — oco. Despite this, it is shown in [3,4] that such frame approzimations
are highly accurate.

The local RHP for S

Once a numerical representation of A is obtained, S can then be treated via the numerical
method of [118,159] using the machinery available in the OperatorApproximation. jl soft-
ware package |[155]. However, pursuant to [159, Remark 5.6.1], we construct the collocation
system using Legendre polynomials (P,) -, rather than Chebyshev. Because Legendre poly-
nomials have constant weight function w(z) = 1, their Cauchy integrals are easily computed
via the method of Section [2.2.4] bypassing the need for special function evaluations. To
evaluate near the contour of interest, this requires the initialization

Co(2) = Cror[Pyw](2) = — / dx

Comi ) a2
_log(z —1) —log(z+1) log(l —z) —log(—1— z)
B 2i B 2i '

To obtain uniform accuracy at the intersection points of jump contours, one should construct
the collocation system using the finite-part Cauchy integral [159, Definition 5.22]. This differs
from the classical Cauchy integral only at the endpoints z = 4+1. At these endpoints, the
finite-part Cauchy integrals are generated through the forward substitution procedure using
the initializations

il —iarg (—e*ig)

Co(—=1+ 0e”) = FPC_y y[Pow](—1 + 0e") = ori ’

i0 — log(2)
2mi

Co(1+ 0e”) = FPC_1 yy[Pow](1 + 0e) =

Y

where 6 denotes the angle of approach. .
The use of Legendre polynomials encodes the correct asymptotic behavior of S(z) at all
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contour endpoints except z = *a;. As z — aj,

(o) o). it a; =1,

" (00~ a5 o)), it a=-4

and as z — —ay;,

(o) o), it o=,

S(z) = .
(o) O(z+al %), if a=-1
from which the behavior of S can be obtained since A(z) is analytic in a neighborhood of
2z = £a,;. This behavior can be encoded with an appropriate basis or frame of shifted Jacobi
polynomials and weights with parameter 0 at one endpoint and j:% at the other.
Alternatively, this asymptotic behavior can be removed by applying a local solution in
a neighborhood of z = £a;. Then, all asymptotic conditions are encoded with the use of
shifted and scaled Legendre polynomials as basis functions. It is easiest to construct a local
matrix solution to S near each endpoint before applying the transformation (8.1). In a
neighborhood of z = a;, we seek a function satisfying

_ 1 0
\IJE(Z) = \IIR(Z) (—17’(Z)e¢+(z)+¢(’z) 1) s S (U/j,C),

where a; < ¢ < o and c is outside the neighborhood of a; where the local solution will be
applied. By the Plemelj lemma, one such function is

1 0
Wi(z) = L r(s)e?+(Or0-Oas |-

2m Jaj s—z

To evaluate Wg(z) numerically, we must compute

1 c r(s)e¢+(s)+¢f(s)d5

¢21(Z) = —%

a; 55—z

= —iC[aj,C} [fje¢++¢‘ (<> - aj)aj (bj - O)bj} (Z>7 z ¢ [aj7 C]'

Using the shifted Jacobi notation of (2.18)) with the interval [a;, c], we approximate

[e's) L
Fi(@)e? DT (b — ) =3 ", PO () = Y e B0V (), @ € [a,d],
n=0 n=0
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to high precision. Then, ¢, is approximated by

L

Go1(2) =~ — Zicnc[%c] [ﬁéO,aj)@(O,aj)] (2),

n=0

where the Cauchy integrals can be computed via the method of Section of Chapter [2]

enabling the evaluation of ¢9;(2) for a given z. A local solution in a neighborhood of z = —a;
is given by
—a, —94 ()= (s)
1 lf aj r(s)e ¢+ ds
U, (z) = 2r J—c s—z ,
(2) (0 1

which is evaluated in the same manner, mutatis mutandis.
Given local solutions ¥, Wy, we define T(2;&,t) = T(z) by

S‘Ilil, inside a neighborhood of — a;,
T :=( S¥.', inside a neighborhood of a;,

S, otherwise,

and define T(z;,t) = T(z) by

(8.6)

T T, inside the circles centered at =+ o,
TA™!, otherwise.

Then, T satisfies the jump conditions given in Figure m Then, T can be solved for

AP 'L 'PA™! AP-U-PA™!

API'LT'T;'Q
AP-1J, P A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

AT AT

ATLIAT!

AP 'LPA™! AP-lUPA™!

Figure 8.10: Jump contours and matrices associated with 'T(z, £, t).

numerically using bases of Legendre polynomials as described above. The soliton gas solution
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u(z,t) of (1.4) is then recovered from T(z) = T(z;x,t) via the formula

u(z,t) = im —22T15(2; 2, 1).

Z—00

8.3.8 Soliton addition

Multi-solitons are inserted into soliton gasses via the method of Section of Chapter [7]
Additional solitons can be inserted into an mKdV soliton gas by supplementing Riemann—
Hilbert Problem with appropriate residue conditions. That is, to insert n solitons with
spectral parameters Ky, ..., K, € Ry \ {0} and norming constants xi,...,x, € R\ {0}, we
consider solving the following RHP:

Riemann—Hilbert Problem 8.3.2 (mKdV soliton gas with solitons). Let (z,t) € R x R,
be fized. Find a 2 x 2 matriz-valued function N(A) = N(X; z,t) with the following properties:

Analyticity: N()\) is analytic for A € C\ (iX; UiX_), admitting continuous boundary
values on the interior of iX UiX_, with the exception of simple poles at X = +ik;,
ki >0,7=1,2,...,n, in the complement of iX; UiX_.

Endpoint behavior: The same as in Riemann—Hilbert Problem [8.1.1].

Jump conditions: The boundary values NT(X\) (resp. N=(X)) from left (resp. from
right) are related via

_ 1 0 .
N =N (e 1) A€

: —2i(zA+4tA\3)
N+()\):N‘(>\)<(1) 2”’1(”61 ) NEiD., j=12. . .4

Residue conditions: At each simple pole A = £ik;, j =1,2,...,n, N(\) satisfies

. 0 0
Res N(A) = lim N()) (_iX‘e2i(iﬁjx4in?t) 0) )
j

A=ik; A=k
. e . . 3
0 —ix; 621(1@ r—4iK] t) )
)

Res N(A) = lim N()) (0 0

)\:finj )\A)filﬁj
with norming constants x; € R\ {0}.

Normalization: N(\) =1+ O\ !) as A — oco.
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The residue conditions are included in the second stage of our numerical method (solving

for ’T‘), with deformations applied as described in Section of Chapter . In particular, we
apply the pole-flipping transformation

V() = Y()u(z)®, ofz) =[] (8.7)

ek AT ’
where for some constant ¢ > 0, K is an index set corresponding to “large” residue conditions:
K = {j:|xetrts)to-ts)| > ¢} (8.8)
Our implementation takes ¢ = 10° as the default value.

Remark 8.3.3. Applying the pole-flipping transformation (8.7) may introduce conditioning
1ssues into the collocation system. When applying the steepest descent deformations to Y, .
appears in the jump conditions, and this function can become large on the jump contourd|.
This is partially mitigated by choosing a large value for ¢ in but comes at the expense
of conditioning issues introduced by large residue conditions.

Empirically, we find that when the collocation system Ac = b is ill-conditioned, row- and
column-scaled left and right diagonal preconditioners improve the accuracy of the computed
solution. That is, we define a diagonal left preconditioner by

(D1)j; = max|Ajl,
and a diagonal right preconditioner by
—1
(Dr);; = max |(D7'A) |
and solve the equivalent system

D;'AD;'y =D;'b.

8.4 DModifications for KdV

Now, consider the Korteweg—de Vries (KdV) equation (1.3]) Define

1 0 1 ir(z)ed9)
Ji(z;6,t) = (_' —810(2:€) 1) o Ju(z6t) = (O ( )1 ) '

ir(z)e

'For instance, this can be on the order of 107 in Example[8.5.2
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Figure 8.11: mKdV hybrid soliton and anti-soliton gas with 71(\) supported on two pairs

of bands with opposite signs on each, nonlinearly superimposed with a soliton and an anti-
soliton.
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To solve Riemann-Hilbert Problem [7.1.1] in the rotated z = —i\ plane, we seek a vector-
valued function Y (z;¢,t) = Y (z) satisfying

YH2) = Y (560, 2N, 0(n) =€ — 2
Y = Y () Iu(6t), sex
Y(z)=(1 1)+0(z7"), z— o0,

that is analytic elsewhere. We do not explicitly enforce the symmetry condition Y (—z) =
Y ()0 in our numerical method. We similarly define

- 0 . (1 )68t9(z;§) L 1 0
) = r(z £ 1) = P ’
L<Z7 éa ) <_ir(z)e_8t9(z;§) 0 ) ) (Za 57 ) (_ T(Z)e 8t0(z;€) 1>
0 ir(Z)GStO(z;g) 1 i e8t9(z;§)
en_ [ e [t T
TU(za ga t) <T(IZ) efStG(z;ﬁ) 0 ) U(Za ga t) 0 1 :

With these definitions, we perform the same sequence of steepest descent deformations as be-
fore. Then, T is 1 X 2 row vector-valued and satisfies the jump conditions given in Figure [8.7]
On the appropriate contours,

0 _t 1 ie=2¢
-1 — ARED, -1 _ r
P_T.Py = <—ieAk(5’t)r 6 ) ’ PrUP = <O 1 ) ’
. 1 0 L1t 0 de %
P J.P,. = <—ire¢++¢ 1) P+ T, Q= ire®+ 0 )
—¢+  lg—o+ —¢—  ila—¢-
—1y7-1mp-1 € 7€ -1 (e e
P,'U TLQ=<M¢+ 0 ) P_UQ—(O e¢)-

To solve this problem numerically, we again solve for a 2 x 2 matrix-valued function
A(z;€,t) = A(z) with jump conditions pictured in Figure . However, in contrast with
the mKdV problem, such a A fails to exist at a set of isolated points (z,¢). While prior
numerical work has largely ignored this behavior [34}/160], we observe that numerical errors
resulting from it compound within our two-stage procedure, leading to notable accuracy
loss near these points. One remedy is to directly solve for T rather than using a two-stage
procedure. While this approach avoids compounding errors, the nonexistence of a bounded
matrix solution still impacts numerical accuracy near the relevant points. Empirically, a
one-stage method is also less robust at handling long-time evolution. Instead, we implement
a modified two-stage solution procedure.

Rather than attempt to construct a bounded solution that may not exist, we introduce a
simple pole at the origin to the construction of A. In particular, we require A to additionally
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satisfy the residue condition

i
A(z) =lim A A :
At generic pointsﬂ (x,t), this construction ensures that A has determinant 1, satisfies the
appropriate symmetry A(—z) = 01A(z)o1, and has a pole at the origin of the form

- 1 1
Az) = % (_1 _1) +0(1), a,€C,

as z — 0.

Once a numerical representation of A is obtained, T as defined in again satisfies
the jump conditions given in Figure|8.10, with the exception of a possible pole at the origin.
Denote as z — 0,

T(z) = T_1z~" + Ty + O(2),
A(z)=A 127 4+ Ag+ O(2).

In order for T to be regular at the origin, it must hold that
T_le + ’TOA_l = O,
which corresponds to the residue condition

Res T(2)A¢ = —lim T(2)A_;.

0 z—0

Because T(—z) = T(z)o; and A(—z) = 01A(2)oy, T satisfies the symmetry T(—z) =
T(z)o;. This implies that Ty is of the form % (1 1) where ¢, € C, so

ResT(z)Ag = (1 1) a-y (_11 _11)=(o 0).

0

Thus, no residue condition need be imposed, and it suffices to find some T that is regular at
the origin. This means that once a numerical representation of A is obtained, T is computed
in the same manner as for the mKdV equation, modulo computing a vector, rather than
matrix, solution and the necessary sign changes in the jump conditions. The soliton gas

solution u(z,t) of ([1.3) is then recovered from T(z) = T(z;x,t) via the formula

u(z,t) = lim 22%(T(z;2,0)To(2; 2,t) — 1).

Z—00

2By this, we mean points (z,t) where a bounded matrix solution does exist. At nongeneric points, these
properties can be validated empirically.
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8.4.1 Soliton addition

Multi-solitons are again inserted into KdV soliton gasses by supplementing Riemann—Hilbert
Problem [7.1.1} with appropriate residue conditions, exactly as in Riemann—Hilbert Prob-
lem of Chapter [ The residue conditions are included in the second stage of our
numerical method (solving for T'), with pole-flipping transformations and deformations ap-
plied in the same manner as for mKdV.

0.75

0.25

Figure 8.12: Density plot of a KdV soliton gas with r1(\) supported on two pairs of bands
with an additional soliton in between.

8.5 Examples and demonstration of convergence

8.5.1 Convergence

In Figure [8.13] we demonstrate the convergence of our numerical method for computing A
in the context of the KAV equation, near a point (x,t) where a bounded matrix solution
appears to not exist. We plot the absolute pointwise error made in computing A on a small
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Figure 8.13: Maximum pointwise errors in the computation of A(z) on the circle |z| = 0.01
for a varying number of frame elements (NFE). In the notation of (8.5), No» = NFE and
N; = 4NFE. 16 NFE is used as the exact solution in comparisons.

circle around the origin:

max HAP<001619> - Atrue<0-01eie>H2 )

oc[—m,m]

where p denotes a measure of the number of frame elements used, denoted by “NFE” in
Figure , and Aye denotes the solution computed with a large value of p. Here, ri())
is supported on one pair of bands (in the notation of (7.4)) I; = (1.5,2.5) with fi(z) = 3
and a; = by = %, and we consider the point x = —0.4376211, t = 0.1. We observe that the
addition of the residue condition appears to yield a convergent numerical method for

computing A.

8.5.2  FExamples

In this subsection, we enumerate the examples found throughout this chapter. All parameters
are given in the notation of ([7.4)).

5 pairs of bands with 5 solitons

In Figure , we plot a KdV soliton gas corresponding to 71(\) supported on five pairs of
bands, nonlinearly superimposed with five solitons. Here, I; = (0.25,0.5), I = (0.8,1.2),
[3 = (15,2), [4 = (25,3), [5 = (4,5), with fl(Z) = 1, fQ(Z) = 1/2, fg(Z) = 1/47 f4(2> = 1/8,
f5(z) = 1/16 and a; = by, = & for k = 1,...,5. The solitons are associated with (see
Riemann—Hilbert Problem ED k1 = 0.1, ko = 0.7, k3 = 2.25, Ky = 3.5, k5 = 5.5 with the
norming constants y; = 10, yo2 = 1000, x3 = 100, x4 = 10, and x5 = 107°.
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1 pair of bands with 2 solitons

In Figure we consider a KdV soliton gas corresponding to 71 (\) supported on one pair
of bands, nonlinearly superimposed with two solitons. Here, I; = (1.5,2.5), f1(z) = 1, and
a; =b; = % The solitons are associated with the eigenvalue parameters k; = 1, ko = 4 and
the norming constants y; = 10, y, = 1071,

2 pairs of bands with 1 soliton

In Figure , we consider a KdV soliton gas corresponding to r1(\) supported on two
pairs of bands, nonlinearly superimposed with one soliton. Here, I; = (1.5,2.5), I = (3,4),
fi(z)=fa(z) =1, and a1 = by = ay = by = % The soliton is associated with the eigenvalue
parameter k1 = 2.75 and the norming constant y; = 1.

2 (opposite sign) pairs of bands with 1 soliton and 1 anti-soliton

In Figure [8.11] we consider an mKdV hybrid soliton and anti-soliton gas corresponding to
r1(A) supported on two pairs of bands, nonlinearly superimposed with a soliton and an

anti-soliton. Here, I} = (1.5,2.5), I, = (3,4), fi(z) = 1, fa(2) = =1, and a1 = ay = %,
by = by = —%. The soliton is associated with the eigenvalue parameter x; = 4.5 and

the norming constant y; = 1072, while the anti-soliton is associated with the eigenvalue
parameter ko = 2.75 and the norming constant y, = —1.
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Chapter 9
LARGE-GENUS KDV SOLUTIONS
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9.1 Introduction

This chapter is based on in-progress work with Deniz Bilman and Thomas Trogdon.

The finite-genus (quasi-periodic) solutions of the KdV equation are algebro-geomet-
ric solutions associated with a genus-g hyperelliptic Riemann surface. Classically, they are
expressed through the Its-Matveev formula in terms of Riemann theta functions [91]. As
discussed in Section [2.8] evaluating this representation directly is difficult for large genera.
Much like with the Akhiezer polynomials, a Riemann—Hilbert representation of finite-genus
solutions was introduced in [157], resulting in a numerical method for small-genus solutions
(roughly ¢ < 10). In [33], the authors reformulate the finite-genus RHP and develop a
numerical method for computing large-genus solutions (roughly g < 1000).

We refer to |33] for a full treatment of the finite-genus solutions, the associated RHP,
and applications. The purpose of this chapter is to observe that the finite-genus RHP is a
clean instance of the framework developed in Chapter [3|and to record the resulting numerical
method. Because the jump conditions are piecewise constant and unitary, we are able to
improve the numerical method of [33] by explicitly constructing a preconditioner at the
operator level and developing a matrix-free implementation of the collocation scheme. The
resulting method is effective for even larger genus (roughly g < 5000).

9.2 The Riemann—Hilbert problem

As before, fix g € Z, and let 0 < a; < b <ag <--- < ay <by. Denoting

g 9

Y= U[aj7bj] and o= U[—bj, —aj],

j=1 j=1

like the (rotated) soliton gas RHP of Chapters[7]and[8 the jump conditions for the (unfolded)
finite-genus RHP of 33| are supported on ¥, UX_. The RHP is as follows:

Riemann—Hilbert Problem 9.2.1 (Finite-genus KdV solution). Let (x,t) € R x R be
fized. Find a 1 x 2 row-vector-valued function S(z) = S(z;x,t) with the following properties:

Analyticity: S(z) is analytic for z € C\ (X1 UX_), admitting continuous boundary
values on the interior of ¥ U X_.

Jump conditions: The boundary values ST(z) (resp. S™(z)) from the above (resp.
below) are related via

B 0 ein(z,t)
S0 =5 (en * g ) #Elanb)

B 0 efin(w,t)
S0 =56 (gatenr g )0 7€ [bimall
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forj=1,...,9.

Normalization: S(z) = (1 1) +O0(z™') as z = .

Symmetry condition: S(—z) = S(z) <(1) é)

Endpoint behavior: S(z) = O (|z F a;|7/?) as z = £a; and S(z) = O(1) as z —
.

Here, the phases Q;(z,t) = Q;p) —l—Qg.x)x—i-Qg.t)t € R depend affinely on z and t [33]. Given
S(z) = (S1(2) S2(z)), the KAV solution is recovered via the product formula [62]
u(z,t) = — lim 22°(Sy(2; 2, t)Sa(z; 2, 1) — 1).

Z—00

Note that this is different from the recovery formula used in [33], and has the effect of halving
the number of required linear solves in the numerical method.

Denote the 2¢ bands as I; = [a;,b;] and I_; = [-b;, —a;]. For each I,,, we denote the
corresponding jump condition by
_ (0 G _
where (4; = %@ for 5 = 1,...,¢9. The jump conditions of Riemann-Hilbert Prob-

lem [9.2.1] are pictured in Figure [9.1]

Figure 9.1: The jump contour for Riemann-Hilbert Problem [9.2.1l The jump matrix is the
constant unitary matrix J; on each band, and S is normalized to (1 1) at infinity.
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9.3 Diagonalization and preconditioning

Following Section |3.3] we make the ansatz

S(z) = (1 1) +Cx,ux_u(2), u= Z u,, u,=P,u, (9.2)

where u is a 1 x 2 row-vector density on X, UY_ and P, is the projection onto I,,. On each
band I,,, this yields the singular integral equation

Clu,—CruJ,+ ) Cou(I-J,)=(1 1)(J, 1) (9.3)
k#n

Because each jump condition (9.1) is Hermitian and unitarily diagonalizable with constant
eigenvectors,

s=v@puey, p=(g %) vo-5(5 )

conjugating (9.3) by U((,,) and defining the unknown v,, := u,,U((,) moves all coupling into
the off-diagonal blocks. The system becomes

Crve—CrvaD +> €, vi U(G)'U(G)(I-D) = (1 1)U(G)D-TI), zel,. (94)
k#n

To remove the noncompact diagonal operator, we precondition ({9.4)) on the left by the block-
diagonal inverse

b o apy o (=) 0
(ci —cp (¢)D) _< . (Ci%’fn)l)’ (9:5)

which is available in closed form for our chosen bases. Following the endpoint behav-
ior in Riemann—Hilbert Problem [9.2.1] each component density is expanded in weighted
Chebyshev-V or Chebyshev-W series. On the unit interval [—1, 1] [108],

<C+ - C’)[kav] = kav, (C+ - Ci)[Wkww] = Wkww,
(C+ + C_)[Vk’LUV] = %Wk, <C+ + C_)[Wk’LUW] = —%Vk,

and these formulae can be shifted and scaled appropriately. To apply (9.5) to the resulting
collocation system, one only needs to map between Chebyshev polynomial coefficients and
values which can be done in a matrix-free manner via appropriate discrete cosine and sine

transforms |119, Table 4.1]. Once (9.5)) is applied to (9.4), we are left with a system of the
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form

(I+K)v="f, (9.6)

where IC is compact. The application of K in the collocation system requires applying ((9.5)
and evaluating the weighted Cauchy integrals of Chebyshev polynomials away from their
support which can be done in a matrix-free manner via the formulae of Theorem [2.5.1, The

collocation system is solved by matrix-free GMRES in a small number of iterations [33, Figure
12].

9.4 Dispersive quantization

One instance of where large-genus solutions are useful is in modeling a phenomenon known
as dispersive quantization. When the linearized KdV equation is evolved from periodic
piecewise-constant initial data, at times corresponding to rational multiples of the domain
length, the solution is quantized, forming a profile consisting of piecewise-constant steps. At
other times, the solution exhibits fractal-like, continuous but nowhere-differentiable behav-
ior [117]. Understanding this phenomenon in the context of the (nonlinear) KdV equation
has been the subject of recent numerical experiments [42] and theoretical analysis |64, 8§].
To illustrate dispersive quantization with our method, we compute the finite-genus KdV
solution approximating a box initial condition from [33, Section 5.4]. Figure displays the
evolution at selected times, contrasting a low-genus (¢ = 3) and a large-genus (g = 1600)
approximation. The large-genus solution accurately captures the formation of the dispersive
quantization profile.
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Figure 9.2: Snapshots of the finite-genus approximation of a box initial condition. Top
row: genus g = 3. Bottom row: genus g = 1600, demonstrating the resolution of the
dispersive quantization structure. Computations performed with the method of this chapter.
Cf. [33, Figure 10].
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Appendix A
DEFERRED PROOFS

A.1 Akhiezer polynomial recurrence coefficients

Assume that the nth degree orthonormal polynomial can be represented as
() = kpa" + L™t

Then, the recurrence coefficients can be recovered by [53]

gn €n+1 y kn
e N AR Al
kn kn—i—l kn—i—l ( )

with the convention that ¢y = 0,ky = 1. To obtain such a representation, we must expand
(2.22) around u = —p, the point corresponding to x = oo on one sheet of the Riemann
surface. Noting that H is an odd function, we expand

(—H(2p) + H'(2p)(u+ p) + O((u + p)?)) (1+0((u+p)?) "
H(2p) 1 H'(2p)

T HO) u+p  H(0)

H'(0)(u+ p)

+ O(u + p).

Similarly, © is an even function, and we expand

A = ©1(2n = 1))+ € (20~ D) (w4 ) 4.
1 (9w, -
5 (1~ s+ )
_0(n-1p)  (€(@n-1p)  O(2n-1p)O ),
= (g M )

+0 ((u+p)?).

The other product summed in (2.23)) is O(u + p) and will not contribute to the recurrence
coefficients. To convert these expansions from u + p to x, we utilize the relation

1 —a?
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r— o =
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which we rewrite as

1 —a?

(snu+snp)(snu—snp) = @)

(A.2)

Noting that sn is an odd function, we expand

"

sn
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— 2 / 1
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L0 ((ut p)?)).
Substituting this into (A.2), solving for u + p, and iterating,
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Inverting this,
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Substituting these into the series in u + p,
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To obtain the recurrence coefficients from these expansions, denote

r —
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Applying (A.1)), we get that
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Finally, we substitute in ¢, d,v,, d, and C,, and get
1 " H'(2 1 1-a?> ©
(zoz(l—a2)( : 'y (2p) /)+ a/ (P)+a7
8sn?p  8snp(sn’p) H(2p) 4snpsn’p 2snpsn’ p O (p)
1 sn” p
an =(1 — a? + >
( ) (8sn2p 8sn p (sn’ p)°
_ A2 / / / .
L—o” (H'(2p) ©(2n+1)p) ©((2n—1)p) v n>L
dsnpsn’p \ H(2p)  ©(2n+1)p) ©((2n—1)p)
. 1-a2 H(0) [20(3p)
" " 4snpsn’ p H(2p O(p) ’
- H(0) B 390 — D)

n > 1.

" " dsnpsn’ p H(2p) O((2n+1)p) ’
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A.2 Proof of Theorem [2.5.1]

Proof. We proceed by induction by first considering the base case k = 1 separately for each
kind of Chebyshev polynomial. Using the recurrence relation (2.6 that C}) must satisfy, we
can directly compute the following.

CT(x) =3 <Zog<z> i %) 3 (
\/_

i 1
2ryz — 1z +1 * %)
z—Vz—1Vz+ 1) = \/§COZ(Z)J;1(2).

27T\/2T\/F<

Cf(z)z?(ng(Z)+2im) :%<z — 22V =1z + 1+ (22 —1))
= e = L (- VETIVERD) ) = G ).

™

CY(Z):(Qz—l)C'V()ﬁ—Q?:zL( (24 1)+ 22 1E +\/ﬁm—z)

. <_1 N %) (s - mm) — CY(:)J7' ().

Clw(z):(2z—|—1)CgV()—i—QL—%((z—l) —Vz+1lvz—1 +z>

2mi \/—
= i <1 — \/\/;) (z —Vz— 1\/m> = Cy (2) ] (2).

Now,
2201 (2) — 1 =22 (z —Vz—1vz+ 1) —1=z2-22V2— Wz +1+4(*—1)=J ' (2)°.
Using this for the second base case k = 2,

Cy(2) = 2207(2) — V205(2) = 2v/22C5 (2)J 71 (2) — V205 (2)
= V207 (2) (22711 (2) = 1) = V205 (2) J2 ' (2)*.
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As an inductive step, we let k£ > 3 and find that our recurrence gives

Cirl2) = 220,21 (2) = Cimy(2) = 2:V205(2) I (2)* ! = V205 (2) I (2)F7

= VG () ()72 (227 1(2) — 1) = VRO (), (),

completing the proof for Chebyshev-1. For U,V , and W, see that the theorem is trivially
true for kK = 0, so we can use k = 0,1 as our base cases. Letting [J denote U, V', or W, we
let £ > 2 and find from the recurrence that

Cr (2) = 2201, (2) = Oy (2) = 22C5 () T (2)* 1 = Cg () T ()7
= Co'(2) I (2)" 72 (22071 (2) = 1) = C5(2) I (),

completing the proof for all cases. O

A.3 Proof of Lemma 6.2.3

Proof. For j = 0, the lower left block of po(H) = I is zero. Since po(A) =1, Cpy(A)+Go =0
when Gy = —C.
When j = 1, by (2.5)), the lower left block of p;(H) is given by iC. Applying (2.5) to

pl(A)7
1 1 3 3 I .5 .
0 0 0

= Cpi(A) + %(GOA + (ao +1)C).

Using induction, let j > 2 and assume that the lemma holds for p;_; (H) and p;_»(H). Then,

| B pi1(A) 0 | _ pj-2(A) 0
pi-i(H) = (ijl(A) +Gj pj1<B)) - PralH) = (ij2(A) + Gy pj2(B)) '

Applying (2.5) and noting that matrices commute with polynomials of themselves, the lower
left block of p;(H) is given by

l;_ (Cp]_l(A)A + Gj—lA +p]_1(B)C — dj_l(]pj_l(A)
i1
—j1Gj_1 — bj_2Cpj_2(A) — b;_2G;_,)

1 .
= Cp](A) + lv)_ (Gj_lA +pj_1(B)C — dj_lGj_l — bj_2G]'_2) ,

7—1

which completes the proof. n
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A.4 Proof of Theorem

Proof. The error corresponds to the tail of the bivariate series (6.33)),

X -X = Z ¢ Py (B)UVpR(A).

max{%,j } >k
We write
XXy =) pP(B)UVH(A)+ ) a;(B)UVpHA) - Y c;pP(B)UVPR(A), (A3)
i>k >k ij>k

where the one-variable coefficient functions

a;(x) = . fley)pf () waly)dy,  biy) = g fla,y)pP () wa(z) de
have full series a;(B) = Y, ¢i; p>(B) and bi(A) = 3. ¢i; piH(A).
By Lemma [5.3.6]

< —i . < K2
;ggf\b( y)| < Cog', g%ﬁ’ag(l’)‘ < Coy

Dlagonallzlng A and B and denoting & = ||V |2| Va2l VB2l Vg2, by Lemmathe
first term in is bounded by

> pP(B)UVbi(A)

i>k

i Y
<Cr[UV ) o5 < Cry Bg_l,
— UB

9 i>k

for some constants C', C; > 0. The second term is bounded by Cy 0% /(1—04") for some Cy >
0 in the same manner. For the final term, applying Lemma to the two representations
Cij = <b,~,pf>L%UA = (aj,p?)LgUB gives the two estimates

eyl < Cog’ and  ey| < Coy.
Multiplying these two estimates and taking the square root yields
o35 < Cog 0",
so that
< O[OV Y 05”05’ = 0(7).

9 i,j>k

Y i pr(B)UVpH(A)

i,j>k

Summing the three contributions gives the desired result. O
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Appendix B

COMPUTING THE MODULATION PARAMETER AND
REGIONS
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To determine the bounds &;;,;2 of the jth modulation region and the value of the
modulation parameter «;(&) for £ € [§;1,€;2], we construct functions Fj(&, o) with zeroes
corresponding to critical values. Throughout this appendix, for a given j € {1,...,g} and
a € (aj,b;), denote

2( ) — [a27b§] U Uz:j+1[a%7bi]7 ] < g,
\) = 2 12 S
[a?,b7], j=g,
and
. 2 L —
Fj,k(a) _ [O;a ]7 ) 07 ‘
[bk+j—17ak+j]7 k:1>--'7g_]-

Consider the following scalar RHP:

Riemann—Hilbert Problem B.0.1. Find a function g with the following properties:

Analyticity: §(C) is analytic for ( € C\ (—oo,bg], admitting continuous boundary
values on (—o0,b7).

Jump conditions: The boundary values §+(¢) = lim o+ §+(¢ £ i€) are related via

3O +8-(Q) =2(&C* =), (e ¥y,
g-i—(C)_g—(C):le(g?a)v Cefj,k(a>7 k’:O,...,g—j,
§+(O)+8-(¢) =0, ¢ € (—00,0),

where Qi (€, ) are real-valued constants.
Asymptotic condition (infinity):
8O =0, (= oo
Asymptotic condition (left endpoint):
8(0) — (€62 =) =0(C = a?)*?, (= o (B.1)
Asymptotic condition (zero):

8¢0)=0(¢"?), ¢—o.

Asymptotic condition (other endpoints): For each fized endpoint ¢ €

{(IjJrl, e ,ag, bj, e ,bg},

8(0) — (62 =) =0(C=A)2, (=
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We construct Fj so that its zeroes correspond to points where Riemann-Hilbert Prob-
lem is solvable. We do this by first constructing the derivative g’ of a candidate solution
g, i.e., we solve the following RHP:

Riemann—Hilbert Problem B.0.2. Find a function §' with the following properties:
Analyticity: §(¢) is analytic for { € C\((—o0,0] Ucl (Z;(a))), admitting continuous
boundary values on (—o0,0) U ¥;(a).

Jump conditions: The boundary values ¢, (¢) = lim, o+ §'. (¢ £ i€) are related via

§(0+5.(0) = % “3VE Ce%(a),

g, (¢) +8-(¢) =0, ¢ € (=00,0).

Asymptotic condition (infinity):
§() =07, ¢— oo

Asymptotic condition (left endpoint):

o (& 3 _ _ g2)1/2 o2
710 - (552~ 3v8) =0 -t (o

Asymptotic condition (zero):

g =0("?, ¢—o

Asymptotic condition (other endpoints): For each fized endpoint ¢ €
{CLj+1, <oy Qg, bj, ce ,bg},
50— (5= 2VT)=0c- ) (e
2/C 2
Let R;(C;a) = R;(C) be the function satisfying
(C—Oéz)HLHI(C—ai) -

~ 9 ((—b2 ) j < g7

R =]  JEE

¢(¢=b3)’

J=9,
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along with the condition R; Q) =¢ 1240 (C*S/Z) as ( — oo. Then, a solution to Riemann—
Hilbert Problem [B.0.2] is

Lo RO [ GBS ds
O = /im Rf(s) s—=¢ B2

Lemma B.0.3. If j = g, (B.2) is the unique solution of Riemann—Hilbert Problem .

Proof. By construction, (B.2)) is a solution to Riemann-Hilbert Problem [B.0.2l To show
uniqueness, let g}, g, each be solutions of Riemann—Hilbert Problem and define

91(¢) — 85(¢
R;(C)
Then, H is analytic and H(¢) = O(¢™!) as ¢ — oo. Thus, H is identically zero and
g1 = 85 O

If y = g, it follows from a residue calculation that

§ (O +d-(¢) —( —3\f> (5 3C+5 ( 2))-

Now, consider the function
¢
30 = [ g (B.3)
0

where the integration path is taken to be a straight line between 0 and (. By construction,
g solves Riemann—Hilbert Problem [B.0.], if

/j (@;@) §.() - ( —3[))d<=o. (B.4)

Ao = [ R0 (6304 2 05 -e) ) ac

If 7 < g, Riemann-Hilbert Problem |B no longer has a unique solution. To amend this,
let R;(¢;a) = R;(¢) be the function satisfying

Thus, we define

(—a?
G =TI, (€~ ad)(C — 1)

along with the condition R;(¢) = (=129 + O (¢73/*1779) as ( — oo.

R;(¢)* =

Lemma B.0.4. If j < g, all solutions to Riemann—Hilbert Problem [B.0.9 can be expressed
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in the form

Py_j1(Q)R;(C),

R . £ 35 ds
@’<<>=R]—(O/Z()“§ Ve d

; = +
27l R;r(g) s—(

where P;_;_1 is a polynomial of degree at most g — j — 1.

Proof. By construction,

</ _ RJ(C) %_3\/5 ds
G0 =5 [ e e B

is a solution to Riemann-Hilbert Problem [B.0.2l Let g, be another solution to Riemann—
Hilbert Problem [B.0.2] and define

Then, H is analytic and H(¢) = O(¢9771) as ( — oo, so H is a polynomial of degree
at most ¢ — 7 — 1. Thus, any solution of Riemann-Hilbert Problem must be of the

form (B.5)). O

If 7 < g, a residue calculation yields
§0 410 - (52 -3v%)

= —R;(¢) (f — 3¢+ % (b7 — o?) +g > (- ai)) + P, 1 (OR;(0).

k=j+1

Defined as in (B.3)), § solves Riemann-Hilbert Problem if g satisfies (B.4) and

Lo (g0 (S -3v8) Jac=o (B.6)

for k=1,...,9—j. We determine P,_;_1(¢) by enforcing . That is, the coefficients of
Py i 1(Q)=m+...+7,-;¢77"" are determined by the linear system

Zw/f &A= /F o9 (s a3 (et +5 Y (2 - ai)) ac,
/=1 gk (& g,k (0

k=j+1
(B.7)
fork=1,...,9—7.
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Lemma B.0.5. The (g9 — j) X (g — j) matriz defined by
G- ( / <“Rj<<>dc)
L k(a)

Proof. The proof follows from the argument of Lemma applied to G. n

1<k.<g—j

18 1nwvertible.

As before, this matrix becomes ill-conditioned when g — j is large due to the presence
of the monomial basis. We instead solve an equivalent linear system with basis polynomials
chosen to vanish at the midpoints of the gaps.

Once P,_;_1 has been determined in this manner, § solves Riemann-Hilbert Prob-

lem [B.0.1]if
0=F6a)= [ (PR
— R(¢) (g 3¢+ g (12— o) + g _zg: (v? - az))>dg.

Remark B.0.6. For any given £ € R, a > 0, F;(&,a) can be computed via appropriate
Gauss—Chebyshev quadrature rules. Furthermore, the limiting value

E(ﬁ?bj) = lim Fj(§7a)7

a—)bj

evaluates to 2b2 —2&by if 7 = g and can be computed via appropriate Gauss-Jacobi quadrature
rules if j < g.

For any fixed a > 0, F;(§, ) depends linearly on &, so the boundaries of the modulated
regions are determined by

Fj(&1,a;) =0, F;(&2,0;)=0, j=1,...,g,

where the roots ;1,2 can be computed by the secant method in a single step. Given
£ € (§1,&2) in the jth modulated region, a;(§) can then be determined by applying a
scalar root finding algorithm to solve

Fj(f,aj):O, aj<ozj<bj.

Remark B.0.7. The function § constructed above is used only to compute the modulation
parameter o and the critical values &;1, &j2. It differs from the g-function g employed in
the steepest descent deformations of Chapter[8 The latter is preferred for the deformations
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because they remain valid even when «; is computed inexactly; in this case the final jump
conditions exhibit exponential growth rather than exponential decay as x,t — oo with fized &.
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