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Abstract

Polynomials are a powerful tool to approximate functions. If the function of interest
does not resemble a polynomial, rational function based methods might be more
appropriate.

The theory of polynomials is well established in the field of classical analysis. Sequences
of polynomials with orthogonality properties are preferred for computations in finite
precision. Many effective numerical methods for polynomials originate from numerical
linear algebra. A connection between orthogonal polynomials and Krylov subspaces
allows to translate theory from classical analysis to numerical linear algebra and to
apply numerical procedures from numerical linear algebra to problems in classical
analysis.

For rational functions similar connections to rational Krylov subspaces remain
unexploited. Here we develop the necessary theory to identify these connections,
relate rational functions to structured matrices and develop numerical procedures
based on structured matrices for problems involving rational functions.

Rational Krylov subspaces are chosen as the starting point of our exposition. All
structured matrix pencils that construct orthogonal and biorthogonal bases for these
spaces are derived. In particular, a tridiagonal matrix pencil is shown to suffice for
the construction of biorthogonal bases. This allows us to design an efficient Lanczos
like iteration for rational Krylov subspaces.

Generating orthogonal and biorthogonal vectors is related to the factorization of the
associated Gram matrix. The displacement structure of Gram matrices related to
rational Krylov spaces is studied and the ones exhibiting low displacement rank are
classified.

The (bi)orthogonal basis vectors for rational Krylov subspaces can be related to
rational functions (bi)orthogonal with respect to a discrete (linear functional) inner
product. The specific form of these discrete inner products and linear functionals is
derived, these are weighted sums of function evaluations. For these specific (linear
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functionals) inner products, (bi)orthogonal rational functions can be directly related
to rational Krylov subspaces and the corresponding structured pencils.

These connections are used to propose numerical procedures based on Krylov subspaces
and structured matrices for problems involving rational functions. In particular, the
computation of a sequence of (bi)orthogonal rational functions is reformulated as an
inverse eigenvalue problem. The latter problem is a problem in linear algebra and
techniques from numerical linear algebra can be applied to solve this problem.



Beknopte samenvatting

Veeltermbenadering werkt goed voor het benaderen van functies. Als de functie,
waarin we geinteresseerd zijn, niet lijkt op een veelterm, dan zijn methodes gebaseerd
op rationale functies mogelijks beter geschikt.

Klassieke analyse bevat een uitgebreide theorie over veeltermen. Rijen van veeltermen
met orthogonaliteitseigenschappen genieten de voorkeur om berekeningen uit te voeren
in eindige precisie. Veel effectieve numerieke methoden voor veeltermen zijn onstaan uit
onderzoek in numerieke lineaire algebra. Een verband tussen orthogonale veeltermen
en Krylov deelruimten laat toe om de theorie van klassieke analyse te vertalen naar
numerieke lineaire algebra en om numerieke procedures van numerieke lineaire algebra
toe te passen op problemen uit klassieke analyse.

Voor rationale functies zijn gelijkaardige verbanden met rationale Krylov deelruimten
nog niet uitgebuit. In deze tekst ontwikkelen we de nodige theorie om deze verbanden
bloot te leggen, brengen we rationale functies in verband met gestructureerde matrices
en ontwikkelen we numerieke procedures gebaseerd op gestructureerde matrices om
problemen geformuleerd met rationale functies op te lossen.

Rationale Krylov deelruimtes zijn gekozen als startpunt voor deze tekst. Alle
gestructureerde matrix pencils die orthogonale en biorthogonale basissen genereren
voor deze deelruimtes worden afgeleid. We bewijzen dat een tridiagonaal matrix
pencil volstaat om biorthogonale basissen op te stellen. Dit laat toe om een efficiénte
veralgemening van de Lanczos iteratie te ontwikkelen voor rationale Krylov deelruimtes.

Het opstellen van orthogonale en biorthogonale vectoren is nauw verwant aan
het factoriseren van de geassocieerde Gram matrix. De structuur van zulke
matrices, gerelateerd aan rationale Krylov deelruimtes, onder goed gekozen
verplaatsingsoperatoren wordt bestudeerd. De matrices die hieronder een lage rang
hebben worden geclassificeerd.

De (bi)orthogonale basisvectoren voor rationale Krylov deelruimtes kunnen in verband
gebracht worden met rationale functies die (bi)orthogonaal zijn ten opzichte van
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een discreet (lineaire functionaal) inwendig product. We bepalen ook de specifieke
vorm van deze discrete inwendige producten en lineaire functionalen. Voor deze
specifieke (lineaire functionalen) inwendige producten kunnen we een direct verband
tussen (bi)orthogonale rationale functies en rationale Krylov deelruimtes en bijhorende
gestructureerde pencils leggen.

Uitgaande van deze verbanden stellen we numerieke procedures voor, gebaseerd op
Krylov deelruimten en gestructureerde matrices, om problemen geformuleerd voor
rationale functies op te lossen. In het bijzonder herformuleren we het berekenen van
een 1ij (bi)orthogonale rationale functies als een invers eigenwaardeprobleem. Een
invers eigenwaardeprobleem is een probleem uit lineaire algebra en technieken uit
numerieke lineaire algebra kunnen toegepast worden om dit probleem op te lossen.
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Chapter 1

Introduction

Identifying connections between different topics in mathematics allows us to translate
theoretical results and numerical procedures from one topic to another topic. The
topics in this text are generalizations of Krylov subspaces from numerical linear algebra
and orthogonal polynomials from classical analysis. The interplay between numerical
linear algebra and classical analysis is fruitful in both directions.

Many numerical procedures in mathematics make use of the theory and methods
developed in numerical linear algebra. With the advent of computers capable of
storing program instructions, stored-program computers, in the late 1940s, interest in
error analysis describing the cumulative effects of rounding errors in finite precision
arithmetic increased significantly. Matrix theory has proven to be a natural tool
to study the effects of error propagation. Research in this area has led to the
development of effective numerical procedures for problems in linear algebra and
in other fields of mathematics [184]. For example solving least squares problems,
constructing sequences of orthogonal polynomials and computing the nodes and
weights of quadrature rules [89].

Classical analysis is an older discipline, the study of orthogonal polynomials arose
from continued fractions in the late 19th century [4]. A vast theory on orthogonal
polynomials is available, some standard introductions to this topic are [43,110,154,157].
This theory can be applied or translated to other disciplines in mathematics, such as
numerical analysis, approximation theory and numerical linear algebra. Examples are
the computation of nodes and weights for Gauss quadrature rules, error estimates for
linear algebraic systems and convergence theory for Krylov subspace methods.

The specific topics handled in this text are described for the classical case in Section
1.1. In Section 1.2 two generalizations that will be studied are described and justified.
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1.1 The interplay - classical case

The now classical connections between the Lanczos iteration for Krylov subspaces and
polynomials orthogonal with respect to an inner product are sketched. For a more
complete discussion we refer to the literature [28,82,89,124].

A Krylov subspace for a matrix A € C™*™ and vector v € C™ is

Ki(A,v) = span{v, Av, ..., A¥"1v}.

For a Hermitian matrix A = A, the Hermitian Lanczos iteration computes an
orthogonal basis for this space via a three term recurrence relation. This three term
recurrence relation also generates a sequence of orthogonal polynomials with respect
to a discrete inner product. The recurrence coefficients can be grouped into a Jacobi
matrix (a Hermitian tridiagonal matrix), which represents the projection of A onto the
Krylov subspace. Roots of orthogonal polynomials correspond to the eigenvalues of the
associated Jacobi matrix. This Jacobi matrix matches the first 2k — 1 moments of A,
these moments are v A%v, i =0,1,...,2k — 2. Moments also play a key role in Padé
approximation, approximating the power series of a function of interest up to its first
2k — 1 terms, and in the theory of quadrature. A Gauss quadrature rule with k nodes
matches 2k — 1 moments of the integrand of interest according to a given measure.
The k nodes of a Gauss quadrature rule correspond to the roots of a polynomial of
degree k orthogonal with respect to an inner product based on this measure. And thus
the nodes of a Gauss quadrature rule with respect to certain discrete inner products
correspond to the eigenvalues of a Jacobi matrix generated by the Hermitian Lanczos
iteration applied to Krylov subspaces generated by a specific matrix A and vector v.
Which brings us back at Krylov subspaces.

Some specific examples of the above connections are:

e The Golub-Welsch algorithm to compute Gauss quadrature nodes and weights
by solving an eigenvalue problem for a Jacobi matrix [91].

e The construction of orthogonal polynomials, given an inner product, by
computing the related Jacobi matrix with techniques from numerical linear
algebra [92].

e Convergence results for Krylov subspace methods by applying potential theory
developed for orthogonal polynomials [14,100,119,120].

o Computing a Padé approximation by applying the Lanczos iteration [93].
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1.2 The interplay - Generalizations

This text generalizes these connections in two ways. The first is a generalization from
an inner product to a linear functional (indefinite inner product). Orthogonality with
respect to a linear functional will, in this thesis, be interpreted as biorthogonality.
The numerical linear algebra techniques for polynomials orthogonal with respect to an
inner product make use of unitary transformations to manipulate the related matrix.
Unitary transformations of a matrix do not cause a large growth in the Euclidean or
Frobenius norm going from the original to the transformed matrix in finite precision.
The crucial factor for numerical stability of a numerical procedure manipulating a
matrix is the control of growth in the size of the entries of this matrix [184]. Hence,
unitary transformations are inherently stable.

For linear functionals it is, in general, no longer possible to use unitary transformations.
The transformations that will be used are not inherently stable, which makes
the development of numerically stable procedures more difficult. However, such
biorthogonal procedures lead to more efficient algorithms and in some applications
a linear functional must be used. Justification of the development of methods using
nonunitary transformations are provided below for several different topics.

The second is a generalization from polynomials to rational functions with prescribed
poles. Polynomials are a powerful tool to approximate functions. However, if the
function to be approximated is not 'polynomial-like’, the approximation might converge
slowly. For example, if we want to approximate an integral of a function that has a
singularity just outside the region of interest. In this case, a rational function with
poles close to this singularity is a more natural candidate for approximation than a
polynomial [54].

1.2.1 Krylov subspace methods

In Krylov subspace methods, the interest in biorthogonal procedures arises from their
potential gain in efficiency. An orthogonal basis for a Krylov subspace Ky (A, v), with
AH - A satisfies a recurrence relation governed by a Hessenberg matrix. This implies
that the computation of basis vectors requires orthogonalization with respect to all
previously generated basis vectors. If A is very large, then keeping all basis vectors in
memory might become prohibitively expensive. Usually one is interested in the matrix
containing the recurrence coefficients and not in the basis vectors. A more efficient
procedure is obtained if a pair of biorthogonal bases for specific Krylov subspaces is
computed. One basis for K1, (4, v) and another, with A¥ the Hermitian conjugate of
A and some vector w, for

Kr (A7 w) = span{w, Afw, ... (AH)F"1w}.
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Such a pair of biorthogonal bases can be constructed via a three term recurrence
relation. This leads to a tridiagonal matrix and requires only 3 basis vectors to be kept
in memory. The tridiagonal matrix represents the oblique projection onto Ky (A, v).
Hence, using biorthogonal bases leads to a more efficient procedure, but developing a
biorthogonal algorithm with limited amplification of rounding errors is challenging.
A popular biorthogonal Krylov subspace method for solving large systems of linear
equations is BICGSTAB [168].

Krylov subspaces implicitly use polynomials, this can be seen by noting that « €
Ki(A,v) can be written as = py_1(A)v, for some polynomial py_1 of degree k — 1.
Eigenvalue methods based on Krylov subspaces typically converge first to extreme
eigenvalues of A. If, instead of a polynomial, a rational function underlies the subspace,
ie., x = ri—1(A)v, the poles of this rational function can be chosen to focus convergence
of eigenvalue methods on specific regions in the complex plane [143]. This idea has
proven to be especially powerful for the approximation of matrix functions [58,138].
Other applications can be found in [133] and references therein.

1.2.2 Gauss quadrature

Quadrature rules for linear functionals arise in quantum physics when trying to compute
the scattering amplitude w' A~'v. One approach to approximate the scattering
amplitude is to use biorthogonal Krylov subspace methods, another is by complex
Gaussian quadrature [150]. In the approximation of highly oscillatory integrals Gauss
quadrature rules lead to kissing polynomials [42]. These polynomials are orthogonal
with respect to a linear functional. The theory of kissing polynomials is well-developed
in classical analysis, however, stable numerical procedures to compute with these
polynomials are still lacking.

Gauss quadrature rules are exact for a space of polynomials up to a certain degree.
Rational Gauss quadrature rules are exact for a space spanned by rational functions
with prescribed poles. If the integrand of the integral of interest can be better
approximated by a rational function, e.g., it has singularities outside the region of
interest and close to its boundary, then rational Gauss quadrature rules are more
appropriate than standard Gauss quadrature rules [54,81,139]. To obtain upper
and lower bounds for functionals of the form v f(A)v, for some function f, rational
functions provide a powerful alternative to polynomials [127].
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1.2.3 Model order reduction

In system theory, a linear, time invariant dynamical system is represented by state
space equations

&(t) = Ax(t) + bu(t)

y(t) = Ma(t)

with a matrix A and vectors b, c. The functions z, y, v vary in time ¢ and represent the
state, output and input of the system, respectively. If the matrix A is very large, it is
interesting to approximate the system, determined by (A, b, c¢), by a smaller system
(/Al, 13, ¢). A popular approach to construct the smaller system is by moment matching.
That is, the reduced order model (/Al, l;, ¢) is constructed such that the first [ moments
of both systems correspond

HAp=e"A%b, fori=0,1,...1

This is related to the approximation of the [ first terms in the power series expansion
of the associated transfer function. The biorthogonal Lanczos iteration can be applied
to obtain such a reduced order model [93].

Methods based on polynomial Krylov subspaces will focus on one frequency in the
construction of the reduced order model. This corresponds to approximating a
power series expansion of the original transfer function around a single frequency.
Approximation around multiple frequencies with one reduced model can lead to a
smaller model and thus to a more efficient representation of the original model. For
details we refer to [2,73].

1.3 Outline

An outline of this text is provided here. Our starting point is numerical linear algebra,
more precisely Krylov subspaces and structured matrices. The goal is to obtain efficient
and numerically stable procedures to solve problems in classical analysis.

Chapter 2 is a preliminary chapter and contains the basic notions that will be used. Two
specific vector spaces are introduced and the notion of orthogonality and biorthogonality
is defined. The relation between (bi)orthogonality and structured matrices is discussed
shortly.

Chapter 3 studies the structured matrices that arise from (polynomial) Krylov
subspaces. The recurrence relations to generate bases for these subspaces, how these
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recurrence relations can be represented by a matrix and which properties this matrix
possesses are the topics of this chapter. For orthogonal bases the core factorization
of the matrix of recurrence coefficients is introduced, which represents the matrix as
a product of essentially 2 x 2 unitary matrices multiplied with an upper triangular
matrix. For biorthogonal bases, a nonunitary analogue of the core factorization is
introduced, which is called the eliminator factorization.

Chapter 4 studies the structured matrices that arise from rational Krylov subspaces.
The core and eliminator factorizations are used to derive the structures of these. This
leads to a framework that allows to describe all the possible recurrence relations
for (bi)orthogonal bases. One of the possible recurrence relations is a three term
recurrence, which implies an efficient procedure to construct the bases. The recurrence
coefficients can be captured in a tridiagonal matrix pencil. The results of this chapter
are published in [165].

In Chapter 5 a meaningful generalization of moments to the context of rational
Krylov subspaces is introduced. The connection between rational Krylov subspaces,
moment matching and multi-point Padé approximation is discussed. The displacement
structure of Gram matrices associated with rational Krylov subspaces are studied
and suitable displacement operators are proposed. Gram matrices related to pairs
of Krylov subspaces, one generated with a matrix and the other with the complex
conjugate of the same matrix, are shown to have displacement rank at most two.

Chapter 6 relates polynomials to structured matrices via the recurrence relation
that generates these polynomials. The connection between (bi)orthogonal vectors in
polynomial Krylov subspaces and inner products or linear functionals on the space of
polynomials is identified. Properties shared by polynomials and the related structured
matrices are stated here. Problems formulated for polynomials can, by the theory of
this chapter, be reformulated as problems for certain structured matrices.

Chapter 7 develops the theory that allows the reformulation of problems involving
rational functions into problems for structured matrix pencils. Rational functions
orthogonal with respect to a specific inner product or linear functional induced by
(bi)orthogonal bases for rational Krylov subspaces are described. Results from the
literature on orthogonal rational functions relevant to the topics discussed in this text
are listed.

In Chapter 8 two numerical procedures are proposed, based on the theory developed
in the aforementioned chapters. One procedure provides a Lanczos like iteration
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constructing biorthogonal bases for rational Krylov subspaces using a three term
recurrence relation. This is based on [165]. The second procedure is a Levinson
procedure applied to a specific pair of rational Krylov subspaces. This procedure is
published in [166]. Numerical tests proving the validity of both procedures are included.

Chapter 9 employs the connections between rational Krylov subspaces and rational
functions to reformulate a problem in classical analysis into a problem for structured
matrix pencils. This problem is the computation of a sequence of orthogonal rational
functions for a given inner product or a pair of biorthogonal rational functions for a
linear functional. The reformulated problem is a structured inverse eigenvalue problem
and the remainder of this chapter is dedicated to developing numerical procedures
to solves, update and downdate inverse eigenvalue problems. Some results in this
chapter appeared in [167], and the downdating procedures are based on an article in
preparation [164].

Appendix A contains some proofs that are omitted from the main text.

Appendix B contains the derivation of the rational Lanczos iteration.
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The dependencies among the chapters are shown in Figure 1.1. For Chapter 2 reading
can be restricted to Section 2.1.2, which clarifies the terms orthogonal vectors and
biorthogonal vectors. Dashed lines indicate only a weak dependency, full lines indicate
a strong dependency on another chapter. The left side of the figure uses Krylov
subspaces as a starting point, the right side uses orthogonal polynomials and the
center combines both topics.

, Chapter 2,
Chapter 3p---------p---oo---- » Chapter 6

Chapter 4 ----=-----f---oo---4 N

Chapter 8

Chapter 7

Figure 1.1: Scheme showing principal dependencies between different chapters.



Chapter 2

Orthogonal and biorthogonal
vectors

The study of orthogonality leads naturally to structured matrices and matrix
factorizations. The arising structured matrices and their relation to (bi)orthogonal
vectors are the main subject of this thesis. Section 2.1 introduces some basic concepts
that are useful later on, such as vector spaces, and formally defines an inner product
and linear functionals used to characterize orthogonality. These formal definitions
are given to avoid confusion, since there are different conventions in the literature.
The connection between (bi)orthogonal vectors and Gram matrices is elaborated on in
Section 2.2. Gram matrices can exhibit displacement structure, which is defined in
Section 2.3 together with other structured matrices. Section 2.4 provides the remaining
concepts required, such as the eigenvalue decomposition, function of a matrix and
grade of a vector. The contents of this chapter are mostly based on the book by Horn
and Johnson [105] and the concepts from functional analysis can be found in standard
texts on this topic [158].

2.1 Vectors

Vectors with some properties, being orthogonal or biorthogonal, are the main objects
of study in this thesis. Orthogonality is a well-known concept, biorthogonality is not
as well-known. Biorthogonality refers to two sets of vectors that are orthogonal with
respect to each other for some linear functional. Section 2.1.1 introduces the vector
spaces appearing in this text and Section 2.1.2 defines (bi)orthogonal vectors and
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bases. The discussion on biorthogonality is restricted to the vector spaces introduces
in the former section.

2.1.1 Vector spaces and bases

Vector spaces (or linear space) over some field F are denoted by V. In this text the
only field that is considered is the field of complex numbers, i.e., F = C.

We will, essentially, work with two vector spaces: the space of m-tuples of complex
numbers C™ and the space of complex polynomials P.

A basis for V is a linearly independent subset B which spans the whole vector space V.
The span of a subset, defined by the columns of the matrix B = [bo by ... bk—l] , of
a vector space V is the set span{bg, b1, ..., b1} := {aobo+a1b1 +- -+ ag_1bp_1|a; €
C,i=1,2,...,k —1}. The span of a subset composed of the columns of a matrix B
will be denoted as span{B} = span{bg, b1,...,bk_1}.

If span{B} =V, then B is said to span the vector space V. Bases are not unique, and
we will argue below that some bases are more appropriate than others, depending on
the situation. Let (the columns of) B form a basis for some vector space V, then each
element of V has a unique representation in B. An example of a basis for P is the
monomial basis [1 z 22 ..

A subset S of V is a subspace of V, i.e., S C V, whenever § itself is a vector space over
C. For example, the space of polynomials up to degree k, denoted by Py, is the span
of [1 z 22 ... zk} and is a subspace of P.

2.1.2 Orthogonality and biorthogonality

Orthogonality relies on an inner product and biorthogonality relies on a linear
functional. These are introduced below together with the notion of (bi)orthogonal
vectors. Bases formed with (bi)orthogonal vectors are called (bi)orthogonal bases
and are the main topic of this manuscript. We will see that these have several nice
properties.

Inner product

An inner product, denoted as (.,.), is defined below. It is a Hermitian positive-definite
sesquilinear form.

Definition 2.1 (Sesquilinear form). Let V, W be vector spaces over C. A map
VW —=C: (z,y) — (x,y) is called a sesquilinear form if {.,.) is linear in the first
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and anti-linear in the second variable:
(ax + By, z) = alx,z) + Bly, z) for adllz,y €V, zeW, «a,0€C;
(z,ay + B2) = alz,y) + Bz, 2) forallz € V,y,ze W, «,B€C.

Definition 2.2 (Hermitian form). A Hermitian form is a sesquilinear form with
V =W that is Hermitian:

(y,x) = (z,9).
Definition 2.3 (Inner product as positive-definite Hermitian form). An inner product
s a positive-definite Hermitian form

(x,x) >0 for all x € V\{0},

where the superscript H denotes the Hermitian conjugate.

For C™, the Euclidean inner product is denoted by (.,.)g, that is, for x,y € C™ we
have

(z,y)p = y"z.

For P, let p,q € P be some complex polynomials. An inner product can be defined as
[ p(2)q(z)dp(z), where the bar denotes the complez conjugate and p is a finite Borel
measure on C with all the associated moments finite. For details see [154]. We consider
inner products of the form fv p(2)q(z)a(z)|dz| on P, with a(z) a positive weight

function, v an arc in the complex plane and where |dz| denotes the arc length [150].
Our focus will be on discrete inner products on the subspace P,,_1, for nodes z; € C
and weights a; > 0,1 =1,...,m,

(P, @)m =Y _ aip(zi)q(z;), 2 €C,
=1

with p,q € Pm—1~

Orthogonal vectors

Let §;; denote the Kronecker delta. A set of vectors {v;}; in a vector space V satisfying
(vi,vj) = Mi0i5, mi €R

is said to be orthogonal with respect to the inner product (.,.). If n; = 1 for all ¢, the
set of vectors is called orthonormal.
An orthogonal basis V' is a basis for a vector space V formed by vectors {v;}; that are
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orthogonal with respect to an inner product.

Given a set of linearly independent vectors {bi}fz_ol, b; € V and an inner product
(,,.) : VxV — C. Then the Gram-Schmidt orthogonalization procedure [122] can be
applied to obtain an orthogonal set of vectors {v;}F=} such that span{v,...,v} =
span{bg,...,b;} for [ =0,1,...,k — 1. In finite precision the modified Gram-Schmidt
procedure should be used and some reorthogonalization might be necessary [24, 75,
126,146).

Linear functional

Biorthogonality can be defined with respect to a bilinear form [35] or with respect to
a linear functional [29]. In this manuscript the latter is used. A linear functional £ is
a linear mapping of some vector space V into the field C, i.e., £L{.} : V — C.

For P;, polynomials up to degree [, the linear functional £ used in this text is defined
by fixing its value for certain polynomials to a scalar from a given sequence of so-called

moments. The sequence is {m; ?ial, m; € C, and the linear functional is defined by

£{zY =m;, i=0,1,...,2k—1.

The scalars m; are called the (classical) moments of the linear functional if the
monomial basis is used. If another basis is used, these are called modified moments.

Remark 2.1. Consider two distinct subspaces of the space of m-tuples, S; C C™ and
Sy C C™ and the Euclidean inner product {.,.)g. For these subspaces the definition
(., Vg : 81 X 8o — C is meaningful, however it is only an inner product on 81 N'Ss.
Suppose we have two sets of vectors {vi,..., v}, v; € S1 and {wr,...,wi}, w; € Sa
such that v; and w; are related in a meaningful way. Then, applying the Euclidean
inner product to these vectors does not guarantee that (vj,w;)g > 0. Therefore,
when working with distinct subspaces of C™ we interpret the Fuclidean inner product
sesquilinear form or, equivalently, a linear functional. We will, however, keep using
the name Euclidean inner product for this case.

Biorthogonal vectors

A pair of sets of polynomials {p;}; and {g¢;};, pi,q; € P, is said to be biorthogonal
with respect to £ : P — C if they satisfy

=0, ifi#j

qpiqj}{;éo W=
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They are said to be biorthonormal if it is a biorthogonal pair and L{p;q;} = 1.
A pair of distinct sets of vectors {z;}; and {y;};, with z;,y; € C™, satisfying

(i, y5)E = 0ijs

is said to be biorthogonal. It is not orthogonal, because the property (z;,y;)g > 0
cannot be guaranteed for x; # y;.

A pair of bases V.= [vg v1 ... wvp_1], W=[wo wi ... wg_1] for some vector
spaces V, W is called biorthogonal if the sets {v; 2:01 and {wi}f;(} are biorthogonal. A
pair of biorthogonal sets of vectors can be generated from a pair of linearly independent
vector sets by the two-sided Gram-Schmidt procedure [135]. However these do not
always exist, a condition for their existence is given in the following section.

2.2 Gram matrices

Gram matrices are an important tool in the study of (bi)orthogonality. A Gram
matrix M can be defined using an inner product or linear functional. Consider an
inner product (.,.) : ¥V x V — C and a set of linear independent vectors {b; f;ol inV,
then the associated Gram matrix M, € CF*F¥ is

(bo, bo) (b1,b0) ... (br—1,bo)
(bo, b1) (br,b1) ... (br—1,b1)
My, = : : : (2.1)
(bo,(;kq) (b1,bk—1) .. (br—1,bp—1)

This matrix is Hermitian positive-definite thanks to the properties of an inner product.
For the linear functionals in this text a Gram matrix can be defined in the following
way. Consider the Euclidean inner product (.,.)r and two sets of linearly independent
vectors {z;}¥_, and {?Jj}?:p with x;,y; € C™ for i = 1,...,k. Then the associated
Gram matrix is

<$07Z/0>E <3?17yo>E <$k71,yo>E
(o, 1) E (x,y0)e . (Te-1,01)E
Mk, = . . . ’ (22)
<3707/yk71>E <$1ayk71>E <$kflyyk71>E

which is, in general, an indefinite matrix.
For the linear functional £{.} : P — C and two sets of linearly independent polynomials
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{p: ?:—01 and {g; ?;3, with p;, q; € P;, the associated Gram matrix is
L{poqo} L{pigw} ..  L{pr-190}
L{poq:1} Lipgi} .. L{prk—iar}
L{pogr—1} L{prqx—1} .. L{Pr—1qx—1}

Note that at least 2k — 2 moments are required to define £ for this Gram matrix.

LR factorization

The LR factorization of a Gram matrix gives rise to (bi)orthogonal vectors. First the
LR factorization must be introduced. Let a; ; denote the entry on row ¢ and column j
of a matrix A € C™>™,

A lower triangular matriz L € C™*™ satisfies [; ; = 0 for ¢ < j and an upper triangular
matriv R € C™*™ satisfies r; ; = 0 for i > j.

The LR factorization of A € C™*™ is

A=LR,

where L € C"™*™ is a nonsingular lower triangular and R € C™*"

upper triangular matrix.

The LR factorization does not always exist. Lemma 2.1 provides a necessary and
sufficient condition for the existence of this factorization. The principal leading
submatriz of size i of some matrix A € C™*™ is denoted by A®) € C¥**,

is a nonsingular

Lemma 2.1 (Existence of LR factorization [105]). Consider A € C™*™ and suppose
rank(A) = m. If det (A(i)) #0,i=1,...,m, then the LR factorzation of A exists.

A matrix A of which all principal leading submatrices are nonsingular is called strongly
nonsingular or quasi-definite. The LR factorization is not unique, by normalization it
can be made unique. Normalization is done by using a diagonal matric D € C™*™
with diagonal elements d;, i = 1,2,...,m, denoted as D = diag({d;};). A unit (upper)
lower triangular matrix is a (upper) lower triangular matrix with all diagonal elements
equal to 1.

The LDR factorization of A € C™*™ ig

9

A=LDR

with L € C™*™ a unit lower triangular matrix, R € C™*™ a unit upper triangular

matrix and D € C"™*™ a nonsingular diagonal matrix. The LDR factorization of a
strongly nonsingular matrix is unique. The LR factorization of a Hermitian positive-
definite matrix A can be written as A = R R, with R an upper triangular matrix with
nonnegative diagonal entries. This factorization is called the Cholesky decomposition.



GRAM MATRICES 15

Lemma 2.2 states that sets can be orthogonalized using a factorization of the associated
Gram matrix M.

Lemma 2.2 (Biorthonormal vectors via Gram matrix factorization [51]). Let
X = [Jco T ... xk_l] and Y = [yo Y1 .- yk_l} denote matrices containing
linearly independent vectors in some vector spaces V and W, respectively. Let
My, € CF** be the associated Gram matriz generated by an inner product or a linear
functional. Suppose My, is strongly nonsingular and its LR factorization is My = Ly Ry.
Then these factors allow the construction of biorthonormal sets of vectors {v;};, {w;};
satisfying, forl =0,1,...,k—1,

Span{’llo, ey Ul} = span{xo, s axl}v span{wo, ey ’lU[} = Spa‘n{y07 RS yl}
The LR factorization can be used as follows:

o For My, in (2.1), the Cholesky factorization is My = R Ry and
[1}0 (%1 Uk—l] = [bo bl bk_1] Rlzl

forms an orthonormal set of vectors with respect to (.,.).

e For My in (2.2), the LR factorization is My = LRy and
[’UO v ... 'kal} = [1'0 rr ... xk,l] Rlzl,
— —H
[wo wy ... we—a]=[yo v - ye—1] Ly

form a pair of biorthonormal sets of vectors with respect to (.,.)g.

e For My in (2.3), the LR factorization is My = LRy and
[vo v1 ... wve—1]i=[po P1 ... Pr—1] R,
[wo wy ... wk—l] = [QO Q- Qk—ﬂ L;T

form a pair of biorthonormal sets of vectors with respect to £{.} : P — C.

In finite precision arithmetic the above method to generate (bi)orthonormal vectors
has two issues:

1. The Gram matrix tends to be ill-conditioned.

2. The computation of the LR factorization without pivoting is numerically unstable
[183].
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For the Hermitian positive definite Gram matrix My, in (2.1), an alternative procedure
can be applied. Let By € C™* m > k, satisfy M, = B Bj. Then the QR
factorization of By = QiRy, with Q; € C™** having orthonormal columns and
R;, € CF*k upper triangular, generates the Cholesky factor Rj. That is M, =
BB, = REQIQ R, = RIRy.

Using the QR factorization is an improvement over the Cholesky decomposition,
however the matrix Bj also tends to be ill-conditioned in the context of Krylov
subspaces.

2.3 Structured matrices

We study alternative methods to generate (bi)orthogonal vectors. These techniques
rely heavily on structured matrices. Matrices can exhibit several kinds of structure.
The structure of tridiagonal and Hessenberg matrices is determined by sparsity, i.e.,
certain entries are zero. Generic nonzero elements in a matrix are denoted by x. A
Hessenberg matriz Hy, € C*** is a matrix with zeros below its first subdiagonal, i.e.,
hi; =0 for ¢ > j+ 1. A Hessenberg matrix will be represented pictographically as

X X
X X X
X
X
X

Y

The leftshift matriz Z;, € CF*F is a Hessenberg matrix with ones on its subdiagonal
and zeros elsewhere

—= O
= O

Zk =
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A tridiagonal matriz T), € C*** satisfies t; ; = 0 for |i — j| > 1 and its pictograph is

><'>< — %

X
X X X
X X

Matrices with low rank structure are matrices which have submatrices that are of low
rank. For example, the inverse of a nonsingular Hessenberg matrix has in its lower
triangular part low rank structure. More precisely, any submatrix that can be taken
in its lower triangular part has rank equal to 1. For details concerning rank structure
we refer to the literature [61,66-68,106,173,174,176].

Another type of structure, especially important for Gram matrices, is displacement
structure.

Definition 2.4 (Displacement structure [134]). The displacement structure of a matriz
M is the image L(M) of an appropriate linear displacement operator L applied to a
matrizx M. The operator L is appropriate when it reveals the structure of M. Two
types of linear operators L can be used, for a fized pair of operator matrices { A, B},

e Sylvester type, L=V p

L(M)=Vap(M)=AM — MB.

e Stein type, L = A4 B

L(M)=Asp(M)=M— AMB.

For further details, we refer to [116,134]. We will use the Sylvester type and we will
refer to A and B as displacement operators. The displacement rank of M with respect
to the displacement operators A, B is defined as the rank of the resulting matrix
L(M).
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2.4 Matrix theory

This section groups all remaining concepts from matrix theory that have not been
introduced above.

Eigenvalue decomposition

A scalar A € C is called an eigenvalue of a matrix A € C"™*™ if
Ar = Xr

is satisfied for a nonzero vector x € C™, called the right eigenvector corresponding to
A. A left eigenvector of A is a nonzero vector y € C'*™ that satisfies yA = \y.

Let I denote the identity matrix, its size will be clear from the context. An eigenvalue
can also be characterized as a value A such that det(A — AI) = 0 is satisfied. The
polynomial p(z) = det(A — zI) is called the characteristic polynomial.

The set of all eigenvalues of A is called the spectrum of A and is equal to

o(A) = {\ € C|det(A — AI) = 0}.

Suppose that A € C™*™ has m linearly independent eigenvectors xz;, with
corresponding eigenvalue A;, then its eigenvalue decomposition is

A=XAX"1,

where A = diag(A1,...,Apn) and X = [a:l sr:m}. Such a matrix is called
diagonalizable.

A matriz pencil consisting of matrices A, B € C™*™ is denoted as (A, B) € C™*™ x
C™*™_ The generalized eigenvalues of a matrix pencil (A, B) are the scalars belonging
to the spectrum of the pencil

o(A,B) = {\ = a/p € C|det(BA — aB) = 0}, with C := C U {co}.

Grade of a vector

For eigenvectors = of a matrix A € C™*™ the vectors x and Az are linearly dependent.
For an arbitrary vector v € C™ (which is not an eigenvector) this does not hold.
However, there does exist a relationship between v, Av, ..., A%, i.e., for some nonzero
coefficients «;

(apl + A+ + oy, 1 A9+ A% = 0.

Let g be the smallest integer for which this relation is satisfied. The polynomial
p(z) = +tarz+---+ ag,lzg_1 + 29 is the minimum polynomial of v with respect to
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A. The degree g of the minimum polynomial p(z) is called the grade of v with respect
to A. Sometimes the degree of v is denoted by g, if multiple vectors are considered
at once. The grade will play an important role in the classification of breakdowns in
the procedures discussed throughout this manuscript.

A companion matriz Z for a monic polynomial p(z) = 2™ 4+ apm_12™ "1 + 2™ 2 +
<-4 a1z + ap, with a; € C is defined as

0 —ay
1 0 —Qq
Z = 1 :
0 —Qp—2
1 —Om—1

The roots of the polynomial p(z) correspond to the eigenvalues of the associated
companion matrix Z, i.e., p(A) =0 if A € o(C).

Function of a matrix

Let f be a function defined on the spectrum of A € C™*™ and suppose this matrix is
diagonalizable, i.e., A = XAX ™! with A = diag({\;};). Then

F(A) = X F(A)X " = Xdiag({F(\)})X "

See [104] for details.






Chapter 3

Structured matrices in
polynomial Krylov subspaces

Computing eigenvalues of very large matrices and solving systems of equations are
probably the most known uses of Krylov subspaces. If matrix-vector multiplication can
be performed cheaply, then Krylov subspaces are a powerful tool to approximate the
large matrix. Aside from the practical use for very large matrices, Krylov subspaces
are a useful theoretical tool since they form a link between matrix theory and other
disciplines or topics in mathematics, e.g., orthogonal polynomials, moment problems,
quadrature and Padé approximation. These links allow translating some problems
in these disciplines to problems in linear algebra. Numerical linear algebra offers
many well-studied and efficient algorithms to solve these problems on a finite precision
machine. Often the most effective methods for finite precision computation, in any of
these disciplines, are methods from numerical linear algebra [70,78]. The development
and study of efficient algorithms starts with research on the matrix structures appearing
in the problem to be solved. Studying the structure of matrices appearing in Krylov
subspace computations allows to exploit this structure for efficiency, by using less
memory and/or less operations, and to study the stability of the algorithm in detail.
This chapter is dedicated to the matrix structures that are linked to Krylov subspaces.
Polynomial Krylov subspaces and a suitable inner product on these spaces are
introduced in Section 3.1. The following sections discuss different bases for polynomial
Krylov subspaces, their theoretical and numerical properties and how to generate
them. Section 3.2 discusses the most straightforward basis, a Krylov basis. This basis
is, in general, not suited for numerical computation and two alternative types of bases
are discussed with better numerical properties, orthogonal bases in Section 3.3, which
possess inherent stability properties, and biorthogonal bases in Section 3.4, which

21
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inherently lead to efficient numerical procedures. Important special cases, e.g., where
biorthogonal bases reduce to an orthogonal basis, are discussed in Section 3.5. A
conclusion is formulated in Section 3.6.

3.1 Polynomial Krylov subspaces

The origin of polynomial Krylov subspaces can be traced back to Krylov [118], who
used them to compute the characteristic polynomial explicitly. The form in which
they are still used today has its origin in several papers from the 1950s [3,102,121].
Polynomial Krylov subspaces K(A,v) for a given matrix A € C™*™ are subspaces
formed by consecutive powers of A multiplied by some vector v € C™, called the
starting vector,

K(A,v) = span{v, Av, A%v,...}.

The vectors {A'v}; spanning a Krylov subspace become linearly dependent when the
grade g of the starting vector v with respect to A is reached. Krylov subspaces spanned
by fewer than g vectors are meaningful as well and will be the main object of study
throughout this manuscript. Definition 3.1 defines polynomial Krylov subspaces.

Definition 3.1 (Polynomial Krylov subspace [118]). A polynomial Krylov subspace
of dimension k < g of a matrix A € C™*™ with starting vector v € C™ 1is

Ki(A,v) = span{v, Av, A%v, ..., AF"1y}.

Krylov subspaces are nested, which is advantageous when computing (implicitly) with
them.

Property 3.1 (Nestedness of Krylov subpaces). Consider Ki(A,v), k = 1,2,...,
then
Kr C Kiy1.

When AK,(A,v) = Kr(A4,v), then Kgi1(A,v) = K(A,v), and we have found an
invariant subspace of A. This occurs when k£ = ¢, and thus the grade g can be
equivalently characterized as the value at which AKC,(A4,v) = KC4(A4,v). Finding an
invariant subspace is interesting in, e.g., the QR algorithm, where at the discovery of
an invariant subspace, the problem can be decomposed into two smaller problems [183,
p.525]. Note that the QR algorithm applied to Hessenberg matrices is intimately
connected to Krylov subspaces [181].

Invariant subspaces contain a lot of information about A, however finding invariant
subspaces can be very costly, especially for large A. Even if ICx(A, v) is not an invariant
subspace, it still contains some information about A. In order to be able to compute
with Krylov subspaces, a basis must be constructed. Choosing a different basis will
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alter the representation of the underlying linear operator on the Krylov subspace.
Bases which possess some orthogonality property are the most interesting. The notion
of orthogonality requires a suitable inner product, this is the Euclidean inner product
on C™

C" xC™ — C: (z,y) = (z,y9)p =y z. (3.1)

Now, for subspaces i (A, v) of the vector space C™ endowed with the Euclidean
inner product (.,.)g (3.1), three bases are discussed. A Krylov basis possesses no
orthogonality properties, an orthogonal basis consists of vectors that are orthogonal
to one another and biorthogonal bases consists of a pair of bases whose vectors are
orthogonal to the vectors in the other basis with which they form the pair.

3.2 Krylov basis

The most straightforward basis for ICx(A,v) is the Krylov basis, which consists of
the vectors v, Av, ... A*"1v. The Krylov matriz By, is composed of these vectors, see
Definition 3.2.

Definition 3.2 (Krylov matrix). The matriz By € C™*F k < g < m, associated
with a Krylov subspace Ky (A,v) is called the Krylov matriz (of Ky) if

| |
B.=|v Av ... AFly

An invariant subspace is found when rank(By) < k, i.e., the columns of By become
linearly dependent. Theorem 3.1 relates the rank of the Krylov matrix to the
eigenvalues of a nondefective matrix A and to the starting vector v. The grade
g plays an important role.

Theorem 3.1 (Linear independence of Krylov matrix). Let v € C™ be the starting
vector and A € C™*™ be a nondefective matriz, i.e., it has the eigenvalue decomposition
A = XAX~Y, where A = diag(\1, ..., \m). Consider Ki(A,v) and corresponding
Krylov matriz By, € C™*F. Then rank(By,) = min{k, g}, with g the grade of A with
respect to v. Moreover g < min{c,d} for c the number of nonzero elements in X ‘v
and d the number of distinct eigenvalues.

Proof. A similar derivation appeared in [63] for normal, square matrices, the following
derivation is a generalization.
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Substitute A = XAX ! in By, and set w := X v
| | | \ |

Br=|v Av ... Ay = v XAX v ... (XAx—l)k—l,U
] | L |
_'LU1 )\1'[1}1 AN )\]f71UJ1
Wo AoWo )\gilwg
=X
(W AW .. ATy
_wl 1 )\1 N )\?71
Wy 1oX ..o AT
=X
L W 1 Am e )\]:r;l
=W Vi

Hence, rank(V};) = min{k, d}. Clearly rank(WW) = ¢, since it is a diagonal matrix with
elements w;. Then

rank(By,) = rank(XWV,) = rank(WV;) = min{k, g}

< min{rank(W), rank(V})} = min{c, d}.
To conclude, rank(By) = min{g, k} < min{c,d, k}. O

Example 3.1 illustrates Theorem 3.1.

Example 3.1. Consider a diagonal matriz A with some multiple eigenvalues and a
starting vector v with a component along the direction of every eigenvector

7 1

5 1

? 1

A= 1 S

2 1

5 1

The resulting Krylov matriz corresponding to K(A,v) is

1 1 I
1 15 56
1 1 18
B = 1 11 1
1 1 2 26
1|1 5 56
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and has rank 4, equal to the number of distinct eigenvalues d.
Consider another starting vector which does not have a component along the direction
of an eigenvector belonging to a simple eigenvalue

1

1

5= 1

|0

1

1

Then the resulting Krylov matrix

1 1 I 1 18
1 15 50 15 56
1 1 18 1 10
B = 0 1 1 11 [0 O 0
1 1 2 26 1 2 26
1l |1 5 56 1 5 56

has rank equal to 8, i.e., the case g < min{c,d}.

Corollary 3.1. If A has distinct eigenvalues and v contains a component along the
direction of every eigenvector z; in X, i.e., v =" . ax;, with a; # 0 for all i. Then,
by Theorem 3.1, rank(By) =k for k=1,2,...,m and K,,(A,v) = C™.

Theorem 3.1 provides an expression for the rank of the Krylov matrix and thus for the
maximum dimension of the Krylov subspace. To see what happens when the maximal
rank, equal to g, is reached and why this is a good situation, we take a look at the
recurrence relations underlying the Krylov matrix in Section 3.2.1.

3.2.1 Recurrence relation

The recurrence relation underlying the Krylov matrix is very simple and gives, when
breakdown of the recurrence relation occurs, the companion matrix of the minimal
polynomial of A. A breakdown of the recurrence relation takes place when the
dimension of K (A,v) reaches the grade g, i.e., k = g. The recurrence relation is
provided in Lemma 3.1 and Corollary 3.2 shows the connection to the companion
matrix of the minimal polynomial of A in case of a breakdown.



26 STRUCTURED MATRICES IN POLYNOMIAL KRYLOV SUBSPACES

Lemma 3.1 (Krylov matrix recurrence relation). Let By be the Krylov matriz
corresponding to Kp(A,v), k < g, then the following recurrence relation is satisfied

0
10
ABy = BrpZ + Akve;, Ly = 1

0 € Chxk, (3.2)
Proof. Straightforward. O

Equivalently, with By, the Krylov basis for Ky1(A,v), the relation (3.2) can be
written as

=)
—= O

ABy = BiZy, Zy:= L | ectxe
1 0
1

The line underneath Zj, indicates that the matrix is of size (k 4+ 1) x k and implies
that the term A*ve/ is included in the basis.

Corollary 3.2 (Companion matrix). Let B, denote the Krylov matriz for KCg4(A,v),
with g the grade of v with respect to A, then the following recurrence relation is satisfied

0 (%))
1 0 aq
1 0 Qa2
AB, = ByZ, 7 := , (3.3)
1 0 Qg2
L L ag1]
with ag, a1, ..., 091, the coefficients of the minimal polynomial of v with respect to

A in the monomial basis.

Proof. Since K4(A,v) is invariant under multiplication by A, vector A%v € Ky(A4,v)
and can therefore be represented by
g—1
; T
A9y = ZO{Z'AZ’U = Bg [0[() [0 S Ckgfljl .

=0
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The companion matrix Z from Corollary 3.2 represents the operator A restricted to
the invariant subspace KCg(A, v). Hence, the eigenvalues of Z are exact eigenvalues of
A.

The recurrence matrixz Z;, contains little information about the matrix A until there is
a breakdown at k = g. To obtain a matrix Z, k < g, which contains more information,
we can replace its last column by some projection of A*v onto Ky (A,v). This can be
achieved by the Moore-Penrose pseudo-inverse B,Z [90] of the Krylov matrix By. Since
By, has linearly independent columns for k£ < g, B}; is the left inverse of By. Therefore
we have, from Lemma 3.1, B,ZAB;g =Z + B;Akvez. The matrix of interest is then

Zi = Zi + B;Akvelj. (34)

Hence, we have constructed a smaller matrix Z\k € CF*k representing A € C™*™ in
the subspace Ki(A,v). The pseudo-inverse can be interpreted as a combination of
two consecutive projectors [20]. A more detailed discussion on the pseudo-inverse in
relation to Krylov subspaces and minimization properties is available in the thesis of
Guttel [98, Chapter 3].

3.2.2 Recurrence relation - inverse companion matrix

An alternative recurrence relation is provided. It seems to be merely a curiosity,
however, it will prove to be useful in studying matrix structures of recurrence matrices
for biorthogonal bases. The recurrence relation is stated in Lemma 3.2, and Corollary
3.3 shows the recurrence matrix when an invariant subspace is reached.

Lemma 3.2 (Left Krylov matrix recurrence relation). Let By be the Krylov matriz
corresponding to Ki(A,v), k < g, with g the grade of v with respect to A. Then the
following recurrence relation is satisfied

ABka + velT = Bk, Zk = e T S Cka. (35)

Proof. Straightforward. O

Corollary 3.3 (Inverse companion matrix). Assume that A is nonsingular and that
k =g in Lemma 3.2. Then the recurrence relation

AB,Z = B,
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is satisfied, where 7 is the inverse of the companion matrix of the minimal polynomial
p(z) = ag+ a1z 4+ ag_12971 + 29 of v with respect to A.

Proof. The assumption that A is nonsingular guarantees that the companion matrix Z
satisfying AK, = K,Z is nonsingular. Then AK,Z ! = K and clearly Z = Z~'. O

The inverse companion matrix Z has a particular rank structure in its lower triangular
part. It is a so-called semiseparable matriz: any (rectangular) submatrix that can be
taken in the lower triangular part, including the diagonal, has rank < 1. For more
information on the specific rank structure exhibited by Z, we refer to literature [68,176].
We will study this rank structure via a particular factorization, the core factorization,
introduced in the section on orthogonal bases for I (A, v), Section 3.3. The discussion
is postponed since the orthogonal basis allows for a more natural study of the core
factorization.

Again, the Moore-Penrose pseudo-inverse can be used to obtain intermediate matrices
which contain some information of A. From the recurrence relation in Lemma 3.2 and
under the assumption that A is nonsingular it follows that

(AB)Y(ABL) Z), + (ABy)fve] = (ABy)' By,
Zi + (ABy)fve] = (ABy)1 By,

where we used that By has linearly independent columns and A is nonsingular such
that the equality (ABy)t(ABy) = I is valid. The matrix of interest then is

Zi + (ABy)Tve] . (3.6)

Note that this matrix has the same lower triangular rank structure as Z.

3.2.3 Numerical procedure

Mathematically Equation (3.4) and Equation (3.6) provide a projection of A onto
a Krylov subspace. However recurrence relation (3.5) requires the pseudo-inverse
of ABjy, while it might be too expensive to compute the inverse of A. Recurrence
relation (3.3) needs only the pseudo-inverse of By. The columns of By, are the vectors
which are used in the power method and, as is well-known, the vectors in the power
sequence v, Av, A%v, ... start to align with the eigenvector belonging to the dominant
eigenvalue [90]. This can lead to numerical linear dependence, and will certainly lead
to a larger condition number as k increases [11,90]. For more details we refer to
the paper by Beckermann [11], where the condition number for Krylov matrices for
Hermitian matrices A is shown to increase exponentially in some cases. This suggests
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that one should try to find a numerically better behaved basis: an orthogonal basis
and biorthogonal bases.

3.3 Orthogonal basis

Orthogonal bases are more suited than Krylov bases for computation on a finite
precision machine. A nested orthogonal basis Qr = [qo Q- Qk—l] € C™** for
K1 (A,v) spans the nested subspaces

span{Q;} := rank{qo, q1 ..., ¢qi—1} = Ki(4,v)
and satisfies the orthogonality property
g L Ki(4A,v), i=23,...k—1.
An orthonormal basis is an orthogonal basis with the normalization
(gi,qi)e =1, i=0,1,...,k—1
and for this case the orthogonality condition can be compactly denoted as
Qi Qr=1.

Since a Krylov matrix By, with k < g, has linearly independent columns, the Gram-
Schmidt orthogonalization procedure can be applied to these columns. The result is a
matrix with orthonormal columns. The matrix version of the Gram-Schmidt procedure
is the QR-factorization, so we have

B, = QrRy, with QkHQk = I and Ry, upper triangular.

Using the QR factorization of By the recurrence relation for nested orthonormal bases
of Krylov subspaces is derived in Section 3.3.1. The recurrence matrix contains all
recurrence coefficients and will exhibit a particular structure, namely Hessenberg
structure. Section 3.3.2 introduces a factorization using core transformations to factor
this Hessenberg matrix. This factorization allows us to obtain an alternative recurrence
relation in Section 3.3.3, which is the equivalent of the recurrence relation in Section
3.2.2. The structure of the recurrence matrix in this alternative recurrence relation is
useful to study the matrix structures in Section 3.4.

3.3.1 Recurrence relation

The recurrence relation for an orthonormal basis Q. for (A, v) is provided in Lemma
3.3. Using the QR factorization of the Krylov basis it can be derived starting from
the Krylov recurrence relation (3.2).
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Lemma 3.3 (Orthonormal Krylov basis recurrence relation). Consider a nested
orthonormal basis Qi1 € C™* Y for Ky 1 (A, v), k < g. Then a Hessenberg matriz
H, € CF+OXE eyists such that

AQk = Q1 Hy, = QrHg + hyi1 karey, (3.7)

where g = Qry1€k41.

Proof. This proof is inspired by proofs from the literature [90 169]. First note that a
nested orthonormal basis for K (A, v) must satisfy Qi = By, Ry, for some nonsingular
upper triangular matrix Rk By the uniqueness of the QR decomposition, this is
(essentially) the same orthogonal matrix as obtained by the QR decomposition of
By, = Q. Ry, in other words @k = Qi D, for a unitary diagonal matrix D. Substitute
the QR decomposition into (3.2)

AB;. = B,.Cy + Akvez

AQrRr = QrRiCy + Akve;

A 1
AQk = Qk RkaR JrAkvek ;1 — Qka + 7Akv6g
ﬁ,—/ Tkk

Hy,

The term A*v = By, 1ex 1 can be written in terms of the orthonormal basis spanned
by columns of Qry1 = Bk+1R,:i1: let

Ry 7
R =
P { 0 Tk+1,k+1]
then
ARy = Qi1 Rygrens1 = QuF + Tht1 k1 Q-

Then substitution in the above recurrence relation results in
- 1 _ Tht1,k+1
AQr = QrHy + o (Q1 + Tepririarer ) = QuHy + quegv

where Hj, —Hk—l——QkT O

Tkk

The orthonormal basis @y, for K (A, v) can be obtained by applying the Gram-Schmidt
orthogonalization procedure to the Krylov matrix By or, equivalently, computing its
QR decomposition. The associated recurrence matrix Hj has Hessenberg structure.

Since these imply the construction of the ill-conditioned Krylov matrix By, they are
not suited for numerical computation. A better method to construct Q; and Hy in
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finite precision is the Arnoldi iteration [3] discussed in Section 3.3.4. The Arnoldi
iteration is in essence the Gram-Schmidt procedure applied to well-chosen vectors.
Projection of A onto Ky(A,v) with the orthogonal basis @ does not need to be
explicitly computed if the recurrence matrix Hy, is available, since Qf Qr =1, Qf qx =
0 and therefore

QP AQk = QF QpHy, + Qi qre), = Hy. (3.8)

That is, the recurrence matrix Hy, is the orthogonal projection of A onto (A, v).

Normal matrices

The Hessenberg matrix Hy, in the orthogonal projection (3.8) inherits some properties
of the matrix A:

o if AH = A, then Hf = Hy, i.e., a Jacobi matrix,

o if AHA =T and k = m, then HZ H,, = I, i.e., a unitary Hessenberg matrix
[36,155].

3.3.2 Core factorization

A natural tool to study the structures of the matrices appearing in this manuscript is
the core factorization. The core factorization is a QR factorization where the unitary
matrix @) is represented as a product of core transformations.

Definition 3.3 (Core transformations). A core transformation matriz C; € C™*™ js
a unitary matriz of the form

Imfifl

where Iy, denotes the identity matriz of size k x k.

Core transformations are essentially 2 x 2 matrices, since their only active part is a
2 x 2 diagonal block. The parameter ¢ in C; indicates where, on the diagonal, the
active block appears, and €; denotes the class of all these core transformations.

The pictographic notation for C; € €; is [ , with the top arrow pointing to row i

and the bottom arrow pointing to row i 4+ 1. Example 3.2 shows the action of core
transformations and illustrates how the pictographic notation is used.
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Example 3.2. Consider A € C*** and core transformations C; € €;. The action of
core transformations will be visualized, an X indicates a generic nonzero element and
® an element altered by a core transformation. Consider premultiplication of A with
Cs3 and Cs, i.e., C3CA, pictographically this is

X X X X X X X X X X X X
E><><><><_ ® ® ® ® X X X X
E X X X X E®®®® QK 8 & &
X X X X X X X X X
For postmultiplication AC3Cs we have
X X X X X X Q@ ® X ® & X
X X X X E_xx®® X B ® X
X X X X p T xx@®[  x 88 x
X X X X X X Q@ ® X ® & X

As Example 3.2 illustrates, premultiplication with C; only affects the ith and (¢ + 1)st
rows of a matrix and postmultiplication the ith and (i 4+ 1)st columns.

The unitary matrix of the QR-factorization of a Hessenberg matrix can be represented
in terms of core transformations. Moreover, the structure in the lower triangular part of
a Hessenberg matrix, the nonzero subdiagonal, is reflected in the core transformations.
Lemma 3.4 states this more formally.

Lemma 3.4 (Core factorization of Hessenberg matrices). Consider a Hessenberg
matriz Hy, € CF*F | the unitary matriz in the QR factorization of Hy, can be expressed
as H, = C1Cy...Cr_1 R, where C; € €.

The product of core transformations [ [, C; with strictly increasing parameter i and
an upper triangular R constitute the core factorization of a Hessenberg matrix. A
visualization of this core factorization and resulting Hessenberg matrix is shown in
Figure 3.1.

The product of core transformations contains all information on the lower triangular
structure of the resulting matrix. We will refer to the product of core transformations
with strictly increasing parameter as a descending pattern, this name arises from the
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Figure 3.1: Core factorization (Hf;ll Ci) R of a Hessenberg matrix H € Ck**
visual representation

C1Cy...Cpy =
C

Note that for k& < g the Hessenberg matrix Hj appearing in the (3.7) is a proper
(also called unreduced) Hessenberg matrix, i.e., a Hessenberg matrix with only
nonzero elements on its subdiagonal. The core factorization of proper Hessenberg
matrices consists of a descending pattern of nontrivial core transformations, i.e.,
H = (IIIZ) Ci) R, with C; # 1.

Next we consider the core factorization of the leftshift matrix appearing in the Krylov
recurrence relation. Afterwards, in Section 3.2.2, the core factorization is used to
derive an alternative representation of the recurrence matrix for an orthogonal basis.

Leftshift matrix

The recurrence matrices associated with Krylov bases can also be factorized using

0 1
1 O},then

core transformations. Consider Zj from Lemma 3.1 and let C := {
L Ip—s Iy
C . 1o 0

1

=[]
F I 2 s 1

0
0

The last matrix in the product is not a core transformation, if we consider ZC from
(3.4), then the last matrix is also a core transformation.
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3.3.3 Alternative recurrence relation - inverse Hessenberg matrix

The core factorization facilitates the study of structures in matrices. For example the
fact that a Hessenberg matrix corresponds to a descending pattern. Starting from the
recurrence relation (3.7) with a Hessenberg recurrence matrix we derive an alternative
form of the recurrence matrix with an interesting structure. This alternative form
is obtained by moving the recurrence matrix to the left-hand side of the recurrence
relation. To do so, manipulations of the core transformations are applied. The transfer
through property formulated in Lemma 3.5 will allow a characterization of the structure
of the alternative recurrence matrix.

Lemma 3.5 (Transfer through property [172]). A pattern (of core transformations)
can be transferred through a nonsingular upper triangular matriz R without altering
the pattern. That is, for an upper triangular R € C™*™ and C; € €; C C™*™ there
exist an upper triangular ReCmxm C; € & C C™*™ such that

HCRRHC,

o(1)

where (i) is some permutation of the sequence i =1,2,...,m — 1.

Example 3.3 clarifies the statement in Lemma 3.5.

Example 3.3. Consider core transformations NC’L,C:’, € ¢; and nonsingular upper
triangular matrices R, R. Then C1C3C9C4R = RC1C3C5Cy. The matrices involved
will generally change (its elements), but the pattern, i.e., the mutual ordering of the
core transformations (and therefore the structure of the resulting matriz) remains the

same. This is shown in Figure 3.2.

X X X X X X X X X X X X X X X

I: X X X X X X X X [: X X X X X
E K X X X = X X X E I: = X X X X
E X X X X I: X X X X

X X X X

Figure 3.2: Hlustration of transfer through property of the pattern C1C3C5CYy.

Lemma 3.6 states an obvious result which is used in Lemma 3.7.

Lemma 3.6 (Inverse of core transformations). The class of core transformations €;
1s closed under inversion. More specifically, let C; € €; then Cfl =CHe¢,.
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Proof. Follows from the fact that C; is unitary. 0

Lemma 3.7 (Inverse Hessenberg recurrence matrix). Consider a nested orthogonal
basis Qi1 € C™* D for K1 (A, v), k < g. The matriz Qi satisfies

; I
AQrH™ = Qrt1 {x k x} , (3.10)

where HI™ € CF** has a core factorization with an ascending pattern, under the
assumption that it is nonsingular.

Proof. Consider the recurrence relation from Lemma 3.3, with Hj in its core
factorization and postmultiply and write H Lin its factored form:

k-1
AQy, = QrHy + hiy1kqrey = Qr <H C¢> Ry + b1 nqres
=1
k-1
AQkREII = Qk (H Ci) + (€;R;116k)hk+1)que;—
=1

AQrRy'Ciy ... CY O = Qi + (e Ry ex) hugr warer City ... C'CY!

-1\
AQy Ryt (H cz—) =Qu+E,
i=1

::Hliﬂnv
where E = (e;R;ek)th,que,ICf_l...C’{IC’fI. Using Lemma 3.5 the core

factorization of HI™ is manipulated to arrive at the usual form, see Figure 3.3.
To complete the proof note that

Qrtae[x .. x| =[Qr ]

O

In the proof of Lemma 3.7 the structure of Hi" is derived without the need to explicitly
compute the elements nor to rely on the nullity theorem. The nullity theorem links
structured rank blocks in some nonsingular matrix A to structured rank blocks in A~1.
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Figure 3.3: Core factorization manipulation.

For details on the nullity theorem, see the paper by Vandebril and Van Barel [173]
and references therein. An alternative proof for Lemma 3.7 can be formulated which
follows the proof of Lemma 3.3. Starting from the alternative recurrence relation for
the Krylov basis provided in Lemma 3.2 and using the QR factorization of the Krylov
matrix.

The lower triangular structure of the inverse Hessenberg recurrence matrix (3.10)
will be important later, Definition 3.4 formalizes this structure and introduces a
pictographic notation.

Definition 3.4 (Inverse Hessenberg structure). A matriz Hy, with inverse Hessenberg
structure, or short, inverse Hessenberg matrix is a matriz that allows a core
factorization with a strictly ascending pattern of core transformations, i.e., Hy =
Ci_1...C3C1R. A shorthand notation will be used: The full lines enclose elements

C
_.K Q — I\
C

without rank structure and dashed lines enclose submatrices which exhibit low rank
structure.

Inverse Hessenberg matrices are also called Hessenberg-like matrices in the literature
[175]. Hessenberg and inverse Hessenberg matrices both belong to the class of
generalized Hessenberg matrices. These enjoy many interesting properties, such
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as the product of a generalized Hessenberg and a nonsingular upper triangular matrix
is again a generalized Hessenberg matrix and the class of generalized Hessenberg
matrices is closed under inversion. For a full discussion on generalized Hessenberg
matrices we refer to the literature [61,68].

Note the essential difference between the recurrence matrix in Lemma 3.3, where
a column is appended to the already computed recurrence matrix, and Lemma 3.7,
where all the elements of the recurrence matrix change at each expansion of the Krylov
subspace.

3.3.4 Arnoldi iteration

The Arnoldi iteration computes an orthogonal basis for Ky (A, v) and simultaneously
provides the orthogonal projection of A onto Ky (A, v). Essentially the Arnoldi iteration
applies the Gram-Schmidt orthonormalization procedure to a well chosen representative
for A¥v in Kg11(A,v) constructed from A and a vector in the subspace Ki(A4,v) =
span{v, Av, ..., A¥=1v} for which an orthogonal basis Q}, is already available. For
polynomials p; of exact degree i we have

Ki(A,v) = span{v, Av, ..., A o} = span{po(A)v, pr(A)v, ..., pr—1(A)v},

and K (A,v) U{Apr_1(A)v} = Ki41(A4,v). Hence, any vector of the form Apy_1(A)v
is a suitable candidate to expand KCx(A,v) to Kry1(A4,v).

This is the idea behind a continuation vector. A continuation vector py_1(A)v €
Ki(A,v), pg—1 € Pr_1 of exact degree, is represented in some basis B for Ky (A4, v).
For some 7, € C*, with e] 7 # 0, the continuation vector is By = pr_1(A)v.

The orthogonal basis @ is a well-conditioned basis for Ky, so it is natural to take
B = Qy, i.e., pr—1(A)v = Qx7x. In the Arnoldi iteration the orthonormal basis Q) for
Kr(A,v) and continuation vector 7, = ey, is chosen, thus py_1(A)v = Qrer = qr—1.
Orthonormalizing Apy_1(A)v = Agg—1 provides g, thereby obtaining the orthonormal
basis Q11 = [Qk qk] for Ki41(A,v). Algorithm 1 contains the Arnoldi iteration.

There is no need to explicitly project A onto Kj(A,v) via the formula Q¥ AQ) = Hy,
since the recurrence matrix Hy is obtained as a by-product of the orthonormalization
performed by the Arnoldi iteration.

The recurrence relation constructing an orthogonal basis for Krylov subspaces is, in
general, a long recurrence relation. It requires all basis vectors to be saved in memory
and at each step the new vector must be orthogonalized to all of them. This could
become troublesome for very large matrices, especially when convergence is slow.
Biorthogonal bases provide the means to alleviate this drawback. These will lead to
short (three term) recurrence relations, which implies that a fixed number of basis
vectors are needed to expand K. There are however several complications in the use
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Algorithm 1 Arnoldi iteration [3]

1: Input: A € C™*™ o e C™, integer k < g
2. Output: Orthogonal Qp 1 € C™***+! Hessenberg matrix H, € C*+1)xk such
that AQr = Qr41H,,.

3: procedure ARNOLDI__ITERATION(A, v, k)

4 qo=v/|v

5 fori=1,2,...,k do

6: ¢ = Agi—1

7 for j=1,2,...,ido > Orthogonalization
8 hji = (4, 45) B

9 qi = ¢ — hjiq;

10: end for

11: hivii = ¢l

12: ¢ = qi/hit1, > Normalization
13: end for

14: end procedure

of biorthogonal bases. These complications and the derivation of the short recurrence
relation is the topic of the next section.

3.4 Biorthogonal bases

Short recurrence relations generating bases for polynomial Krylov subspaces require
two bases: one forms a basis for a Krylov subspace generated with A € C™*™ and the
other for a Krylov subspace generated with A7 € C™*™. If these bases are orthogonal
with respect to each other, i.e., biorthogonal, then a pair of three term recurrence
relations suffices to construct them.

Formally, we have two Krylov subspaces Kx(A,v) and Kx (A w), where the matrices
are obviously related and the starting vectors satisfy (v, w)g # 0. For these subspaces
two bases Vi, Wi, € C™*F are constructed which are nested,

span{V;} := span{vg,v1,...,v;—1} = K;(4,v) and
span{W;} := span{wo, w1, ..., wi_1} = Ki(A%, w), fori=1,...,k,
and satisfy the biorthonormality condition (v;,w;)E = d;;, in matrix notation
wiHv, =1
The orthogonality can be expressed in terms of Krylov subspaces

v; L ICi(A" w) and w; L Ki(A,v), i=1,2,...k—1.
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Section 3.4.1 discusses breakdowns in the biorthogonalization of two sequences of
vectors. A pair of three term recurrence relations for bases of Krylov subspaces is
derived in Section 3.4.2, which can be equivalently represented by a tridiagonal matrix.
Tridiagonal matrices allow for a factorization resembling the core factorization, but
now using nonunitary triangular matrices, called eliminators, which are introduced in
Section 3.4.3. The non-Hermitian Lanczos iteration, which constructs biorthogonal
bases and the corresponding tridiagonal recurrence matrix is the topic of Section 3.4.4.

3.4.1 Breakdown

The situation for biorthogonalization procedures is more complicated than for
orthogonalization, due to the possibility of a serious breakdown. This term is introduced
below. Biorthonormal bases for two sequences of linearly independent vectors can be
constructed via the two-sided Gram-Schmidt procedure. This procedure is applied to
the columns of the Krylov matrices B} and B}¥ related to Ki(A,v) and Ky (AH,w),
respectively,

B =[v Av ... AF1y],
BY = w Afw ... (AT)F ).

The resulting matrices V; = BXR,Y and Wy = BZVRZV, with nonsingular upper
triangular matrices R, R}V, have biorthonormal columns, i.e., WV, = I. Two types
of breakdowns can occur while executing the two-sided Gram-Schmidt procedure. A
lucky breakdown signals the discovery of an invariant subspace and can now occur
for both spaces, Kj(A4,v) and/or Ki(A w). A new type of breakdown, a serious
breakdown, is a breakdown where no invariant subspace is found.

Lucky breakdown

A lucky breakdown is good news since an invariant subspace has been found. Two
Krylov subspaces are used with respect to (possibly) distinct starting vectors v, w,
therefore both the grade g, of v with respect to A and the grade g,, of w with respect
to A must be taken into account. If any of the two sequences forms an invariant
subspace, i.e., k = min{gy, gw }, then the procedure breaks down.

Suppose, without loss of generality, that £k = g, and g, > g¢,, then A, (4,v) =
Kq, (A, v) and v, will vanish. This implies that (v,, ,w,, )5 = 0 and the normalization
cannot be achieved, thus the process breaks down. Example 3.4 illustrates such a
lucky breakdown.

Example 3.4. Consider A = diag(1,2,3,4), v = [1,1,O,O]T and w = [1,1,1,1]—r
Clearly, g, = 2 and g, = 4. When generating the sequences of biorthogonal
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vectors for K(A,v) and K(AH ,w) via the two-sided Gram-Schmidt procedure, without
normalization, we obtain:

1 —0.5 0
1 0.5 0
{U07U17U2} = ol’ 0 10
0 0 0

1 —-0.5 0

1 0.5 0

{'LUO,U}l,U}Q} = 1] 1.5 D)
1 2.5 6

The vectors still satisfy va L span{wg, w1}, wy L span{vg,v1}. However they do not
satisfy (va,we) g # 0 and the process breaks down, we cannot generate an appropriate
ws.

In case of orthonormalization, the vectors would only differ by multiplicative scaling
until arriving at ve. Since va = 0, and therefore (va, wa2)p = 0, the vectors vy and we
cannot be normalized.

Serious breakdown

If (vj,w;)g = 0 for some j and v; # 0, w; # 0, then we have encountered a
serious breakdown. Serious because we have not found an invariant subspace, but the
biorthonormalization procedure breaks down. Such breakdowns can occur because
for v; # wj, the inner product (v, w;)r must not be positive. When v; = wj, then
(vj,v;)E > 0, by the properties of an inner product, and positive for v; # 0. Further
remarks on breakdowns specific for the nonhermitian Lanczos iteration are provided
in Section 3.4.4.

3.4.2 Three term recurrence relation

A pair of three term recurrence relations suffices to generate the nested biorthogonal
bases V, := [Uo vy ... vk,l] and Wy := [wo wy o ... wk,l}. The pair of short
recurrence relations imply more efficient procedures compared to the long recurrence
relation for constructing an orthogonal basis. A derivation of the recurrence relations
starting from the vectors in the sets {v;}, {w;} and using the property of the inner
product, (Az,y)p = (x, Ay)p for any x,5 € C™, is often used. In Lemma 3.8 a
derivation using matrix theory is provided, which leads to a shorter proof.

Lemma 3.8 (Biorthogonal Krylov bases recurrence relations). Let A € C™*™,
v,w € C™, with (v,w)g # 0. Consider the Krylov subspaces Ki(A,v), Cp(AT w),
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with k < min{g,, gw}. Then biorthonormal nested bases Vi, Wy € C™*F for these
subspaces satisfy the recurrence relations

AVy, = Vi Ty, + try1 1vkes
ARW, = W T + T g p1wiey,

where T}, € CF*F is a tridiagonal matriz.

Proof. Since the biorthonormality of the bases Vi, Wy, with respect to the Euclidean
inner product implies W,ka = I and vg L span{W}, wy L span{V}}, we have

WH AV, = WHEVLT), = Ty,
VEARW, = VEW,TE = TH.

The columns of Vi form a nested basis for Ki(A,v), so there exists a nonsingular
upper triangular matrix Ry such that Vi = B,‘C/Rk, where B,‘C/ is the Krylov basis. By
substituting this into the Krylov recurrence relation, one easily finds that T, must
be a upper Hessenberg matrix. A similar argument is valid for W, and thus T,f is
upper Hessenberg and therefore T}, is lower Hessenberg. Only a tridiagonal matrix is
simultaneously upper-and lower Hessenberg. Hence, T}, has tridiagonal structure. [

This lemma shows that biorthonormalizing a pair of bases for Krylov subspaces
generated by A and A leads to structure in both the upper-and lower triangular part
of the recurrence matrix 7.

Next we provide a proof which uses the associated Gram matrix to relate the upper
and lower triangular part of T more explicitly to the lower triangular structure of
the recurrence matrices appearing in the Krylov recurrence relations for (A, v) and
IC(AH [ w). This proof makes use of the recurrence relation with the inverse Hessenberg
matrix from Lemma 3.2. The idea of the alternative proof can be generalized to
biorthogonal bases for rational Krylov subspace, discussed in Chapter 4.

Proof: Alternative proof for Lemma 3.8. The proof is provided for the case k =
min{g,, g }. Assume without loss of generality that k = g,, < g,,. Consider orthogonal
bases QY , Q) for K (A,v),Kr(A® ,w) in the form given in Lemma 3.3 and Lemma
3.7, respectively:

AQY = QU HY + h/‘c/ﬂ,kql‘e/ﬂe/I»
ARQV HY = QY + E.

Since k = gy, E = 0. Let My, := (Q}Y )" Q) denote the associated Gram matrix and
assume that M} is strongly nonsingular. Factorize My = Ly Ry, with L lower and
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Ry, upper triangular. Form the new bases Vj, := QkVRfl, Wy = QkWL*H. By Lemma
2.2 Vi, W}, form nested biorthonormal bases for Ky (A,v), K (A", w), respectively.
Substitute this into the recurrence relations

AQkV = QkVH,Y + hl?+1,k‘1/‘f/+1€1:
ATQYHY =@y

_ hY.
AV}, = ViR HY Rt + gl e
ATWLLEEY L =wy

Tk+1,k+1

WHAV, =R H/R '+ M Wiay, el
WHAV, = Lp(HY)""7L*

Set Tk = W AVk, then.

AN RIIENY

For k < min{g,, g} a similar derivation can be followed, a rank argument on the
upper and lower triangular part of T}, then results in AVy, = V1) + tey1 1041 e; and
ARW, = WkTI:I + tk’k+1wk+1€;—. O

3.4.3 Eliminator factorization

A nonunitary analogue to the core factorization is based on eliminators. Eliminators are
essentially 2 x 2 matrices of upper or lower triangular form. Definition 3.5 introduces
these eliminators together with a pictographical notation.

Definition 3.5 (Eliminators). An upper eliminator E} € € C C™*™ {s an upper
triangular matrixz of the form

B = Lo - T (3.11)
Ln—ia
and a lower eliminator E! € €. C C™*™ has lower triangular form
Iiy
El = - [ (3.12)
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This definition of eliminators requires only one parameter, naturally the elements 1
can be replaced by parameters as well. That additional freedom might be useful in
developing numerical procedures, however, for theoretical purposes there is no harm
to fix them to 1. For clarity and ease of notation, we will do so. An obvious, but
important, property of lower (upper) eliminators is that multiplication only influences
one row or column and preserves upper (lower) rank structures. Example 3.5 illustrates
the effect of eliminators and shows how the notation is used.

Example 3.5. For some matric A € C™*™ the rows altered by performing the
premultiplication EéEéM is and an example of postmultiplication is M EY EY

X X X X X X X X X X X X

X X X X X X X X X X X X

L % x x x ® ® ® @ X X X X

L X X X X L X X X X R Q&
X X X X X X ® X X ® X X
X X X X [’7><><®><[>7><®><><
><><><><r X X ® X X ® X X
X X X X X X ® X X ® X X

Lemma 3.9 states that a strongly nonsingular tridiagonal matrix can be decomposed
using these eliminators. The eliminator factorization is, in fact, a particular LR
factorization, where L and R are represented as a product of eliminators.

Lemma 3.9 (Eliminator factorization of tridiagonal matrix). Let T € C™*™

be a strongly nonsingular tridiagonal matriz. Then T can be factorized as T =
(H?;l Ezl) D (Hl E”), where D is a diagonal matriz.

1=m—1"1
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Proof. Consider T € C3*3 and set fog := tgy — t2t11t1127 then the factorization is

tin iz tl tu 1 i%
to1 top toz| = [F£ 1 a2 to3 1
32 33 1 32 133 1

1 t 1
_ L 11 522

—_
o
]
(o

—

l
o

N

N

{

~
oo
¥

—

tin
:[’L 2 {33[,[,

where f33 := t35 — t3§2t223. Already factorized principal leading submatrices are not
affected by later eliminators. Hence, this process is immediately valid for tridiagonal
matrices of arbitrary size. The diagonal terms ii,i can never vanish, which corresponds
to T being strongly nonsingular. The strongly nonsingular requirement follows from
the fact that the eliminator factorization is an LR factorization. O

If the tridiagonal matrix is not strongly nonsingular, then Lemma 3.9 holds until the
first singular principal leading submatrix is reached. Just as for the core factorization,
the eliminator factorization can be used to study the structure of matrices.

3.4.4 Nonhermitian Lanczos iteration

Lanczos [121] proposed two iterations to compute eigenvalues (which he called latent
roots) of matrices. An iteration for non-Hermitian matrices, which is discussed at
present and an iteration for Hermitian matrices, which is discussed in Section 3.5.
The Lanczos iteration is an instance of the two-sided Gram-Schmidt procedure applied
to two (nested) sets of linearly independent vectors in the Krylov subspaces (A, v) and
K(AH w). These particular choices of Krylov subspaces, i.e., generated with A and A
lead to short recurrence relations, as is shown in Section 3.4.2. Since we are generating
spaces there is flexibility to choose a candidate vector for expansion, i.e., suitable vectors
0,1 such that Kri1(4,v) = Ki(A,v) U {9} and Kiy1 (A2 w) = K (AH w) U {w}.
Similarly to the Arnoldi iteration these candidate vectors will be represented as
v = AthkV and W = AHWktZV, where Vi, Wy is a pair of biorthonormal bases for
Kr(A,v) and Ki(AH,w), respectively. The continuation vectors are chosen to be
tY =tV = e;, and the resulting algorithm is provided in Algorithm 2.
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Algorithm 2 Lanczos iteration [121,148]

1: Input: A € C™*™ v, w € C™, integer k < min{gy, gw }

2: Output: Biorthogonal W1, Vi1 € C™**+1 | tridiagonal matrix T, € Ck+1)xk
such that WkH AV, = Ty.

3: procedure LANCZOS__ITERATION(A, v, w, k)

4 n:=(v,w)E

5 v = v/In["? & wo = w/(n/In|'?)

6: v_1:=0& w_1:=0

7 for:=1,2,...,k do

8 tii = (Avi_1,wi—1)E

9 05 1= Avi_1 — 3 Vi1 — ti—1,iVi—2

10: W; = AT w1t ;w1 — i wiio
11: ti—i—l,i = |<1A}1,’UA)1>E|1/2

12: tijit1 = (0, Wi) B /tig1,

13: v = ’LA)Z/tlj_l,z

14: w; = ﬁ)i/ti’iJ’»l

15: end for

16: end procedure

Note that the normalization, Step 11 and Step 12 in Algorithm 2, can be done in any
way as IOHg as ti+1,iti,i+1 = <@“ ’lf)z>E

Breakdowns and look ahead

Serious breakdowns in the non-Hermitian Lanczos procedure are well studied and
we refer to the literature for the consequences of serious breakdowns and possible
remedies [97]. Serious breakdowns in the Lanczos iteration can be classified as curable
or incurable serious breakdowns. A curable breakdown can be resolved by using a look
ahead procedure to ’jump over’ the vectors that have (vj, w;)g = 0. An incurable
breakdown is a serious breakdown that cannot be cured. At the occurrence of an
incurable breakdown, the eigenvalues of the generated tridiagonal recurrence matrix
are exact eigenvalues of the matrix A.
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3.5 Special cases

Two important special cases occur when the matrix A € C™*™ is unitary ATA =TI or
Hermitian A# = A. For a unitary matrix the isometric Arnoldi iteration [100,155,188]
is developed, which we will not discuss in detail.

For Hermitian matrices the Arnoldi and Lanczos iteration reduce to the same iteration,
the Hermitian Lanczos iteration. This implies a three term recurrence relation which
generates an orthogonal basis. So it is as efficient as the biorthogonal procedure
while still providing an orthogonal result, and thus is inherently more stable than a
biorthogonal result. First we show that an orthonormal basis for (4, v), with A = A7
satisfies a three term recurrence relation and second the equivalent statement that a
pair of biorthonormal bases for (A, v) and (A, w) reduces to a single orthonormal
basis if A = A and v = w. The resulting recurrence matrix is a Hermitian tridiagonal
matrix and this is reflected in its eliminator factorization. Then the Hermitian Lanczos
iteration is provided in its most used form, the form introduced by Paige [132].

Three term recurrence relation

Lemma 3.10 states that for Hermitian matrices A” = A there exists a three term
recurrence relation that generates an orthonormal basis for IC(A4,v). Two proofs
are provided. The first starts from an orthonormal basis and shows that the
Hessenberg matrix reduces to a Hermitian tridiagonal matrix. The second starts
from biorthonormal bases and shows that the pair of three term recurrence relations
reduces to a single three term recurrence relation. The second proof uses the same
idea as a proof that will be used in the next chapter to show that for rational Krylov
subspaces and a Hermitian matrix there also exist short recurrence relations for an
orthonormal basis.

Lemma 3.10 (Short orthogonal Krylov basis recurrence relation). Let A € C™*™ be
Hermitian, i.e., A" = A and v € C™. Consider Ky(A,v), with k < g. Then a nested
orthonormal basis Q) € C™¥F for IC(A,v) satisfies the relation

AQk = Qi Ty + trt1 kqrey ,

where T}, € C*** is o Hermitian tridiagonal matriz and q, € Kr+1(A,v), g L KA, v,
]l = 1.

Proof. Use the recurrence relation, AQy = QrpHy + hk+17quekT, from Lemma 3.3, and
using A# = A and Q¥ g = 0, premultiplication with Qf results in
QY AQr = Hy = (Q AQy)" = H[!.

Hence the Hessenberg matrix Hy must be Hermitian, making it a tridiagonal matrix
Ty. O
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Alternative proof. Start from the pair of recurrence relations from Lemma 3.8 and
show that it reduces to a single recurrence relation when v = w. Since Ki(A” w) =
K (A,v), the biorthonormal bases Vi, W), now span the same space, for any k. By
induction it can be shown that V, = W} for any k, since the basisvectors v;, w; €
Kit1(A,v) are uniquely determined by the orthogonality conditions v;, w; L K;(A,v)
and normalization. Thus, by using the appropriate normalization, Wy = V} and

H H Iy T

AWy, = Wi T + te k1 Wit1€p
AV, = VT +1 p=Vilp +t y
k kdly k,k+1Vk+1€ Edk k+1,kVk+1€

and thus the tridiagonal matrix T} is Hermitian and generates a single orthogonal
nested basis V. O

The off-diagonal elements of T}, can be chosen to be positive and then it is called a
Jacobi matrix. The Hermitian Lanczos iteration is well studied [130,132] and the
properties of the resulting recurrence matrix, the Jacobi matrix are also extensively
studied. Therefore we will not discuss this method further.

Eliminator factorization

The eliminator factorization of a Hermitian tridiagonal matrix is discussed in Lemma
3.11. This is related to the reduction of the LR factorization to Cholesky factorization
for Hermitian positive definite matrices.

Lemma 3.11 (Eliminator factorization of tridiagonal matrix). Let T € CF*F be
a strongly nonsingular Hermitian tridiagonal matriz. Then T can be factorized as

T = RYDR, where R = (H;:,Fl EZ“) is upper triangular and D a real diagonal
matrix.

Proof. Lemma 3.9 states that the decomposition 7' = LDR exists, where R =
(Hil:k—l E;‘) and L = (Hi:ll Ef) are unit upper and lower triangular. From TH =T

we have REDHLH = LDR and from the uniqueness of the LDR factorization L = RY
and D = D ¢ RFxF, O

Hermitian Lanczos iteration

The implementation of the Hermitian Lanczos iteration that is most often used,
introduced and analyzed by Paige [132], is given in Algorithm 3.
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Algorithm 3 Hermitian Lanczos iteration [132]

1: Input: A € C™*™ AH = A v € C™, integer k < g

2. Output: Orthogonal Q1 € C™**+1 | tridiagonal matrix T, € C*+1D>xk guch
that AQk = Qr+11.

3: procedure ARNOLDI__ITERATION(A, v, k)

£ qo=v/llol

5: t11 = gt Aqo

6: q1:= Aqo — 1,190

7.

8

9

fori=1,2,...,k do

tiic1 = ||Gill2s tic1,i i=tii—1
: ¢ = Gi/tii—1
10: u; = Agy —tii—1qi—1
11: tiﬂ; = QIHUZ'
12: Giv1 = ui — 133G
13: end for

14: end procedure

For a full discussion on this implementation and its finite precision behavior we refer
to the dissertation of Paige [132] and for a recent survey to the book by Meurant [130].

3.6 Conclusion

Three types of bases for polynomial Krylov subspaces and their recurrence relations
are discussed. The Krylov basis is easy to study thanks to its simple structure and
provides clear conditions for breakdowns in terms of the rank of certain matrices.
However due to ill-conditioning this basis is unsuited for numerical computations.
The orthogonal basis is expected to deliver the most numerically stable results and
is characterized by a Hessenberg recurrence matrix, i.e., a long recurrence relation.
To alleviate the high cost associated with the long recurrence relation, biorthogonal
bases can be used. Biorthogonal bases, for a specific pair of Krylov subspaces, lead to
a pair of three term recurrence relations. These do not possess the inherent stability
of orthogonal bases. This should be taken into account when developing biorthogonal
procedures.



Chapter 4

Structured matrices in rational
Krylov subspaces

Polynomial Krylov subspaces provide subspaces which contain mainly information
related to the best separated eigenvalues, typically the extreme eigenvalues. For more
precise statements on convergence of Krylov subspace methods, there are results for
solving linear systems for non-Hermitian matrices [125] and based on potential theory
for Hermitian matrices [120] and unitary matrices [100]. To obtain subspaces which
represent other, chosen eigenvalues several generalizations have been introduced:

e polynomial Krylov subspaces generated with a shift-invert version of the matrix
A with shift s € C, will generate a space representing the dominant eigenvalues
of (A — sI)~! well. That is, those eigenvalues close to the shift s.

o rational Krylov subspaces, which generalize the previous idea further, by allowing
the shift s to change for every new vector added to the subspace being constructed.

Ruhe [143] introduced rational Krylov subspaces together with an Arnoldi-type
iteration to construct an orthogonal basis for these subspaces. Ruhe argued that, apart
from polynomials, rational functions with prescribed poles are a suitable candidate for
numerical computation thanks to the simplicity and efficiency with which they can be
manipulated.

Rational Krylov subspaces are introduced in Section 4.1 and we comment on some
different conventions used in the literature. Polynomial Krylov subspaces can be
regarded as a special case of rational Krylov subspaces, so why do we study them
separately? First, polynomial Krylov subspaces have an intimate connection to
orthogonal polynomials [43,157], whereas rational Krylov subspaces are connected

49
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to orthogonal rational functions. Second, because of the nature of a rational Krylov
subspace, systems of equations have to be solved. Hence, they are not suited for
solving systems of equations, which is an important application of polynomial Krylov
subspaces (e.g., GMRES [149], CG [102], BiICGSTAB [168]). With inexact solves for
the shift-inversion, rational Krylov subspaces can be used to solve systems of equations.
An equivalent interpretation is to view them as a preconditioned polynomial Krylov
method where the preconditioner is allowed to change at each iteration, in literature
referred to as flexible GMRES [147]. For rational Krylov subspaces three types of
bases and their corresponding recurrence relations are discussed.

Krylov bases are discussed in Section 4.2, which are a useful theoretical tool, but fail
to guarantee a practical basis for numerical computation. The analysis of Krylov bases
provides insight into breakdowns and rank structures appearing in the recurrence
matrix, the matrix containing the recurrence coefficients, and the Gram matrix
associated with rational Krylov subspaces. For practical computation orthogonal
bases are preferred, where the rational Arnoldi iteration [143] is the method of choice
to generate them. Section 4.3 discusses these orthogonal bases and their relation
to Krylov bases. For rational Krylov subspaces generated with nonnormal matrices
the orthogonal bases must be generated with a long recurrence relation. To obtain
short recurrence relations we consider biorthogonal bases in Section 4.4. All possible
representations of the recurrence relations for biorthogonal bases are derived from
the recurrence matrices appearing for orthogonal bases. This derivation is based on
the factorization of the associated Gram matrix. Instead of using a single matrix
to represent the recurrence relation, a matrix pencil can be used. Matrix pencils
representing recurrence coefficients are the natural object to study short recurrence
relations for rational Krylov subspaces. In particular, a tridiagonal pencil is derived
for rational Krylov subspaces. This is a novel result. Section 4.5 identifies special
cases appearing in the literature of these results on matrix and pencil structures in
biorthogonal rational Krylov bases.

The main results presented in this chapter are published in [165].
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4.1 Rational Krylov subspaces

Rational Krylov subspaces are introduced in Definition 4.1. They are constructed by
multiplication by A and/or shift inverted versions of 4, i.e., (A — &1I)~!. The shifts
do not have to be known a priori, only at the introduction of a new vector to the
subspace.

Definition 4.1 (Rational Krylov subspace: practical form). Let A € C™*™, v € C™
and Z = {&YE_ |, with & € C. A rational Krylov subspace with poles & = i, shifts
% € C and continuation vectors t; € K;(A,v; E) is defined as

A—mlI A—nod 1A=
Kr(A,0;E) := span{v al n P2 27 Mtk_l}.

’,U,lA—I/lI 1’/}42A_1/2.[ 27”.’/146,114—1/]@,1]

The parameters p;, 1;, i, v; must satisfy % =+ ﬁ, pi, i 7 0 and the continuation
vectors t; € K;(A,v;E),i=0,1,...,k—1, must be chosen such that dim(Ky(A,v;Z)) =
k for all k < g, where g denotes the grade of v with respect to A. Definition 4.1 allows
us to deal with finite and infinite poles simultaneously, for an infinite pole the choice
pr 7 0 and py, = 0 is appropriate.

Intuitively, in eigenvalue computation, the pole &; = Z— increases the contribution of

eigenvalues near &;, while the shift ¢ suppresses the contribution near this quantity.

Moreover there is flexibility in the choice of the continuation vector t; and the choice
of the shift, determined by 7;, p;- Lemma 4.1 states several properties of rational

Krylov subspaces.

Lemma 4.1 (Properties of rational Krylov subspaces [98]). For a rational Krylov
k=1
subspace K (A, v; E) and the polynomial mp—1(2) := [I (iz—v;) of degree < k—1,
i=1,§;#00
with & = % the following statements hold

o Ki(A,v;2) = IC;C(A,W,:I(A)U)
v € Ki(A,v;2)

dim(Kx (A, v; Z)) = min{k, g}, where g is the usual grade of v with respect to A

o the spaces Ki(A,v;E) and Pyr_1/7p—1 are isomorph, where Py_1/mp—1 =
span{1/mp_1(2), 2/mp-1(2), ..., 2" me_1(2)}

Since the representation in Definition 4.1 complicates notation tremendously and we
are foremost interested in theoretical properties, we will mostly use the form introduced
in Definition 4.2. The only parameters are the poles &;, and & = oo is dealt with by
using a selection vector to keep track of finite and infinite poles.
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Definition 4.2 (Rational Krylov subspace (RKS)). Let A € C™*™ v € C™ and
=2 ={& f:_ll, with & € C. Consider a selection vector s indicating when a pole is

1 if&= i -
finite or infinite, s; := &= oo . and indices k= 3""_ s;, ki =i—k].
0 else J
The corresponding rational Krylov subspace is
Ki(A,v;E) = span{v, 1 (A)v, 2(A)v, ..., -1 (A)v} (4.1)
kS
2 ifs; =1
where ;(z) := B and ¢o(z) := 1.
{¢k(3) = (2= &) dp-—1(z) else

The selection vector still complicates the notation, but it is required in some statements
in this section. Some results will be stated only for finite poles, the omission of infinite
poles avoids complicated expressions that are merely a form of bookkeeping. Examples
will then be provided which show that the inclusion of infinite poles does not change
anything essential.

To illustrate the rational Krylov subspaces in the form proposed by Definition 4.2, two
examples, Example 4.1 and Example 4.2, are provided.

Example 4.1. Let 2 = {£1,£2,8€3,00,&5,&6}. Then the bookkeeping is given in Table
41

i |1 2 3 4 5 6
si |00 0 1 0 0
Eflo 0o 0 1 1 1
k; |1 2 3 3 4 5

Table 4.1: Bookkeeping for a rational Krylov subspace.

The corresponding RKS is
IC?(Av U) = Span{v7 Qsl (A)Ua ¢2 (A)Ua ¢3 (A)U’ AU, ¢4 (A)U’ ¢5(A)’U}7

where
$1(2) = (= &)
$2(2) = (2 = &) (z — &),
$3(2) = (2 = &)z &) Mz - &),
$a(2) = (2= &) (2= &)z &)z - &),
$5(2) = (2= &) (&) Tz~ &) Tz - &) e - &)



RATIONAL KRYLOV BASIS 53

Example 4.2. Let E = {00, &,&3,00,00,00}. Then the bookkeeping is given in Table
4.2

i |1 2 3 4 5 6
s; |1 0 0 1 1 1
EFl1 11 2 3 4
kZ |01 2 2 2 2

Table 4.2: Bookkeeping for a rational Krylov subspace.

The corresponding RKS is
K7(A,v) = spanf{v, Av, ¢1 (A, da(A)v, Av, A3v, A*v},
where
$1(2) = (2 = &) 7",
P2(2) = (2= &) M (z = &) 7"

In order to be able to compute with these rational Krylov subspaces a basis is required.
The following three sections describe possible bases to use: the Krylov basis, an
orthogonal basis and biorthogonal bases.

4.2 Rational Krylov basis

The (rational) Krylov basis {v,9¥1(A)v,...,¢¥r_1(A)v} associated with a rational
Krylov subspace Ki(A,v; Z) forms the rational Krylov matriz

B = [1}, 1 (A)v, Py (A, ..., 1/1k_1(A)v} . (4.2)

Theorem 4.1 provides an expression for the rank of Bi in terms of the grade g of v
with respect to A. The proof of the following theorem is made analogously to the proof
of Theorem 3.1 for the polynomial case without explicitly relying on the connection
between polynomial and rational Krylov subspaces. Fasino [63] provided this proof
for a normal matrix A and square rational Krylov matrices where only finite poles
are allowed. Here, the result is given for a diagonalizable matrix A and rectangular
rational Krylov matrices, allowing any pole in C. The key idea in the proof is to
extract a Vandermonde matrix, two illustrative examples of this procedure are given
in Example 4.3 and Example 4.4.
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Theorem 4.1 (Rank of a rational Krylov matrix). Let v € C™ and A € C™*™ be a
diagonalizable matriz, i.e., A= XAX ™', where A = diag(\1, ..., \n) exists. Consider
Ki(A,v;E), with a given set of poles = = {¢; 2:117 ; € C, and corresponding rational
Krylov matriz BE € C™**. Then rank(B%) = min{k, g}, with g the grade of v with
respect to A. Moreover g < min{c,d} for ¢ the number of nonzero elements in X ~'v
and d the number of distinct eigenvalues.

Proof. A Vandermonde matrix is present in the rational Krylov matrix, as in the
polynomial case, however it takes some effort to reveal it. First a preliminary
decomposition isolating the rational functions v;(z)

| | |
By = |v (A ... ¢p_i(A

| | |
[ | |

= | XX ¢ (XAX Y U (XAX Yo
L | |

| |
= XY ¢y (M)X o 0 e (MX

wy Loi(\) e te-1(A)

Wm 1 wl(Am) '(/}kfl()‘m)

=W =F

Now we focus on the matrix F', which hides a Vandermonde matrix. Construct a
permutation matrix P that orders the rational functions in F' by decreasing degree,
i.e.

[T () oo o1 ()] P = [dro1(2) tha(2) ... do(2)]

with deg(v;) > deg(¢);_1). The degree of a rational function is taken to be the degree
of the numerator minus the degree of the denominator. The matrix P is unique.

§i=6&, if&#o00

Set m;(z) = Foo(z =€ , with < % . For the products
( ) Hl_erl( fl) £=0, if&=o0 p
mi(2)pp-(2), 1 =0,1,...,k— 1, there exists a unit lower triangular matrix L such that

[Ve-1(2) ... Yo(2)] = [mo(2)dr-(2) .. mh-1(2)¢n-(2)] L.
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This allows the extraction of the common term ¢y (z)

[Fo(z)gf)k— (Z) N Wk,1(2)¢k— (Z)] = (bk* (Z) [7’(’0(2) 71'1(2) e kal(z)} .

The monic polynomials 7;(z) have exact degree deg(m;) = k — i — 1. Hence, there
exists a unit lower triangular matrix L such that

[mo(2) m(z) ... me—1(z)] =[F"1 ... 2z 1] L.

To summarize, in matrix notation:

F=FPP"
(o1 (M) o (A1) do(h)
- : : : pT
_J}k—l()‘M) v J’lo‘m) qZ’OO\m)
(k- (A1) mo(A) oo me—2(M)  me—1(M1)
= : : Lt
L d)k— (Am) WO()\m) v 7rk72()\m) kal()\m)
=:d
M=o
=0 | : . | LLPT
M=l oA, 1
=V

By construction the matrix ® is nonsingular (poles cannot coincide with eigenvalues),
permutation matrices are nonsingular and the product LL is unit lower triangular
and thus, nonsingular. Hence, rank(F) = rank(V). Then rank(BZ) = rank(XWF) =
rank(WF) = rank(WV). O

The relation between Vandermonde and (rational) Krylov matrices allows to relate their
respective condition numbers [11]. In Chapter 5 the relationship between a rational
Krylov matrix and a Vandermonde matrix will be used to study its displacement rank
and that of the related Gram matrix.

Example 4.3. Denote by &; finite poles and let 2= = {00, &a,&3,00}. The RKS is
Ks(A,v; E) = span{v, 11 (A)v, Y2(A)v, 3(A)v, Pa(A)v}

= span{v, Av, ¢1(A)v, pa(A)v, A%v},
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where
$1(2) = (2 — &)71,
$2(2) = (2 = &)z - &)

With the corresponding

1 (M) o a(h) Lod i) ¢e(M) M
F=: : : =|: : : : :
1 i(Am) o %a(Am) L A ¢1(Am)  @2(Am) AT,

Table 4.3 shows the parameters keeping track of positive and negative powers.

o~
+

O = |

= = Ol N

N = OlW

ORI I

Table 4.3: Bookkeeping for a rational Krylov subspace.

The polynomials m;(z) = Hf:iH(Z - él) and the products, denoted by 1;, allow the
extraction of the common factor ¢2(z) are

mo(2) = 2(2 — &2)(2 — &)z, = mo(2)a(2) = 27,
m(z) = (2 = &)(z - &)z, s = mi(2)da(2) = 2,
m(2) = (2 — &)z, d2 =m(2)oa(s) = =
m3(2) = 2, U = m3(2)a(2) = W
m(z) = 1, Jo 1= ma(2)gn(z) = ——

(z = &)z — &)’

First a reordering by degree is performed using the permutation matriz P

FP=F =[22 2z 1 ¢1(2) ¢2(2)]

= O O OO
OO OO
OO O O
OO = OO
O = O OO
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Clearly a lower triangular L can be found such that F'P = \TJL, with ¥

[Ps s ... o],

FP = [zz z

10 0 0 0
01 0 0 0
z z 1
6 (66 & |00 1 0 0
00 —& 1 0
0 0 && —& 1
=:L

57

Since m;(z) is a monic polynomial of exact degree i it allows a representation in the

monomial basis

1
=83 — &2 1
[0 ™ my) = [ z 1) | && —{3—& 1
382 =& 1
1
=:I
Hence,
d2(A1) b A1
F=FPP' = : . | LLPT.
e I DU D W |

Example 4.4. Denote by &; finite poles and let = = {&1,&2,&3,00,&5,&6}. The RKS

8

K?(Aa (% E) = Span{?}» ¢1(A)v7 ¢2(A)’U, ¢3(A)v7 A'Ua ¢4(A)U, ¢5 (A)U}7

where

$1(2) = (2 = &)1,

$2(2) = (2 = &) (= — &),

$3(2) = (2 = &)1z = &) (z - &)

$a(2) = (2= &)1z - &)z - &) - &),

$5(2) = (2= &) (2= &) (2= &)z —&) (- &)

The corresponding parameters are shown in Table 4.4.
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i |1 2 3 4 5 6
s; |00 0 1 0 O
EFlo 0 0 1 0 0
k; |1 2 3 3 45

Table 4.4: Bookkeeping for a rational Krylov subspace.

Using 7;(z) we can extract the common factor ¢s(z)

mo(2) = (2 = &6)(2 — §5)2(2 — §3) (2 — §2) (2 — &1)s
m1(2) = (2 — &6)(2 — &5)2(2 — &§3) (2 — &2),

m2(2) = (2 — &6)(2 — §5)2(2 — &3),

m3(2) = (2 — &6)(2 — &5)2,

ma(z) = (2 — &6)(2 — &5)s

m5(2) = 2 — &,

Then for

we have

o~ ococo o

L,

S o oo oo

SO oo o~ Oo

7/;0 1= me(2)p5(2) =

OO OO~k OOo

1/31 = m5(2)¢5(2) =

g 1= mo(2)d5(2) = 2,
Z—fl’
(2 =&)(z—&)’
(2= &)z —&)(z— &)’
1
(2= &)z — &)= —&)
1
(2= 8&)(z = &) (2 — &) (2 — &)
1
(z=&)(z = &)z = &) (2 — &) (z — &)

77215 = m1(2)95(2) =
77/;4 = ma(2)95(2) =

s = m3(2)¢5(2) =

1;2 = ma(2)95(2) =

0 0 0] 1

0 0 O 1

00 0 a1

1 0 0 and L = 5251 752 1

0 00 —€36261 &8 & 1

0 1 0 1
00 1) 1]
FP = [ys(2) t5(z) Po(2)] L
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Then, let column i of f), lsz, be the representation of wg—;(z) in the monomial basis,

i.e., m—i(z) = [1 z ... ZG] I; and we obtain
¢5(/\1) A? D VR |
F= : . | LLPT.
dsOm) | (26 0 A 1

4.2.1 Recurrence relations

The rational Krylov matrix B,f satisfies a recurrence relation. This relation can be
described by a recurrence matrix or it can be represented as a recurrence pencil. A
recurrence pencil is a pair of matrices which contain recurrence coefficients, so a
generalization of a matrix to a pencil in the usual sense. Matrix pencils are not unique,
therefore several different representations exist. Three representations are important in
this manuscript: a Hessenberg pencil provides an elegant and intuitive representation,
a single recurrence matrix follows from projection onto the Krylov subspace and an
inverse Hessenberg pencil is useful for the analysis of structures of recurrence pencils
of biorthogonal bases.

Only the Hessenberg pencil is discussed in detail, its derivation is natural in the Krylov
basis. The single recurrence matrix and inverse Hessenberg pencil are more tedious to
derive. Their discussion is postponed to Section 4.3 on orthogonal bases, where the
core factorization allows elegant characterization and definition.

Hessenberg pencil

A structural constraint is set on the recurrence pencil. The structure of the matrices
appearing in the recurrence pencil must both adhere to Hessenberg structure, i.e.,
they must form a Hessenberg pencil. Then the poles of the related RKS can be easily
retrieved from this representation. Lemma 4.2 elaborates on this representation for
finite poles. For brevity the infinite poles are excluded, including infinite poles is not
a problem but it requires a lot of bookkeeping. Example 4.5 provides an example with
both finite and infinite poles.

Lemma 4.2 (Rational Krylov recurrence relation: Hessenberg pencil). Let Bf 1 €

Cmx (k1) k< g, be the rational Krylov matriz corresponding to Kii1(A,v;E) and
poles satisfying & € C\o(A) for all i. Then BE_H satisfies the following recurrence
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relation for the Hessenberg pencil (C},, F),) € CHFHxk o Clht1)xk
ABEFy + Abge) = BEC), + byey

AB}?+1Ek = BszQk

0 1
1 0 &G o1
ABf 4 1 =B & :
0 1
1 33
&
and, clearly, C), =1+ F,
&k
Proof. For only finite poles the rational Krylov matrix is given by BEH =
[v ¢1(A)v ... ¢p—1(A)v ¢r(A)v]. The statement follows immediately from the
equality z¢;(z) = ¢i—1(2) + &di(2). O

Example 4.5 illustrates that including infinite poles will not change anything essential
to the statement of Lemma 4.2. That is, the matrices have Hessenberg structure and
the ratios of the subdiagonal elements reveal the poles. In the context of poles, if
a # 0 then § = oo, i.e., an infinite poles.

Example 4.5. K(A,v;{&1,82,83,00,85,86}) and the corresponding Krylov basis By =
[v d1(A)v da(A)v  P3(A)v Av  ¢pa(A)v ¢5(A)v]

[0 1 1
10 & 1
10 & 1
AB; 10 = By & 001
0 0 1 0
1 0 &1
_ il &)
Subdiagonal ratios are {ETI, %2, %3, %7 %4, %5}

By including infinite poles the elegant connection between C). and F, has, however,
been lost for some part. A connection can be obtained by changing I by a permutation
matrix of Hessenberg form, but this is not explored further.

Corollary 4.1. If £ = oo, then the recurrence relation ABEFk + Abke,—'; = BECk +
fkbke,;r from Lemma 4.2 becomes ABEFk = BECk + bke,;r.
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Rational Hessenberg matrix

A single matrix representation, corresponding to the Krylov subspace from Example
4.5, is provided in Example 4.6.

Example 4.6. Consider K(A,v; E), with == {&1,82,&3,00,85,86}, and its Krylov
basis BE = [v ¢1(Av ¢2(Av ¢3(A)v Av ¢a(A)v ¢s5(A)v].  Then the
selection vector s = {0,0,0,1,0,0} and

AB5I = B3Z
0 1 0 ]
&1 0
. . & 1 0
ABZ = BF & 001
1 0 0 0 0 0
0 & 1
I 0 Se

Clearly, the selection vector, i.e., occurrences of & = oo, determines the lower triangular
structure.

The resulting matrix is a rational Hessenberg matriz. In Section 4.3.4 an elegant
derivation of this structure will be provided starting from the core factorization of
the Hessenberg pencil. The discussion on core factorization is postponed, since the
representation in an orthogonal basis provides a more natural starting point.

4.3 Orthogonal basis

Three types of recurrence relations for an orthogonal basis for a RKS are discussed.
The analysis of the structure of the associated recurrence matrices or recurrence pencils
relies on manipulating their core factorization. Ruhe [143] introduced rational Krylov
subspaces and a corresponding Arnoldi-type iteration [144] to generate an orthogonal
basis. This Arnoldi-type iteration is commonly referred to as the rational Arnoldi
iteration and uses a Hessenberg pencil to represent the recurrence relation. Section
4.3.1 derives this Hessenberg recurrence pencil. Afterwards the core factorization of
Hessenberg pencils is elaborated upon in Section 4.3.2. The core factorization allows
for the derivation of another recurrence pencil, an inverse Hessenberg pencil, which is
the subject of Section 4.3.3. The final representation is a single matrix representation
discussed in Section 4.3.4. To conclude, the rational Arnoldi iteration is introduced in
Section 4.3.5.
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4.3.1 Hessenberg pencil

An orthonormal basis Q € C™** for Ki,(A, v; Z) can be obtained by orthonormalizing
the Krylov basis or, equivalently, by computing the QR decomposition of the Krylov
matrix BE. The recurrence pencil describing the generation of an orthonormal basis
can be represented as a Hessenberg pencil. This is stated in Theorem 4.2. This
theorem is stated for finite poles, since it uses Lemma 4.2 in its proof. In Section 4.3.5,
Theorem 4.4, it is shown that Theorem 4.2 holds for ¢; € C\o(A).

Theorem 4.2 (Orthogonal rational Krylov basis: Hessenberg pencil). Consider a

nested orthonormal basis Qp+1 € C™*F for Kii1(A,v;2), k < g, where & € C\a(A).

Then a Hessenberg pencil (H,,, K;) € CUh+DxEk s CRHDXE exists which satisfies
AQr1 Ky = Qry1H,, or, equivalently,

AQi Ky, + kpv1 kAqrel = QuHy, + hiy1 raren ,

hit1,i .
where qr = Qr+1€k+1 and k’i: =&,1=1,2,... k.

Proof. Consider the Krylov recurrence relation
AB; 1 Cy = B Ly,

and the QR decomposition BE_H = Qg+1Rk+1. Then substituting the QR
decomposition into the recurrence relation reveals the recurrence pencil for an
orthonormal basis

AQr41 Ri11C, = Qry1 Ry Fy,
——— ———

=K, =:H,

Since multiplication with an upper triangular matrix preserves the lower triangular
structure, H, and K, are Hessenberg matrices. Writing Qr+1 = [Qk qk] and some
basic manipulation of the recurrence relation shows that

AQr Ky + ri1 k1 Aqeel = QuHy + ExThi1 kr1qK€y -
Note that kri1k = Tk+1,k+1 and hpt1,x = ExTh+1,k+1, Which completes the proof. [

Corollary 4.2. If £ = oo, then

e the recurrence relation AQrRK + kk+17kAqkeZ = QpHir + hk+17queg from
Theorem 4.2 becomes AQr Ky = QrpHy + hk;Jrl’k-Qk;e;—.

e the orthogonal projection of A onto the space spanned by Qy, is given by (Hy, Ky).
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4.3.2 Core factorization

The core factorization of a Hessenberg pencil (H, K) € CF** x CF*¥ is the pencil of
the core factorizations of the two Hessenberg matrices H, K. By Lemma 3.4, the core
factorization of H is H = Qg Ry, with Qg = C1C5...Cir_1 and of K is K = Qg Rk,
with Qg = 0102 Ck 1, with Cj, C € €;. Thus, the core factorization of (H, K) is
(0102 LCl_ 1RH,0102 Ck 1RK) with C“C € ¢;.

Definition 4.3 (Proper Hessenberg pencil). A Hessenberg pencil (H, K) is said to be
proper if hiyiikit1,; # 0, i.e., no subdiagonal elements of H, K are simultaneously
zero.

The core factorization is a powerful tool to analyze structures of matrices thanks to
the operations that can be defined between core transformations. Lemma 4.3 provides
such an operation, called a turnover.

Lemma 4.3 (Turnover lemma [176], Lemma 9.38). Consider the product of three core
transformations C’i_lACiCi_l, where C;_1,C;_1 € €;_1 and C; € &€;. Then there exist
i1 €€_1 and I';,T'; € & such that

Ciflciéifl = Firiqf‘r

The turnover operation is used in Section 4.3.3 and Section 4.3.4 to derive alternative
representations of the recurrence coefficients.

4.3.3 Inverse Hessenberg pencil

The recurrence relation for an orthonormal basis for rational Krylov subspaces can be
represented by a recurrence pencil with inverse Hessenberg structure. Theorem 4.3
states the result for poles in C, starting from Theorem 4.4. This representation of the
recurrence coefficients is paramount to deriving the structures of recurrence pencils
for biorthogonal bases.

Theorem 4.3 (Orthonormal basis for RKS: inverse Hessenberg pencil). Let Q41 €
C™* k41 pe an orthonormal nested basis for Kr+1(A,v;E), k < g. Then an inverse
Hessenberg pencil (H{™, K{™) € Ckxk x Ck*E egists for which the recurrence relation

AQLK[™ + By = QuH[™ + Es,
with rank(E,) = rank(E3) = 1, holds.
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Proof. A Hessenberg pencil (Hy, Ki) follows from Theorem 4.4 and satisfies
AQy Ky, + k1 kAqrey, = QuHy, + hiy1 kqrey -
Consider the core factorizations Hj = Hfz_ll ClvR,f and K = H,lfz_ll C'lR,g . Now

substitute the core transformations into the recurrence relation, use Lemma 3.5, basic
manipulations of the core transformations and Lemma 4.3 to obtain

AQr \EF [ 4O = & L 4B

C T

DL DR
AQr NI Lpl = Ry C L +EY

. . o
AQe NEE e = NI L0 I %

DL KK KE

AQw \FEE LT 4EP = L0 +EP

The terms EY‘) and Eéi), 1 =0,1,2, have at most rank 1. Use Lemma 3.5 again and
we obtain, for upper triangular ]:ZkR and ]:25, the pencil (szk_l C.’Z-J%,}f7 Hi:k—1 C’Z]%,f),
which has inverse Hessenberg structure and rank(RE) = rank(RE), rank(RE) =
rank(RE) since all multiplications involved nonsingular matrices. O
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4.3.4 Recurrence matrix

A single matrix representation Z; of the recurrence matrix can be derived from the
Hessenberg recurrence pencil. The general core factorization of this single matrix
representation is shown in Figure 4.1. The recurrence matrix for orthogonal bases of

Zy = E [:

Figure 4.1: Core factorization of a recurrence matrix for an orthonormal basis of

K(A,v;E)

rational Krylov subspaces will be referred to as having rational Hessenberg structure,
see Definition 4.4 where also a pictographic notation is introduced.

Definition 4.4 (Rational Hessenberg structure). A matriz Zy has rational Hessenberg
structure, or equivalently, Zy is a rational Hessenberg matriz, if it has a core
factorization consisting of a descending pattern multiplied by an ascending pattern
(pre-or postmultiplication, by Lemma 4.3). A pictographic notation will be used:

L 'Bﬁw%q
|:|: [

The pictographic notation in Definition 4.4 highlights the structure of Zj, full lines
enclose elements without rank structure and dashed lines enclose submatrices which
exhibit low rank structure. Example 4.7 illustrates this notation.

Before providing this example, the following discussion is given for completeness. The
properties discussed are not essential in the remainder of this manuscript. Rational
Hessenberg matrices can be decomposed using an extended Hessenberg matrix. These
arise from extended Krylov subspaces. Fxtended Krylov subspaces are rational Krylov
subspaces which only allow & = 0 or § = oco. Core factorizations of recurrence
matrices for orthogonal bases of extended Krylov subspaces consist of a single pattern,
which has descending and ascending subpatterns. This follows by noting that if £; = 0
or £ = o0, a core transformation appears only in one of the two matrices in the
recurrence pencil, the other core transformation must be trivial.
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Definition 4.5 (Extended Hessenberg structure). A matriz Z, € CF*F that has
the core factorization (Ha(i) C’i> Ry, C; € € and Ry upper triangular for some

permutation o of {1,2,...,k — 1} is said to have extended Hessenberg structure.

A rational Hessenberg matrix can be decomposed as the sum of an extended Hessenberg
matrix plus a diagonal matrix containing the poles. Our interest is mainly in the
pencil representation, so we do not go into detail on this decomposition, for more
details we refer to the literature [39].

Example 4.7. Consider the poles 2 = {00,0,0, 00, 00,00} which generate the extended
Krylov subspace

K7(A, v; é) = span{v, Av, A" v, A=%v, A%y, A3v, At}

The recurrence matriz Z for an orthogonal basis of KK7(A,v; é) has the core factorization
Z = ClC4C'5C'603C'2]A{, C; € &;. The structure of Z is shown in Figure 4.2,

On the diagonal of Z, submatrices with Hessenberg or inverse Hessenberg structure

X X X X
X X
N X X X

7 = [: = 5:<><\\

X =% - % -% X

Figure 4;2: Recurrence matrix 2 = C1C4C5CsC3C5R of an orthonormal basis for
K7(A,v;2).

appear, they are indicated by the lines in the figure.
If the finite poles & # 0,&3 # 0 and E = {00, & = £2,&5 = L%, 00, 00,00} then

K7(A,0;8) = span{v, Av, ¢1 (A, da(2)v, A%v, A3v, Ao},

with ¢1(2) = (vaz — p2) ™1 and ¢2(2) = (v3z — uz) é1(2). The recurrence matrix
7= 010203040506536'2ﬁ s a rational Hessenberg matrixz. A rational Hessenberg
matriz can be decomposed in an extended Hessenberg matriz plus a diagonal, as is
shown in Figure 4.3. Note that in this figure the second subblock indicated by a contour
changes from a rational Hessenberg block to a inverse Hessenberg block by the extraction
of the poles & and &s.
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X X X X X
X X X X
[N
X X X &2
I ~
= xR + €3
e = - k=K X %
X X
X

Figure 4.3: Recurrence matrix Z = C’1C2C’3C’4C‘5C‘6536~‘2]% of an orthonormal basis
for K7(A, v; E).

4.3.5 Rational Arnoldi iteration

The idea is the same as for the polynomial Arnoldi iteration. The expansion is
done by multiplying a suitable vector by A or (A — &I)~!. Any vector t in the
space Ky (A, v;Zx_1), which satisfies (v A — pxI) "L (px A — e D)ty € Kpr1(A, v, Zy) for
suitable parameters v, pg, Pk, Mk, is a candidate continuation vector. Mathematically
all suitable choices of t; will be equivalent. However, numerical stability of a rational
Krylov subspace method will depend on an appropriate choice and representation
of the continuation vector [18,144]. This vector will be represented in some basis
Ki(A,v;Ek_1) and its coefficients in that basis is denoted by the vector 75,. After the
expansion, Gram-Schmidt orthogonalization is applied to (v, A — pn 1)~ (pn A —nn 1),
which orthogonalizes with respect to (A, v; Zk_1).

Suppose an orthonormal basis @ is available for Kx (A, v; Eg_1). The rational Arnoldi
iteration [144] chooses t;, = Qrer = qx—1, i.€., a representation in the orthonormal
basis @ and 7 = e;. Theorem 4.4 shows that a Hessenberg recurrence pencil with
specific subdiagonal elements represents an orthonormal basis for any RKS (A4, v; 2),
with & € C.

Theorem 4.4 (Rational Arnoldi iteration [144]). Consider A € C™*™, v € C™ and
a set of poles 2, = {&1,&0,...,&} € C. Let Qpy1 € C™ 1) be an orthonormal
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nested basis for the rational Krylov subspace Ki11(A,v;Zk), k < g, with g the grade
of v with respect to A. Then Qi1 satisfies

AQk+1Kk = Qk-ﬁ-lﬂk

for Hessenberg matrices H,,, K, € DXk iy Ladivri

’ (k)1+1, 517 - , 7]{:

Proof. Expansion of K;(A,v;Z;_1) is performed by (1A — )~ (oA — miI)Qre; =
(A — D)= (p A —nl)q, with ’Ij—ll = £ and parameters such that IC;(A,v;5;_1) U
{wA — D) Y pA—mDq} = Ki11(A4,v;5;). Orthonormalization with respect to
Ki(A,v;Z;-1), using the basis @, provides the coefficients h;;, i =1,2,...,1+1,

hisvidier = WA = wd) " (pA = mD)g — hug — -+~ — huar. (4.3)
Rewriting (4.3) reveals the [th column of matrices H; and K|

l

(A — il his1,q401 = (A —mil)g — (VA — i) Z hiqi
im1

I !
viAhi i + A hagi — prAv = =g+ Y hidi + higaadgi

i=1 1=1
I+1 I+1
A <(Vz > hagi) — pz%) = I <Z hilqi) — My
i=1 i=1
hll hll
Avilgn - @ @] : =wla - @ @) :
hu = pi/vi huy = mi/
hiy1 hig1,

The last equation reveals that the subdiagonal element ratio is % = B =g,
Since this is valid for I < k, the proof is complete. O

Algorithm 4 contains the procedure following from the Hessenberg recurrence pencil in
Theorem 4.4. Because of the Hessenberg structure the algorithm relies on an infinite
recurrence relation.

Other choices of continuation vectors have been studied by Berljafa and Giittel.
They explored optimal and near-optimal continuation pairs (a continuation vector
t;, and shift parameters pg,n) [16] and suitable choices of continuation pairs for a
parallel rational Arnoldi iteration [19]. For state-of-the-art methods for rational Krylov
subspaces we refer to rktoolbox [17].
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Algorithm 4 Rational Arnoldi iteration [143]

1: Input: A € C™*™ v € C™, integer k < g, Zp—1 = {&1,&2, -+ -, Ek—1}
2. Output: Orthogonal Q1 € C"*F+1 Hessenberg matrices H,, K, € Ck+1)xk
such that AQy 1K, = Qry1H,.

3: procedure ARNOLDI__ITERATION(A, v, k, E)

e g =v/|v

5 fori=1,2,...,k do B
6: ¢ = (A — )" (pe A — il )i > with & =&, € C
7 for j=1,2,...,ido > Orthogonalization
8 hji = (a4 9)E

9: qi = qi — hjiqj

10: end for

11: hiv1i = llaill

12: ¢ = qi/hiv1, > Normalization
13: end for

14: K, = diag(tn,...,v)H, — diag(p1,. .., pk)
15: Ek = diag(ﬂ/la s 7/’Lk)ﬂk¢ - diag(nla s ank)
16: end procedure

Orthogonal projection

The pencil (Hy, K}) only represents the orthogonal projection of A onto Ky (A,v;E)
if £ = oo, which follows from Corollary 4.2.

If & # oo, then the pencil (H,,, K},) can still be used to obtain an orthogonal projection,
without explicitly computing Q& AQ [16].
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4.4 Biorthogonal bases

To obtain short recurrence relations for bases of rational Krylov subspaces, two related
Krylov subspaces must be generated, one with A and one with A%,

Ki(A,v;Z) and Ky (A" w;0).

The starting vectors must satisfy (v,w)g # 0. Then biorthonormal nested bases
Vie, Wi, € C™** for these spaces exists, i.e., fori =1,2,...,k

span{V;} = span{vg, v1,...,vi—1} = K;(A,v; E),
span{W;} = span{wo, wy, ..., wi_1} = K;(A" w;0),
WiV, =1
The pair of recurrence relations generating these bases are of the form
AVie1 Ky = Vi1 Hy,,
ATW Ky = Wi Hy.

The goal of this section is to show that the matrices ﬂk7Kk,Ek,Kk can be chosen to
be tridiagonal matrices, implying short recurrence relations for the biorthonormal bases.
First, several possible structures for these matrices are studied in Section 4.4.1 Then,
Section 4.4.2 discusses the three term recurrence relation generating biorthogonal bases
in detail. The eliminator factorization of tridiagonal pencils is the topic of Section
4.4.3. All the results in this section are new and are published in our paper [165],
with the exception of Theorem 4.5, which has been proven before for extended Krylov
subspaces [128] and is generalized here to all rational Krylov subspaces.

4.4.1 Recurrence relations for biorthonormal bases

The recurrence matrix of the pair of recurrence relations for biorthonormal bases is
discussed first. Afterwards, recurrence pencils are derived. This result is novel and
generalizes many special cases appearing in the literature.

Throughout this section only full decompositions will be used in the proofs,
i.e., recurrence matrices and pencils for bases that span K,,(A4,v;Z) = C™ and
Ko (A" w;©) = C™. This is done for simplicity of the exposition; the proofs simplify
for full decompositions.
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Recurrence matrix

A recurrence matrix for biorthogonal bases has upper and lower triangular rank
structures determined by the related recurrence matrices for orthogonal bases. This is
illustrated by Example 4.8 and formalized in Theorem 4.5.

(1>
|

Example 4.8. Consider 14 € C®*® and rational Krylov subspaces with
{00, 00, 00,00, 0,00,0} and © = {0, 00,0,0,0, 00,00},

Ks(A,v; é) = span{v, Av, A%v, A3v, A*v, A v, APv, A%},

(o}

Ks (A", w;0) = span{w, (AT) 1w, AMw, (A7) 2w, (AT) w, (A7)~ w,

(A7)w, (AT )Pu).

The structure of the recurrence matrices Zy ,ZY for orthogonal bases, QY for
ng(A,v;é) and QY for ICS(AH,w;(:)) 1s discussed in Section 4.3.4 and shown
in Figure 4.4. This figure also shows the recurrence matrixz Zg for generating a
basis Vg, for ICg(A,'U;é) that is orthogonal to Kg(AH  w; é) The lower and upper
triangular structure of Zs corresponds to the lower triangular structure of Zy and
ZY | respectively. Black lines are added to highlight the structure.

X X X X X X X X X X X X X X X X X %-X
X X X X X X X X X X X X X X X X X
X X X X X X XX X X X X X X xfxwxffx
X X X X X >\< X X X X X X X X X
X X X X >:< X X X X X X X >:<
‘ X X X X X X X X X ; X >‘\<
X=X X X ¥ -X- 2 -X X X %=X X
)\ X \< X )\< X
(a) AQY = Q5 Z¢ (b) AHQY = Q¥ zlV (c) AVs = ZsVx

Figure 4.4: Structure of recurrence matrices or orthogonal and biorthogonal bases for
Ks(A,v; =) and Kg(AH, w; ©) from Example 4.8.

The result, provided in Theorem 4.5, is valid for any configuration of poles in both
subspaces. This generalizes results which restrict the allowed poles [41,112,152,179].

Theorem 4.5 (Recurrence matrix for biorthonormal basis for a rational Krylov
subspace). Consider A € C™*™ v,w € C™, with (v,w)g # 0 and 2,0, with §; €
C\o(A) and 0; € C\a(AH). Then, under the assumption that no breakdowns occur,
nested biorthogonal bases V,W for K(A,v;Z) and K(AH,w;©), respectively, satisfy

AV =VvzZ, AfwW =wzH



72 STRUCTURED MATRICES IN RATIONAL KRYLOV SUBSPACES

where the lower triangular structure of Z, ZH is equivalent to the lower triangular
structure of the orthogonal recurrence matriz related to K(A,v;Z), K(AH, w;0),
respectively.

Proof. Consider the matrices Z" and Z"W
z" =@Q""AQ", 7V =(@Q"M)"A"Q"Y,

where Q¥ and Q" are orthogonal bases for the rational Krylov subspaces K(A,v; =)
and (A w; ©), respectively, with (v,w)g # 0. Use Lemma 2.2 for the Gram matrix
M= (@) QV:

M= (QY)"QY = LR
(QWL_H)H QVR—l =7
——  ———

=W =V
WHY = 1.

This decomposition exists under the assumption that M is strongly nonsingular, which
is implied by the assumption that no breakdown occurs. The structure of Z can be
derived as follows. First consider

AV =VZ

AVR=VRR 'ZR
~— =~

Qv Qv
V _ AV p-1
AQ" =QY RT'ZR
ZV

which provides the equality

Z=RZVR™. (4.4)
Second consider the relations

AW =wzH

ARWILH =wirH [~HzH 12
QW QW
HAW __ W r—HrHTH
AHQW = QW L= HZH]
Zw

which provides the equality
zH =" zW -1, (4.5)
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Multiplication with an upper triangular matrix preserves the structure in the lower
triangular part. Hence, from (4.4) it follows that the lower triangular structure of Z
is the same as the lower triangular structure of Zv. The upper triangular structure of
7 is the same as the lower triangular structure of Z"'. This follows from (4.5). [

Note that when all poles are chosen to be infinite, the recurrence matrix is a tridiagonal
matrix, which agrees with the results from Section 3.4.

Recurrence pencil

The recurrence pencil for biorthogonal bases also inherits the structure of recurrence
pencils for orthogonal bases. For an orthogonal basis we studied Hessenberg or inverse
Hessenberg pencil. Based on these, four important forms in which the recurrence
pencil for biorthogonal bases can appear are derived. By inverted structure, we mean
that the pattern of the core factorization is changed from ascending to descending.

Lemma 4.4 (Recurrence pencil structure for biorthogonal bases of rational Krylov
subspaces). Consider A € C™*™ oy, w € C™, with (v,w)g # 0 and Z,0, with
& € C\o(A) and 0; € C\o(AH). Let QV,Q" € C™ ™ be orthogonal nested bases
for K(A,v;Z) and K(AH w;0), respectively, and corresponding pencils (HY , KV),
(HY, KW) satisfying

AQVHV — QVKV, AHQWHW _ QWKW

Then, under the assumption that no breakdown occurs, biorthonormal nested bases
V,W for K(A,v;Z) and K(A™ w;©), respectively, satisfy

AVK =VH,
AWK =WH,
where the recurrence pencils can be chosen such that

o H has the lower triangular structure of HY and the upper triangular structure
equals the inverted upper triangular structure of KW,

e K has the same lower triangular structure as KV and the upper triangular
structure equals the inverted lower triangular structure of HV ,

e H has the lower triangular structure of HY and the upper triangular structure
equals the inverted upper triangular structure of KV,

e K has the same lower triangular structure as KW and the upper triangular
structure equals the inverted lower triangular structure of HV .
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Proof. From the orthogonal bases Q" and Q" the biorthonormal bases V and W
can be constructed via Lemma 2.2, ie., V := QYR and W := QW L, with
M = (Q™)YHQV = LR. Substituting the expressions for V, W in the recurrence
relations for QY, Q"W provides

AQVKV — QVHV
AHQWKW — QWHW

AVRKY = VRHY
APWLHKW =wLHHY

WHAVRKY = RHY
VAAHWLHKW = LHgW

Taking the Hermitian conjugate of the second equation and rewriting it reveals the
connection between the matrices at play

WHAVRKY = RHY
WHAVLfl(HW)fH — Lfl(KW)fH

Since these expressions are only unique up to right multiplication with a nonsingular
matrix B, we get

RKVB=L"YHY) "
RHVB =L YK") H.

To obtain a particular choice for the structure of H and K it suffices to represent
B in its RL-decomposition B = RgLp (assuming it exists), where Rp is an upper
triangular matrix and L a lower triangular matrix,

RKVB =L Y(HY) 1

RHVB =L Y(KW)~H
RKYVRpLp = L~ Y(HV)~#
RHVRBLB = Lil(KW)iH
RKYRp =LY (HV) HL'= K
RHYRp =LY (KW)"HL;'=H

For the remainder of this proof H and K are defined as in the last equation. Since
R and Rp are upper triangular matrices, they preserve the structure in the lower
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triangular part. This means that K and K" have the same lower triangular structure
and so do H and HY. On the other hand K shares its upper triangular structure
with (H")=# and H with (K")~H  since L and Lp are lower triangular matrices.
An analogous derivation holds for H, K. O

The principal result of this section is Theorem 4.6, which states that a tridiagonal
recurrence pencil exists describing the construction of biorthogonal bases for rational
Krylov subspaces.

Theorem 4.6 (Tridiagonal pencil for biorthogonal rational Krylov subspaces). The re-
currence pencil (H, K) for biorthonormal nested bases V,W of K(A,v; =), IC(AH w; 0),
as in Theorem 4.4, can be chosen to be tridiagonal pencils (T, S) and (T, S).

Proof. 1f (Hy, Ky ) is chosen to be a Hessenberg pencil (Theorem 4.4) and (Hw, Kw)
to be an inverse Hessenberg pencil (Theorem 4.3), then Lemma 4.4 guarantees that
(T, S) has tridiagonal structure. For (T, S) the same argument holds by relying on
the fact that an inverse Hessenberg pencil representation for (Hy, Ky) can be chosen
as well, which is equivalent in the sense that it describes the same recurrence relation.
Hence, both representations are valid at the same time. And for (Hw, Kw), the
equivalent Hessenberg pencil representation must be chosen. O

The tridiagonal recurrence pencil is only one instance of the possible representations,
of which we will distinguish the four principal representations.

Classification of structures

A classification of the structures of the recurrence matrix and pencils is shown in Table
4.5. The recurrence matrix structure follows from Theorem 4.5. The four recurrence
pencils follow from Lemma 4.4 by choosing different representations for the recurrence
pencils of the related orthogonal bases that appear in Section 4.3.1 or Section 4.3.3.

A tridiagonal pencil is discussed above and will be elaborated upon further in this
manuscript. A semiseparable pencil is a pencil of semiseparable matrices. Details
on semiseparable matrices can be found in the literature [173-176]. The remaining
two recurrence pencils classified in the table are hybrids between tridiagonal and
semiseparable. All the matrices appearing in the recurrence pencils belong to the class
of basic matrices, introduced by Fiedler [66].

The recurrence matrix for non-Hermitian A and extended Krylov subspaces was first
studied in the context of inverse eigenvalue problems [128], it is called an extended
tridiagonal matriz. If A is Hermitian, the recurrence matrix representation, Z, is
a semiseparable-plus-diagonal matrix [63, Theorem 1] and the connection between
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WHAV = Z WHAVK = H
-~ -~
N NN NN
! 1 11 1
1 1 [ S [ S
R tridiagonal pencil semiseparable pencil

NN AT

Table 4.5: Summary of matrix structures appearing for the recurrence coefficients for
biorthogonal bases of rational Krylov subspaces, with the biorthonormal bases V' and
w.

a Hermitian semiseparable-plus-diagonal matrix and a tridiagonal pencil has been
exploited by Fasino and Gemignani to solve inverse eigenvalue problems [65].

4.4.2 Three term recurrence relation

The tridiagonal recurrence pencil from Theorem 4.6 implies that a pair of short
recurrence relations exist which generate biorthogonal bases for rational Krylov
subspaces. We are interested in short recurrence relations since they can lead to
much cheaper algorithms for rational Krylov subspace methods. And, as discussed
in Chapter 7, the tridiagonal pencil is related to biorthogonal rational functions, so
efficient matrix theoretical algorithms for rational functions can be developed. In
order to develop numerical procedures the location of the poles of the rational Krylov
subspaces in the pencil must be determined. This knowledge will allow us to develop
a Lanczos-type iteration.

Location of poles

A tridiagonal recurrence pencil for rational Krylov subspaces reveals the poles of these
spaces on the sub-and superdiagonal of the pencil. Lemma 4.5 and Lemma 4.6 state
the exact location of the poles in the pencil.

Lemma 4.5 (Poles on subdiagonal of tridiagonal pencil). Let (T, S) be the tridiagonal
recurrence pencil from Theorem 4.6. The ratio of the subdiagonal elements of (T, .S)
reveals the poles E = {&1,&2, ..., &m—1} of K(A,v; 2)

t, .
Iy i=1,2,...,m— 1. (4.6)
Si+1,i
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Proof. Use the variables from the proof of Lemma 4.4. Consider the Hessenberg
pencil (HY, KV, then, from Theorem 4.4, it follows that the ratio of the subdiagonal
elements of (HY, K") equals the poles

Wi .
v =&, 1=12...,m—1.
i+1,0

Since, for upper triangular matrices R and Rp we have

% 1%
lit1i Ti+1,i+1hi+1,i(7’B)ii B hiva
=

i=1,2,...,m—1
v b b b b
Sitli  Tittiv1kii1 (PB)i K

the statement follows. In the first equality we used a result stated in the proof of
Theorem 4.4. O

Lemma 4.6 (Poles on superdiagonal of tridiagonal pencil). Let (T,S) be the
tridiagonal pencil from Theorem 4.6. The ratio of the superdiagonal elements of (T, S)
reveals the (complex conjugate of the) poles © = {61,0a,...,0,,_2} of K(AH w;0)

i = .
g, i=2.3,...,m—1. (4.7)
Sii+1

Proof. Use the variables from Lemma 4.4 and Theorem 4.6. Another tridiagonal pencil
(T, 5) exists for which
ARWS =WT. (4.8)

Hence, from Lemma 4.5 we know that the ratios of the subdiagonals of (T',.S) and
(T, S) reveal the poles of K(A,v; ) and K(AH  w; ©), respectively.
Starting from the tridiagonal pencil (T, S) satisfying AV.S = VT and Equation (4.8)
we can relate the matrix pencils as follows

WHAV =TS8~1 WHAV =T85!

VHARW =T§! WHAV = §-HTH

concluding that TS~ ! = S—HTH Rewriting this equation as SHT = THS Jeads to
two pentadiagonal matrices. Let us assign a variable to each off-diagonal element,
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diagonal elements are denoted by x, because these are not relevant for the proof

~ H
X 01 X T
§1 X 5’2 t1 X T2
So X to X =
5—11—1 T T Tn—1
§n71 X th—1 X
~ H
S1 X 01
3] X So S1 X 09
tNQ X So X
B §n,1 T T On—1
tn—1 X Sp—1 X

Equate the second superdiagonals and second subdiagonals of both pentadiagonal
matrices

~H _ .~H
{tiUH_l = 8T

cH TH
Ti+15i = O'i—&-lti

= {fi =ti/si =71, /000,

vi=t/5 =1l /ol

where the last equality uses Lemma 4.5. O

Note that Lemma 4.6 allows for freedom in the choice of 1 2 and sy 2, since there is
no relation to the given poles. The results from Theorem 4.6, Lemma 4.5 and Lemma
4.6 can be used to construct a pair of three term recurrence relations generating
biorthogonal bases for rational Krylov subspaces. This is a Lanczos-type iteration and
is derived in Chapter 8.

4.4.3 Eliminator factorization

The tridiagonal matrices T', S allow for an eliminator factorization as in Lemma 3.9.
The eliminator factorization of the tridiagonal pencil (T, S) equals the pencil of the
eliminator factorization of 7" and the eliminator factorization of S. Manipulation
of the eliminators appearing in the tridiagonal pencil (T, S) allows us to obtain all
the recurrence pencils from Table 4.5. The necessary operations to derive the other
recurrence pencils are provided here. These are operations working directly with
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eliminators. First note that (‘Eﬁc is closed under multiplication with E,i € Qfﬁc and under
inversion, i.e., for E,ZC,EA’,If € Gfg we have E,lgEA',l€ € @fc and (E,lﬂ)fl S @fc. The same is
valid for &}.

Lemma 4.7 show how an upper and lower eliminator can switch places by forming the
product and factorizing again. An analogue to the turnover of core transformations
is provided for eliminators in Lemma 4.8. And finally, the passing through of an
eliminator, through a diagonal matrix, is provided in Lemma 4.9.

Lemma 4.7 (LDR/RDL factorization of a 2 x 2 matrix [128]). A strongly nonsingular
2 X 2 matriz, that is also strongly nonsingular for all its trailing principal submatrices,
has an LDR and RDL factorization consisting of eliminators

X X X X X X
R N A S
Lemma 4.8 (Turnover lemma: eliminators [128]). Consider the product of three lower

eliminators E!_|E'E! |, where B! B! | € € _, and E} € €. Then there exist
eé_l € (’3%_1 and €, & ¢ @é such that

LL[’:LLL

l A A B BN
E,_(EE;_ = €6;,_1¢;.

2

The same is valid for upper eliminators E¥ | E* | € € |, E* € €%, €% | € € | and
€, € € &Y,

191

u u . u U AU
E L E'E | =€€ 16 .

Lemma 4.9 (Passing through [128]). Let D € C™*™ be a nonsingular diagonal
matriz, then the following equalities hold for E!, E! € €. and E*, E* € ¢!

?

E'D = DE!, [ D=D|,
E!D = DEY, [D=D].

Proof. Since the eliminator only influences a 2 x 2 submatrix of D, the proof is stated
for a 2 x 2 matrix and follows immediately from basic linear algebra manipulations:

o e Y e | P e A



80 STRUCTURED MATRICES IN RATIONAL KRYLOV SUBSPACES

The element ds is nonzero by the nonsingularity of D. Proof for upper eliminators is
the same. O

These three lemmas allow for the derivation of all the recurrence pencils and the
recurrence matrix appearing in biorthogonal recurrence relations for a rational Krylov
subspace. This is omitted here, since the structures have already been derived in the
above section.

4.5 Special cases

Two important special cases are discussed in detail: the case when A is a Hermitian
matrix and the case when it is a unitary matrix. These cases are discussed and they
are put into the biorthogonal framework developed throughout this chapter. Rational
Krylov subspaces for Hermitian matrices recently received some attention thanks to
the underlying short recurrence relations, which provide procedures that are more
efficient than Arnoldi-type iterations for certain applications [133]. The tridiagonal
recurrence pencil for a Hermitian matrix is discussed in Section 4.5.1. For unitary
matrices, Section 4.5.2 discusses a pencil representation for the (Hessenberg) recurrence
matrix for polynomial Krylov subspaces. This result is an important example when
discussing short recurrence relations in Chapter 5.

4.5.1 Hermitian matrix

For a Hermitian matrix A = A” and real poles, = € R, an interesting result originating
from the study of orthogonal rational functions [53] states that a tridiagonal recurrence
relation exists for rational Krylov subspaces K(A,v; Z). A matrix theoretic proof is
given by Giittel [98]. Theorem 4.7 states the result for real poles and in Theorem 4.8
we show that this result fits in the biorthogonal framework and that it also holds for
complex poles.

Theorem 4.7 (Hermitian rational Lanczos [53,98]). Let A € C™*™ be Hermitian,
e, A=A veC™ and E = {@}Z’;}l a set of real poles, & € R, for all i. Then the
recurrence relation generating an orthogonal basis Q11 for Ki(A,v) is satisfied for a
tridiagonal pencil (T}, S,) € Clk+1)xk

AQp 418, = Qr1 Ty

Proof. See Appendix A.1 O
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A slightly more general result than Theorem 4.7 can be obtained by using a continuation
vector, instead of the last v; to expand the RKS. However this does not change anything
to the proof, only the identity matrix I, must be replaced by an upper triangular
matrix. Theorem 4.8 starts from a tridiagonal pencil and shows that for any choice of
poles & € C and A” = A, v = w, the biorthonormal bases V, W reduce to a single
orthogonal basis @). None of the tridiagonal matrices in the resulting pencil will be
Hermitian, this can only be obtained for real poles. This result is stronger than the
one stated in Theorem 4.7, dropping the need to restrict to real poles. A similar result
is stated in the paper by Deckers and Bultheel [54], who arrive at this result by means
of classical analysis. We provide a matrix theoretical approach.

Theorem 4.8 (Hermitian rational Lanczos: biorthogonal interpretation). Let A7 = A,
v,w € C™, 2 C C and consider a nested orthonormal basis Q € C™*™ for K(A,v;=).
Then Q satisfies

AQS = QT

for tridiagonal matrices T, S € C™*™,

Proof. Consider biorthonormal nested bases V, W for KC(A,v; Z), K(A® ,w; =), AH = A
and w = v, respectively. From Theorem 4.6 it follows that

AVS = VT,
AW S = WT,

with T, S, f S tridiagonal. Lemma 4.5 and Lemma 4.6 state that the two pencils

have the same ratios on the sub-and superdiagonal, ﬁ =&, Tirs = &;, for
4 Sit1,i
i=1,2,...,m—1 “+1 =&, Dt — & L fori=2,3,...,m—1. Let B be the
1, i+1 Sl i1

Krylov basis for K(A4,v;Z) = K(A” w,Z), then the Cholesky factorization of the
corresponding Gram matrix is

M = BYB = RER.

And V = BR™', W = BR™!, therefore V. = W = @Q and Q”Q = I, i.e., an
orthonormal nested basis for (A4, v; Z). Hence,

AQS = QT,
AQS = QT,

and the sub-and superdiagonal elements can be altered, while preserving the ratios
revealing the poles, such that T =T and S = S. O
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4.5.2 Unitary matrices

The recurrence matrix H for an orthonormal basis for K., (U, v) for a unitary matrix
U € C™*™ ig unitary. This is stated in Section 3.3.1. Here another approach is
taken to illustrate the use of the biorthogonal framework once more and to derive a
bidiagonal pencil representation that reveals a short recurrence relation. Theorem 4.9
elaborates on the structure of the recurrence matrix.

Theorem 4.9 (Recurrence matrix for orthogonal basis of polynomial Krylov subspace:
unitary matrix). Consider a unitary matric U € C™*™ and the polynomial Krylov
subspace KC(U,v). Let V' form an orthonormal basis for ICp,(U,v). Then, under the
assumption that no breakdown occurs, the projection Z = VIUV has Hessenberg
structure below and inverse Hessenberg structure above the diagonal.

Proof. Consider a unitary matrix U, U~ = U¥ and rational (more precisely extended)
Krylov subspaces

IC(U7/U;§' = {005007"'})’

KUH,v;6 ={0,0,...}),

with respective orthonormal bases QY and QY. Since U~! = U¥H, K(U,U;é) =
K(UH,v;0) = K(U,v) and therefore Q¥ = QW =: Q implying (QV)7 Qv = QHQ = I.
Hence, they are simultaneously orthogonal and biorthogonal bases.

Using the knowledge from Section 4.3.4 it is clear that the structure of

Z¥ = (@Q"M"AQY,
7Y = @)A1 Q",
is Hessenberg and inverse Hessenberg, respectively. Theorem 4.5 then states that

Z = (Q")H AQY = QF AQ has Hessenberg structure in its lower triangular part and
inverse Hessenberg structure in its upper triangular part. O

The pencil analogue to Theorem 4.9 can be derived from Theorem 4.4. Theorem 4.10
reveals that a two coupled two-term recurrence relations generate an orthonormal basis
for KK(U,v). This is equivalent to the recurrence relation for Szegd polynomials [157],
which is a classical result in classical analysis. The relation between structured matrices
and orthogonal polynomials is discussed in Chapter 6.

Theorem 4.10 (Recurrence pencil for orthogonal basis of polynomial Krylov subspace:
unitary matrix). Consider a unitary matric U € C™*™ and K(U,v). Let V form
an orthonormal basis for K(U,v). Then, under the assumption that no breakdown
occurs, the equation VAUV K = H is satisfied for a proper lower-bidiagonal and
upper-bidiagonal pencil (H, K).
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Proof. Consider a unitary matrix U, U~! = U and the same subspaces K(U, v; é)
and K(UH , v; @) as in the proof of Theorem 4.9, with respective orthogonal bases QV
and Q" note that QV = QW =: V.

The pencil representation of orthogonal projections onto these subspaces are the
following

(QV)HUQVKV _ HV,

For (HY,KV), consider the standard case: K" is upper triangular and H" is of
Hessenberg form. For (H", KW), choose H" to be of inverse Hessenberg form and
KW to be upper triangular. Then following from Theorem 4.4 the structure of (H, K)
is a lower bidiagonal and upper bidiagonal pencil. O

Theorem 4.10 together with Theorem 4.9 shows that a unitary Hessenberg matrix Z
can be factorized as the product of a lower-bidiagonal matrix H and the inverse of an
upper-bidiagonal matrix K [176].

4.6 Conclusion

Three types of bases for rational Krylov subspaces are discussed. Rational Krylov
bases provide theoretical tools to analyze structure. Most notably, we show that
the rational Krylov basis can be represented as a product of matrices involving a
Vandermonde matrix. Orthogonal bases can be constructed in a numerically stable
way. Two important recurrence relations for orthogonal bases are derived in terms of
their core factorization. The possible structures of the recurrence matrices and pencils
generating biorthogonal bases are derived using the relation between recurrence pencils
for orthogonal bases and those for biorthogonal bases. This derivation makes use of
the core factorization and leads to a framework able to classify all structured matrices
arising from rational Krylov subspaces. As a main result we obtain that a tridiagonal
recurrence pencil suffices to generate biorthogonal bases.






Chapter 5

Gram matrices

Moments of a matrix A € C™*™ with respect to v,w € C™,
mj =wl A, j=0,1,..., (5.1)

can be used to construct approximations to A. This is the idea behind moment
matching: an approximation A € CF** is constructed such that its first moments
coincide with those of A. The moment matching properties of projections onto
polynomial Krylov subspaces are well known. These can be obtained by using a
functional approach [29, 30, 124] initiated by Vorobyev [177] or by studying Gram
matrices. This chapter discusses the latter. Gram matrices contain moments as
their entries and might exhibit displacement structure [115]. Gram matrices with
displacement structure allow efficient algorithms, e.g., compute their LR factorization
by Schur reduction [117]. The LR factorization of a Gram matrix is related to
generating (bi)orthogonal vectors. In fact, studying the displacement structure can
reveal short recurrence relations for these (bi)orthogonal vectors derived directly from
the Gram matrix by the Levinson procedures [176]. For other fast and superfast
algorithms and connections to polynomial computation, we refer to the literature
[21,22,64,88,116,117,134,140]. These results are well known for polynomial Krylov
subspaces, i.e., the relation between the Lanczos iteration, tridiagonal matrices, Hankel
matrices, partial realization and Padé approximation [35,74,93,135,179]. Similar
results are known for Szegé polynomials, unitary Hessenberg matrices and Toeplitz
matrices [111,116].

This chapter elaborates on the connection between rational Krylov subspaces, Gram
matrices with a particular displacement structure and multi-point Padé approximation
(rational interpolation).

Section 5.1 introduces a generalization of moments, suitable for rational Krylov
subspaces, via their appearance in multi-point Padé approximation [73]. These

85
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moments allow us to construct Gram matrices for rational Krylov subspaces in
Section 5.2. In this section the displacement structure of all matrices, including Gram
matrices, arising from rational Krylov subspaces is analyzed. Section 5.3 elaborates
on the connection between the factorization of Gram matrices and how this generates
(bi)orthogonal vectors. A short note on the Levinson procedure is provided, which can
be used to derive short recurrence relations. This is done in Chapter 8. Most of the
results discussed here are known. The general form of the Gram matrices appearing in
rational Krylov subspaces and the corresponding displacement structure, see Section
5.2.3, is new.

5.1 Moments matching

The jth moment m; of a matrix A € C™*™ with respect to v,w € C™ contains
information about the matrix A. Thus it can be used to construct an approximation
to A. The moment matching technique constructs an approximation A such that the
first 2k — 1 (or k) moments of A match those of A, i.e.,

WA =w Ay, j=0,1,...,2k—2, (orj=0,1,...,k—1).

Moment matching for moments of the form (5.1) has an intimate connection to
polynomial Krylov subspaces [124]. Moments related to rational Krylov subspaces
require a generalization of (5.1). These are introduced by discussing their appearance
in system theory.

In system theory moment matching is used to obtain a reduced order model [2].
Consider the state space equations

Ex(t) = Az(t) + bu(t)

y(t) = cMa(t)

with ;A € C™*™ and b,c € C™. A reduced order model is computed, i.e., matrices
A, E € C*** and vectors b, ¢ € C*, such that

is a good approximation. The starting vectors for Krylov subspace methods are chosen
to be v = b, the input vector, and w = ¢, the output vector of the system. The quality
of the approximation will be indicated by the transfer functions. How well does the
transfer function of the reduced system correspond to the transfer function of the
original system? The transfer functions ¢g(§) and §(£) of the original and reduced
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system, respectively, are obtained by applying the Laplace transformation [73],

9(6) = ;jg AR - A,
i) = 18 —een iy,

The approximate transfer function §(£) should match the first coeflicients of the power
series expansion of g(¢). Partial realization [2] uses the power series approximation
around a single frequency &, typically ¢ = 0 and for m; = —c?(A7IE)JA~1b
the expansion is g(§) = mo + mi& + %Q!mg + %mg + .-+ or s = oo and for
m_; = cH(E7TA)U"DEb we have g(&) = m_167  +m 2672 + m 3673 + .
An effective numerical approach to compute the reduced order model is the Lanczos
iteration, which avoids explicit computation of the moments [93,95].

Approximation around a single frequency can lead to slow convergence far away from
this frequency, requiring a reduced model of large size to obtain a good approximation.
A possible approach to avoid this limitation is to approximate around multiple
frequencies. This approach is proposed by Gallivan et al. [73] and corresponds
to multi-point Padé approximation and to projections onto a rational Krylov subspace.
In terms of the transfer functions, their approach is to construct §(¢) such that
it matches coefficients of multiple power series expansions of g(£) around different
frequencies {&1,&2,...,&}. A rational generalization of the Lanczos iteration is a good
candidate to construct multi-point Padé approximations. A suitable rational Lanczos
iteration is proposed in Chapter 8 and the difference with the approach of Gallivan
and coauthors [73] is discussed.

Now we introduce the moments that arise from this approach and that will be
used throughout this manuscript. The power series expansion around ¢ frequencies,
corresponding to rational Krylov subspaces, is

d=3" ij@i)“‘jff)j, my(&) =~ (EF — AT (EF — A) b,

i=1 j=0
Therefore, moments of the form
m; (&) = —c(A—¢)~7 1 (5.2)

occur naturally in model order reduction.
These moments (5.2) appear in the Gram matrices associated with rational Krylov
subspaces. The Gram matrix M, € C*** for a single subspace Ki(A,v; Z) is

My, = (B;)" Bz,

with the Krylov basis BE, span{B,f} = Kir(A,v;E). In general this matrix contains k
moments, and if A” = A it contains 2k — 1 moments.
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For the pair of subspaces Kj(4,v;Z) and K (A7, w;0), the Gram matrix is
M, = (BY)" B,

with Krylov bases BY and BP, span{B:} = Ki(4,v;E) and span{BP} =
Ki (A w;©). This Gram matrix always contains 2k — 1 moments.

5.2 Displacement structure

Gram matrices arise in many applications [116, 134], and often have a certain
displacement structure. For matrices with low displacement rank specialized algorithms
can be developed: fast algorithms with complexity O(m?), and superfast algorithms,
with complexity O(m(logm)?) [99,116,134]. Krylov matrices and rational Krylov
matrices have low displacement rank. Gram matrices arising from Krylov subspaces are
composed of the product of two Krylov matrices and might exhibit some displacement
structure as well. The analysis of the displacement structure of Gram matrices is the
main topic of this section.

The following discussion relies heavily on two well-known matrices with displacement
structure, the Vandermonde and Hankel matrices. Section 5.2.1 introduces these and
shows how they are related to each other. Polynomial Krylov matrices are intimately
related to these matrices. The relations are discussed in Section 5.2.2. Section 5.2.3
generalizes the approach used for polynomial Krylov to Gram matrices for rational
Krylov subspaces. A procedure to construct suitable displacement operators for any
Gram matrix, arising from rational Krylov subspaces, is described.

5.2.1 Basics

Two ’classical’ matrices with displacement structure are central to the analysis of
displacement structure in Krylov matrices. These are the Vandermonde and Hankel
matrix. A Vandermonde matrix V3 € C™** generated by {\;}I", is

D VD Ut
Vi= |1 :
D VD L

A Vandermonde matrix exhibits low displacement rank, see Lemma 5.1.

Lemma 5.1 (Displacement rank: Vandermonde matrix [134]). A Vandermonde matriz

IS VR U
V=i E
D VD L
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has displacement rank smaller than or equal to 1.

Proof. The only difficulty is to find suitable displacement operators. These are the
diagonal matrix A = diag({\;}7;) € C™*™ and leftshift matrix Z;, € C***. Then
Af
AVe=ViZpy= 19 |,
)\k

which has rank 1. O

A Hankel matrix Hj, € Ck¥** has constant anti-diagonals

ho hl h2 e hk-_l

hi ho hs ... hy
H, = ho hs hy coe hpg
hit—1 hr hrg1 ... hop—o

The Hankel matrices of interest here are formed by Vandermonde matrices, for some
diagonal matrix D = diag(dy,...,dm),

Hy, =V, DV

This relation is useful to link properties of both matrices, such as condition number,
to each other [107,159]. Hankel matrices have low displacement rank, as stated in
Lemma 5.2.

Lemma 5.2 (Displacement rank: Hankel matrix [134]). A Hankel matriz

h,o hl hg oo hk_l

hi ho hs ... hy
Hy=| P2 hs ha ... hip
hi—1 hip hggr .. hap—o

has displacement rank smaller than or equal to 2.

Proof. Consider the leftshift matrix Z; € C***, then
h,
Zi'Hy, — Hy,Z), = 0 L

hak—2
—hr ... —hok_o 0

which has rank at most 2. O
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The displacement structure of Hy = VkTDVk can be explained by the displacement
rank of Vj. Consider the relations that exist for DV}, and VkT for the leftshift matrix
Zy € C™*™ and A = diag(A1, ..., Am),
di \¥
ADVy, — DViZi = | : . 2V VAT = [ \ Nk
- 1 DRI - m
dm\E,

Use the second relation, postmultiply by DV}, and use the first relation

ZIVI DV — VT AT DV, = [_A,f Y } DV,
T T 0
7 PN 7 1N
Zi di}‘i‘c
ZyHy — HyZp = 0 :
Zi di/\z%_Q

=3 AN =Y AR 0
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5.2.2 Polynomial Krylov subspaces

Corollary 5.1 states that a Krylov matrix By forming the Krylov basis for (A4, v)
with a diagonalizable matrix A has low displacement rank. This follows from its
relation to a Vandermonde matrix.

Corollary 5.1. Consider the Krylov matriz By, € C™** of a Krylov subspace K1,(A, v)
for a diagonalizable matriz A € C™*"™. Then By has displacement rank less than or
equal to one.

Proof. Start from Lemma 5.1 and adjust the displacement matrices, based on the factor-
ization of By used in the proof of Theorem 3.1. Consider the eigendecomposition A =

1 1 Al ce )\If_l
XAX~1 and, for a; := ¢ (X 10), By = X poo :
Am ] |1 A ... AR
=W =:Vi
Then
XWAV, = XAX ' XWV, = AB;,
and
AT
ABy, — ByZ, = XW(AV, = Vi Zy) = XW | © | ep,
A

which has rank equal to 1. When k = g, the grade of v with respect to A, then
it follows from Corollary 3.2 that AB, — B,C has rank 0, with C' the companion
matrix. O

Note that Corollary 5.1 describes a property that follows immediately from the Krylov
recurrence relation in Lemma 3.1.

Orthogonal basis

Since a Krylov matrix By, is related to a Vandermonde matrix, the associated Gram
matrix M = B,ka might be related to a Hankel matrix. Lemma 5.3 states that
the Gram matrix M}, for a Krylov subspace has Hankel structure when the space is
generated for a Hermitian matrix A¥ = A.

Lemma 5.3 (Gram matrix: single polynomial Krylov subspace). The Gram matriz
M, for Ki(A,v) is of the form Hy, =V, DV}, if and only if AH = A.
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Proof. Let A= XAX~!, and By, = [v,Av,..., A*"'v] = XWV}, as in the proof of
Corollary 5.1, then

My, = B B, = VEWHXHEXWV,,.
For a Hermitian matrix A one has X# X =T and D = WHW € R™*™ is diagonal
and positive semidefinite, thus

M, = VEDV,.
Hence, M;, = V,:DV;C if and only if VkT =V} or, equivalently, i =\ O
Let us look at the moments appearing in the Gram matrix M}, for a Krylov subspace
K(A,v). The inner product on Krylov subspaces is the Euclidean inner product (.,.)g.

For A# = A the property (Az,y)r = (z, Ay)g is satisfied. Then M}, is the Hankel
matrix built with the first 2k — 1 moments of A, m; = v AJv = (AVv,v) g,

(v,v) g (Av,v) g (A%v,0)p . (A1 v) g
(v, Av) g (Av, Av) g (A%, Av)g ... (AF "y Av)g
M, = | (v, A% g (Av, A%v) g (A%20, A%0)p ... (AF "y A%)p
(v, AR W)y (Av, ARy g (A%, ARty Lo (AR Ty, AR o) g
(v,v)E (Av,v)p  (A%0,0)p ... (AFluv)p
(Av,v)p  (A%v,v)p  (ABv,0)p ... (AFv0)p
_ | (A0 e (Av0)p  (Atvu)e ... (ARl o)g
(AP o0y g (AFv o) (AFTloo)p L0 (A% 20,0)E

For nonnormal matrices AT A # AAH | only the first k& moments of the matrix A
appear in My,

(v,v)p (Av,v) g (AF=1y. ) g
(v, Av) g (Av, Avyp ... (AF "y, Av)p
My = : . :
(v, ARy g (Av, ARy Lo (AR Ly, AR ) g
(v,v)p (Av,v) g (A=Y v) g
(AHy v) g (A" Av,v) g (AH ARy v) g
(AT o, v)p (AT Av,v)p o ((AT)F1A 0, 0)p

The terms in M, where A¥ appears in the first term of the inner product, do not
have a connection to moment matching of the matrix A [124, p.153].
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For normal matrices A7 A = AA™ | or equivalently A = p;(A) for some polynomial
py of degree [, the Gram matrix has a displacement rank at most . This is a result on
short recurrence relations by Faber and Manteuffel [62].

Biorthogonal bases

Two Krylov matrices, By and By, for K(A,v) and K(A® w), respectively, lead to
a Gram matrix with Hankel structure Hy = VkTDVk. Lemma 5.4 formalizes this
statement.

Lemma 5.4 (Gram matrix: pair of polynomial Krylov subspaces). Let A be
a diagonalizable matriz. Consider Krylov subspaces K(A,v) and K(AH w), with
(v,wyg # 0 and corresponding Krylov matrices By, and Bj.. Then the associated Gram
matric My = Bka is a Hankel matriz of the form VkTDVk, with diagonal matriz D.

Proof. Write out the columns of the Krylov matrices, and use Vj, = V, then
M, = BB, = VEWHEX -1 XxWV, =V, DV,

with D = WHW diagonal and indefinite. O

The Gram matrix M = B,ka contains the first 2k — 1 moments of the matrix A,
m; = wh Alv = (Av,w) g,

[ (v,w)g (Av,w) g (AF=1y, w)p

(v, Aflw) g (Av, AHw) (AF=1y, AHw)
M = : : :

(v, (AT 1wy g (Av, (AT )y g L. (AR Lo, (AR lw) g
(v, wyp (Av,wyp  (A?v,w)p ... (AF v, w)g
(Av,w) g (A0, w)p  (A%v,w)p ... (AFv,w)p

_ | Avw) e (Avw)p  (Atvw)e ... (AR w)g :
(Ao ) (AFuw)s (AR wyp ... (A2 )

thanks to the fact that the second Krylov subspace is constructed using A”. Whereas
in the orthogonal case, we needed A” = A to obtain this property.

The low displacement rank of M, for any diagonalizable matrix A explains the existence
of a pair of short recurrence relations for biorthogonal bases for the Krylov subspaces
Kr(A,v) and K (A" w).
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5.2.3 Rational Krylov subspaces

A rational Krylov matrix B,? € C™*k related to the rational Krylov subspace
K(A,v; Z) for a diagonalizable A € C™*™  is also related to a Vandermonde matrix
Vi € C™*k The relation between B and Vj is given by

B = XWoV, JLLP", (5.3)
with the variables that appeared in the proof of Theorem 4.1:
e X the eigenvector matrix of A4, i.e., A = XAX ™! with A = diag(\1, ..., A\m),
W = diag({a;}:), where a; := ¢ (X" 10), i =1,2,...,m,

® = diag({¢r-(N\;)}) and nonsingular, where ¢-(z) is the denominator of
highest degree appearing in K (A,v;E) (see Definition 4.2),

1
o« J= ,
1

e L and L are unit lower triangular matrices,

e P is a permutation matrix which orders the columns of B,:? by decreasing degree.

The low displacement rank of rational Krylov matrices is stated in Corollary 5.2.

Corollary 5.2. Consider the rational Krylov matriz B,f of a rational Krylov subspace
Ki(A,v;E) for a diagonalizable matriz A € C™*™. Then By has displacement rank
less than or equal to one.

Proof. Start from Lemma 5.1 and adjust the displacement matrices, using the
decomposition (5.3). Consider the eigendecomposition A = XAX~! and, for

a IR RIS L
a; = ¢ (X"t), B = X o : | JLLP. Since
A 1 A, ... )\ﬁ;l
=W =V

S := JLLP is nonsingular, we have
XWO(AVy — Vi Zy)S = AXWOV, — XWOV,.SZy,

where Z w = S™1Z,S. Thus the displacement matrices A and Z  reveal the displacement
rank, which is smaller than or equal to 1 since rank(AVj, — Vi, Zx) < 1. O

Note that the Z; in the proof of Corollary 5.2 is the single matrix representation for
the Krylov recurrence relation, i.e., a rational Hessenberg matrix.
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Orthogonal basis

A Gram matrix related to a single rational Krylov subspace K(A4,v; Z) with A7 = A
has low displacement rank, see Lemma 5.5.

Lemma 5.5 (Gram matrix: single rational Krylov subspace). Let BE € C™** be the
Krylov matriz of K(A,v;Z) for a matrix A € C™*™. The associated Gram matriz
My, = (BE)HBE has displacement rank less than or equal to 2 if and only if AT = A.

Proof. The proof of Lemma 5.3 holds when D = ®7WHW & is chosen, and therefore
My = (BE)EBE = PLE LA jvHEWH X XW OV, JLLPT

=pPLALE v, " WHW OV, JLLP"
=:D

= PLYLR JH, JLLPT.

Thus, M}, has displacement rank less than or equal to 2 since Hj has displacement
rank less than or equal to 2. O

The Gram matrix for K(4,v;Z), with A = A, hides a Hankel matrix of the form
VkTDVk. The diagonal matrix D now includes the matrix ®. This points to a rational
modification of the underlying inner product [108,192]. Chapter 7 discusses the
rational modification of inner products.

Biorthogonal bases

For the biorthogonal setting, i.e., a Gram matrix My, = (BY)? BZ, with BE a nested
basis for Ky (A, v;Z) and BY for Ki(AH,w;0), always has low displacement rank. In
Lemma 5.6 the poles = and © can be chosen completely independent from each other.

Lemma 5.6 (Gram matrix: pair of rational Krylov subspaces). Let A € C™*™ be a
diagonalizable matriz. Consider Ki(A,v;Z) and Ki(A",w; ©), with (v,w)g # 0 and
corresponding Krylov matrices BE, BY € C™**. Then the associated Gram matriz
My, = (B2)H BZ has displacement rank less than or equal to 2.
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Proof. The decompositions as in Equation (5.3) will be used, where V}, is the complex
conjugate of Vj:

B = XW®V,J LL PT,
~—
=:L=

BS = X "WoV,J LL PT.
~—~
=:L®

The Gram matrix is

_ O\H RE _ p/7O\H THHTH —1 EpT
My, = (B! BE = P(L®)! Jv, " WH X' X WV, JLEP
=TI

and setting D := SHWHW ® reveals the Hankel matrix H, k= VkTDVk in the expression
M, = P(L®)H JH,JLEPT.

Starting from the displacement operators for Hy, leftshift Z; such that Z ,f H, — HyZy
has rank 2, the displacement operators Z,?, Z,f for My are determined:

P(LOY J(zF Hy — H,Z) JLEPT
= P(LY JzP H,JLFPT — P(L®) JH, Z, JLFPT
= (ZHP(LOY JHJLEPT — P(LOY! JH, JLEPT Z7
Hence, M}, has displacement rank less than or equal to 2 for the displacement operators
Z7 = P(LF)"'JZJLFPT,  Z9 =P(L®)'JZJL°P.

These exist since L= and L® are unit lower triangular matrices and P, P permutation
matrices. [

This result suggests short (three term) recurrence relations for biorthogonal bases for
rational Krylov subspaces, i.e., exactly the result obtained in Section 4.4.2.

Toeplitz matrix

The result from Lemma 5.6 allows us to derive a well known result for Toeplitz matrices.
Displacement rank was first used for Toeplitz matrices [115], and later generalized to,
among others, Hankel, Vandermonde, and Cauchy matrices [134]. Toeplitz matrices
arise naturally in many applications [116] and also as the Gram matrix for a polynomial
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Krylov subspace K(U,v), with a unitary matrix U € C™*™. Consider By, the Krylov
matrix for (U, v), and its Gram matrix

U,V)E V,V)E TTU,V)E
e (U W=,
M, = BIB, (v,Uv)g (Uv,Uv)g ... (U"t,Uv)g
(v, Uty g (Uv, Uty ... (UFlo,UFt)p
[ (v,v)E (Uv,v)E (U?v,v) g v (U o, 0) g
(U= tv,v)p (v,v)E (Uv,v) g .. (U 2y 0)p
_ | (U v,k (U=tv,v) g (v, V) g e (UF3v,0)p
(U= Dy vyg (U-F 2y v)g (U F 3By 0)g ... (v, vYp
i to t1 to ot
t_1 to i1 veo Tp—o
— t_o t 1 to v te3 | =T,
[-(o-1)  t=(k=2) PT-(k-3) - To

A unitary matrix is normal, UHU = I = UU¥, however, the polynomial Krylov
interpretation does not allow us to conclude that T} has displacement rank 2 or even
low displacement rank. However, the isometric Arnoldi provides coupled two-term
recurrence relations which construct an orthogonal basis for K (U, v) [111,188]. This
suggests that T} does have low displacement rank, namely,

rank (JZ JT), — Ty Zy,) < 2. (5.4)
The reason is that restricting to polynomial Krylov subspaces corresponds to restricting
the recurrence relation to be of the form related to A = p(A), i.e.,

k+1

Avy, = E CiVs,

i=k—1

where [ + 1 is the amount of terms in the recurrence relation.
A recurrence relation corresponding to rational Krylov subspaces is of the form

k+1 k+1
E 5iAUi = E C;U;.
i=k—1 i=k—1

This is related to A7 = r;(A), where the rational function r;(z) = zjgig, with py, ¢

polynomials of at most degree [ [123]. For the above example, U¥ = r|(U), with
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r1(z) = 27! and thus short recurrence relations exist [188].

The rational framework allows to obtain the result (5.4). The Krylov basis for
a unitary matrix is interpreted as a pair of rational (extended) Krylov subspaces,
which allows to derive the displacement structure of Tj. Since U = U~!, we have
Ki(U,v) = Ke(U™t,v) = Ki(U,v;{0,0,...}). Consider BZ, the Krylov matrix for
K (U, v;{00,00,...}) and BY for Ky (U,v;{0,0,...}) and their decompositions, with
U=XAX" and U¥ =U"! = XA~ 1XH,

Bf = [v Uv ... Ul =XWV,
B =[v U ... U Dy = XWeV,J

with W = diag({ X Hve; } ) and ® = diag({¢gp— (\i)} ;) for ¢p—(2) = 2= *~1. The
Gram matrix My, = (BP )" BZ is the Toeplitz matrix T} from before and

Ty = (B BE = gV, oWHW V;, = JH,,
=:D

reveals the well known relation between a Toeplitz and Hankel matrix and allows to
conclude that Ty has the same displacement rank as Hy. Displacement operators for
Ty, follow easily from this relation

J(ZEH, — H.Zy) = JZPJTH), — JHLZ), = JZEJT), — T1. 2.

Construct permutation matrix

The construction of the permutation matrix P in (5.3) from the poles = is
straightforward. Algorithm 5 provides the procedure.

This procedure is illustrated by Example 5.1.

Example 5.1. Consider m > 8, v = [al am]T e C™ and A =

diag(A1, ..., Am) € C™*™ . Let & = {0, 00,00,0,00,0,0}. The Krylov matriz is
B = [v A~ Av A% A% A A3 A741}] .

The matriz ® = A=* and P € C¥*®, as constructed by Algorithm 5 is

PT = [68 €r €5 €2 €1 €3 €4 66] .

And, indeed, this forms the decomposition from (5.3):

o 1 /\1 )\I
Bf = A c | P
O, S P Y
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Algorithm 5 Construct permutation matrix

1: Input: E = {¢; f;ll

2: Output: P € C*** appearing in (5.3) associated with given =
3: procedure CONSTRUCTPERMUTATIONMATRIX(E)

4: P=1

5: for:=1,2,...,k—1do

6 P = ](j > Embed P in C'*' by appending a zero row
7 if ¢, == oo then

8: P = [P €i+1]

9: else

10: P = [61'_;,_1 P]

11: end if

12: end for

13:  P=PT

14: end procedure

5.3 Generating (bi)orthogonal vectors

Orthonormal and biorthonormal nested bases for rational Krylov subspaces can be
generated using the associated Gram matrix. Lemma 2.2 states that computing the LR
factorization of a Gram matrix corresponds to computing the recurrence coefficients
of biorthonormal vectors. In finite precision two issues are encountered with this
procedure:

1. The LR factorization without pivoting is numerically unstable. Pivoting is not
allowed, since this would destroy the nestedness of the bases formed by the
vectors.

2. The Gram matrix with classical moments is ill-conditioned.

The numerical instability of computing the LR factorization, the first issue, can be
dealt with straightforwardly for Hermitian positive definite Gram matrices. For a
Hermitian positive definite Gram matrix Mj;, € C***  the Cholesky decomposition
M = R,f Ry can be used. The Cholesky factor Ry corresponds to the triangular
factor in the QR decomposition of BE = QxRy, if My = (BY)" BE, with rational
Krylov matrix BE € C™**k. The QR decomposition can be computed stably, but the
ill-conditioning of the rational Krylov matrix remains an issue. However, rational
Krylov subspace methods avoid the explicit construction of this matrix and generate
the orthonormal vectors, that is, the matrix () and their representation as a recurrence
pencil. The recurrence pencil representation is preferred over the representation in a
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basis by the matrix R.

For Gram matrices that do not allow a Cholesky decomposition, methods based on
Krylov subspaces, will improve the stability and avoid explicit construction of the
ill-conditioned moment or Krylov matrices. Chapter 9 elaborates on methods for the
construction of (bi)orthonormal vectors based on Krylov subspaces.

The conditioning of the Gram matrix, the second issue, also can be improved by using
modified moments. An updating strategy is proposed in Section 5.3.1. This technique
uses modified moments. The updating idea is important in Chapter 9. Section 5.3.2
discusses Levinson procedures, which uses low displacement rank of Gram matrices to
obtain efficient algorithms for the (implicit) computation of their LR factorization.
Levinson procedures are discussed further in Chapter 8, where they are used to obtain
short recurrence relations for (bi)orthogonal vectors.

5.3.1 Updating Gram matrix factorization

For simplicity we discuss the updating procedure for Krylov subspaces generated
by a diagonal matrix A = A = diag(A1,...,\n). As we will see in Chapter 6 and

Chapter 7, this is an important case. Consider starting vectors v = [al . am} T,
w = [ﬁl . ﬁm] T and the rational Krylov matrices
(6751 le()\l)Oél w,f_l()\l)al
Bp=lv ¢F(A)v ... ¢ (Av] =] : : : ;
am YT (Am)m o U (Am)am
such that span{BZ} = K(A,v; Z) and
B =[w vP(AMw ...y (A)u]

Bi YPA)BL .. Y2 (M)B

5m wle(;\m)ﬂm ¢?_1(5\m)5m

with span{BP} = K(A,w;©). Suppose that for a Gram matrix My = (BF)? BE or
M, = (B,?)HB,? the LR factorization is available, i.e., My = Ly R). We are interested
in the LR factorization of My, the Gram matrix for Krylov subspaces generated with

A= A , 0= v and, possibly, @ = | This Gram matrix satisfies
)\m+1 Om41 Berl

M, = M, + Mk, with rank(Mk) = 1. The updating procedure reuses the factorization
of M}, to compute the factorization of M. The factorization of My = L Rj can be
reused by noting that

My, = My, + My < Ly Ry, = Ly Ry, + My < L'LyRyR =T+ L' MR
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The only factorization that must be computed is I + L;leRlzl = ﬁkﬁk and the
solution is obtained by I~/k = ka/k and Rk = RkRk.
Single space

Consider a Gram matrix corresponding to a single rational Krylov subspace K (A, v; E):

My = (BR)" B

(0,05 (M) s WEM) 0,0 (Nohs - (E (Mo, 9F (A)o)s

The Gram matrix My = (BF)" BF corresponding to Kj(A,#; Z) with basis Bf =
[v YEA)D ... PE (A)D =] is equal to

1
My = My + |am1]? wl:()\;mH) [T 9T Ams1) oo Y ()] -
&E—l(j‘mﬁ-l)
The Cholesky factorization of
- 1
I+ |ama|* R ¢T(>\Zm+1) 1 YT Amg1) - V5 (Amgn)] R
721?71(./_\771—1-1)

must be computed. In this equation we see that this in fact uses modified moments,
using the orthonormal basis for (A, v; E). We will not discuss the implementation
and numerical properties further. Details can be found in the paper by Gill et al., [86].
Alternatively, the QR decomposition can be used. If the QR decomposition of BE is
available,

ar PE(M)ar .. Y (M)an

Am 1?15(/\m)04m ¢]?71(Am)am

then using the embedded matrix Qk = {Qk J , we get

R R, R A
HBH = = k = = k =R
@k B Amy1 YT (Amg1)mgr - ¢1:71(>\m+1)0‘m+1 o
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with z = QFf [amt1 YEAms1)dmt1 .o ¥ (Ams1)@ms1]. The matrix Ry,
deviates from an upper triangular matrix only by its last row. Premultiplication with
a sequence of plane rotations can restore the upper triangular structure efficiently and
leads to a QR decomposition of Mj,. Details can be found in the literature [25,50, 86].

Pair of spaces

A Gram matrix corresponding to a pair of rational Krylov subspaces K(A,v;E) and
K(AH w; ©) has the form

<g,2ul>qE E<¢,§A_ I(A)S,XJLE
M, = (BO)" B = (v, 91 (: L )Uﬂ:/’l (ADw) g
(0,00 (A w)s o WE (Mo, (A w) g

Suppose its LR factorization is available, My = L Rj. The updated Gram matrix is
My, = (BY)"Bf

1

— /l/;@(ATn ) —_ —_
= My + Bm+10m+1 ' :+1 1 YT Amg1) - Y (Amg1)],

1/;;?_1()\m+1)
and only the LR factoriation of
o 1
I+ Brsrami Lyt o ()\:mﬂ) 1 YFOms1) o Y )] R
981 ()

must be computed to obtain the LR factorization of Mj,. Details can be found in the
paper by Bennet [15].

5.3.2 Levinson procedure

The LR factorization of Gram matrices with low displacement rank can be efficiently
computed by Levinson procedures by studying its displacement structure. This results
in short recurrence relations for (bi)orthogonal vectors related to the considered Gram
matrix. The derivation of short recurrence relations is postponed to Chapter 8, since
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having results from Chapter 6 and Chapter 7 facilitates the description of the Levinson
procedures. Now, only the idea behind these procedures is sketched.

Set M, = B ,f By, with By, Bx € C™*F which can represent a basis for a single Krylov
subspace By, = By, = BE or for a pair of Krylov subspace By = BE, generated with
some matrix A, and By, = BP, generated with AH.

Suppose M}, has low displacement rank. A Levinson procedure assumes (implicit)
knowledge of the LR factorization of My = Ly Ry. From these factors we can obtain
the (bi)orthonormal vectors {v;}*_; and {w;}¥_,. Note that

0
Mg = | | andwf/My=1[0 - 0 x]. (5.5)
0

X

An efficient way to obtain the next vectors in the (bi)orthonormal sequence, vg41, wgi1,
is derived. The Gram matrix is
. Mk m
M1 =B By = |
k+1 k+1Pk+1 |:mH /J’:| ’

where m,m € C*¥ and p € C. Studying the structure of the multiplication of M

o 0 . . o
with 0 = L} }, an embedding of vy, in CF*1, allows the derivation of recurrence
k

Uy,
0
expect no more than 3 nonzero elements appearing in the vector My 10;. With the
embedding of the available vectors {v;}¥_,, a linear combination vy is sought such
that Mjy41vk4+1 = neg+1, for some nonzero constant 1. For details on the Levinson
procedure for Toeplitz and Hankel matrices we refer the survey paper by Heinig and
Rost [99] and references therein.

relations. Another possible embedding is { } . If Mj41 has displacement rank 2, we

5.4 Conclusion

A meaningful generalization of moments is described which is related to rational Krylov
subspaces. The displacement structure of Gram matrices for rational Krylov subspaces
is studied and suitable displacement operators are proposed. This reveals the low
displacement rank of Gram matrices; certain Gram matrices have displacement rank
at most 2. We show that these are Gram matrices arising from normal matrices and a
single rational Krylov subspace or from a diagonalizable matrix and a pair of rational
Krylov subspaces. Displacement rank equal to 2 suggests the existence of three term
recurrence relations for the construction of (bi)orthonormal nested bases for rational
Krylov subspaces. Two procedures to generate (bi)orthonormal nested bases from a
Gram matrix are discussed.






Chapter 6

Orthogonal polynomials

The interplay between Krylov subspaces (matrix theory) and orthogonal polynomials
(classical analysis) is fruitful in both directions. Classical analysis is an older
discipline and many theoretical results are known for orthogonal polynomials (OPs)
[43,110,154,157]. Potential theory for orthogonal polynomials can be used to study
convergence results for Krylov subspace methods [100,119,120].

Matrix theory, numerical linear algebra, provides very effective procedures to solve
linear algebraic problems and provides a natural framework to study numerical
stability of algorithms and condition of problems. For numerical computation involving
polynomials, many of the most effective methods rely on solving an equivalent (or
approximate/discretized) problem in matrix theory [23,70,77,78,91,134]. Figure 6.1
shows the idea of solving functional problems (problems for functions, i.e., polynomials
in the current case) with linear algebraic methods schematically.

Functional Equivalence Linear algebraic
problem problem

Solve
Functional Linear algebraic
solution Equivalence solution

Figure 6.1: Solving functional problems with numerical linear algebra techniques.

105
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Some examples are the Golub-Welsch algorithm for the computation of weights and
nodes for Gaussian quadrature [91], the construction of orthogonal polynomials [78]
and computation of roots of polynomials [5,23].

First, general polynomials and their relation to structured matrices are discussed in
Section 6.1. This allows us to represent polynomials as structured matrices, i.e.,
represent a functional solution as an equivalent algebraic solution. Orthogonal
polynomials enjoy many interesting, theoretical and numerical, properties. Polynomials
orthogonal to discrete inner products are related to certain Krylov subspaces, Section
6.2 introduces OPs and identifies the relation to Krylov subspace. Polynomials
orthogonal with respect a more general linear functional are formal orthogonal
polynomials [56], we interpret these as biorthogonal polynomials (biOPs). These
always satisfy a short recurrence relation but sacrifice some of the attractive properties
of OPs, e.g., the associated linear functional can be indefinite. Section 6.3 describes
biorthogonal polynomials and the relation to biorthonormal bases for Krylov subspaces.
These results allow the formulation of problems for (bi)orthogonal polynomials as
problems for structured matrices, most notably, inverse eigenvalue problems, which
are the subject of Chapter 9.

6.1 Polynomials and structured matrices

The connection between polynomials and vectors in (polynomial) Krylov subspaces
arises from the manner in which a Krylov subspace is constructed, multiplying
consecutive powers of A € C™*™ with a starting vector v € C™

Kr(A,v) = span{v, Av, A%v,..., AF 10},

A vector x € Ki(A,v) can be written in terms of a polynomial py_; of degree at most
k—1,
= pr-1(A)v, pr-1 € Pr-1,

where Pj_1 denotes the space of polynomials up to degree k — 1. When no breakdown
occurs, i.e., dim(K;(A,v)) =1, 1 = 1,2,...k, the recurrence relations for nested
Krylov, orthogonal and biorthogonal bases of Ky (A,v), discussed in Chapter 3, lead
to proper Hessenberg matrices. The sequence of polynomials {p;(2)}"=1, p; € P
and satisfying K;(A,v) = span{pg(A)v,...,pi—1(A)v}, forms a triangle family of
polynomials. Section 6.1.1 elaborates on the relation between triangle families and
proper Hessenberg matrices, they are in fact equivalent. Evaluation of polynomials can
be reformulated as a problem involving a Hessenberg matrix, Section 6.1.2 proposes two
matrix theoretical formulations of polynomial evaluation. These Hessenberg matrices
related to triangle families are in fact congenial matrices. Section 6.1.3 provides a
short remark on such matrices and their relation to Krylov subspaces.
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6.1.1 Triangle family

Definition 6.1 introduces triangle families of polynomials whose relation to proper
Hessenberg matrices is elaborated on below.

Definition 6.1 (Triangle family of polynomials [49]). A triangle family of polynomials
{po,p1,...,Pk} is a sequence

po(2) =710
p1(2) =v1,1 + 72,12

pa(z) = Y1,2 + V2,22 + ’73,222

Pe(2) =Yk + Y202 T V320 4 0+ Vg1 k2"

where 41, # 0 for all i.

Triangle families of polynomials have two important properties stated in Property 6.1.
Property 6.1 (Properties of triangle family of polynomials [49]). A triangle family
of polynomials {po, ..., pr} satisfies the following two properties

o FEuvery triangle family of k + 1 members is a basis for Py

o Anl+ 1-term recurrence relation zp;—1(z) = Zi:o hiv1,pi(%), with hyyq1, # 0,
holds for 1 =0,1,...,k—1.

The second property implies that a proper Hessenberg matrix Hy, = [hz j]szl € CkxFk
is the recurrence matrix for the relation

2Py, = PeHy, + hiy1,6pr(2)er, (6.1)
with Py := [po(z) pi(2) ... pr—1(z)], where {p;} forms a triangular family of

polynomials. This recurrence relation links the roots of polynomials with eigenvalues
of the recurrence matrix. Lemma 6.1 states this link formally.

Lemma 6.1 (Correspondence roots of polynomial and eigenvalues of recurrence
matrix [151]). Let {p,;}fz_ol be a triangular family and Hy, € C*** o proper Hessenberg
matriz such that (6.1) holds. Then the roots of pr(z) and the eigenvalues of Hy,
coincide.
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Property 6.1 and Lemma 6.1 suggest that recurrence matrices for a nested basis of
a polynomial Krylov subspace can be used to study polynomials. In fact, knowing
Hj, and py corresponds to knowing {po,...,pr—1}, it is the matrix representation of
the polynomial sequence. In the sequel the polynomials must be evaluated, e.g., to
perform error analysis, and the preferred way is to use the matrix Hy. Section 6.1.2
describes how a polynomial can be evaluated when the recurrence matrix (the linear
algebraic solution) is available.

6.1.2 Evaluate polynomials

A triangular family of polynomials {py,...,pr} with corresponding recurrence matrix
Hj, satisfying (6.1) can be evaluated at a point z = 2* by solving a linear system of
equations with Hj or by computing eigenvalues of Hy. These two procedures are
described here and for both the condition of the problem of polynomial evaluation is
provided.

Solve linear system

Polynomial evaluation can be formulated as an upper triangular linear system of
equations, which can be solved by forward substitution. Proposition 6.1 provides the
details.

Proposition 6.1 (Polynomial evaluation - system solve). Consider a triangle family
of polynomials {p;}%_, and corresponding recurrence matriz Hy, € CF** satisfying
(6.1). Then evaluating p;(z), i =0,1,...,k—1 at z = z* € C is equivalent to solving
the system of equations

for x € C* and where I***=1) js the k x (k — 1) leading principal submatriz of the
identity matriz. Equivalent in the sense that x; := 1 e; = p;_1(2*).
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Proof. The equivalence follows directly from the fact that pp(z) is a known constant
and from recurrence relation (6.1). Clearly the statement holds for x,

x : :[po o --- O]@xlzpo.

0
For polynomials p;, 1 <1 < k, the statement follows from the recurrence relation and
using commutativity of polynomials under multiplication,

zlpo pr pk—1] =[po pr o Pr—1] Hi + higripren

S po p1copre1] (2 — Hy) = hys1wprey, -

Using the first £ — 1 elements (dropping the kth element and thus the contribution
of hgt1,kpk) in the above equation allows to show the equivalence p;_1(z*) = zy,
1<l<k. O

Proposition 6.1 is the matrix notation of evaluating the recurrence relation (6.1). The
matrix notation allows to straightforwardly compute the condition of the problem of
polynomial evaluation. The condition is given by x(G), with

1
0

G := (Hn _ Z*[)]nx(nfl)
0
0

The matrix G depends on both H,, and z*. A structured condition number would be
more appropriate. This is subject to future research.

Eigenvalue decomposition

The eigenvalues of the recurrence matrix H; € C*! 1 < [ < k, appearing in (6.1)
correspond to the roots of the polynomial p;. Thanks to the availability of effective
eigenvalue solvers, the eigenvalues of H;, and thus the roots of p;(z), can be computed
efficiently and numerically stable. This allows us to write p; into the factored form
pi(z) =m Hizl(z — z;) and evaluate p;(z) using this form. Proposition 6.2 formalizes
this idea.
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Proposition 6.2 (Polynomial evaluation - eigenvalue decomposition). Consider a
triangle family of polynomials {p;}¥_, and corresponding recurrence matriz Hy € CF*¥,
which satisfies (6.1). Then, for 1 <k,

= H (l)

where {zi(l)} _1 are the eigenvalues of the principal submatriz H( ) = = H; of sizel x 1
of Hy and n; is determined by normalization.

Proof. The equivalence between the eigenvalues of H. ,El), the [ x [ principal submatrix
of Hy, and the roots of p; follows from Lemma 6.1. Hence, p;(z) = mpi(z), with
Pi(z) = Hé:l (z—zl-(l)). For monic polynomials, 77, = 1 and for orthonormal polynomials
we have

(pi, p1) = |m|* (B, pr)
1= |m|*(pr, pr)

Im|* = ((u, o)~

So the expression for p;(z) is completely determined. O

For the condition of this evaluation procedure we note that multiplication of the
factors is a well-conditioned problem. Hence, the condition number of the eigenvalue
computation is assumed to dominate the condition of the problem. This condition
number is stated in Proposition 6.3. Only simple eigenvalues are considered, since
recurrence matrices originating from orthogonal and biorthogonal Krylov subspace
methods cannot have multiple eigenvalues.

Proposition 6.3 (Condition of a simple eigenvalue [90, p. 344]). Let A be a simple
eigenvalue of A € C™*™ and let x,y be vectors such that Ax = Az and yT A = \yH
with ||z|l2 = ||yllz = 1. The condition of the eigenvalue X is given by

s(N) =yl . (6.2)

In practice, recurrence matrices originating from biorthogonal Krylov subspace
methods, including the Hermitian Lanczos iteration, might have multiple eigenvalues.
These might or might not correspond to actual multiple eigenvalues, e.g., a distinct
eigenvalue might be found multiple times due to the loss of orthogonality and round-off
errors, especially in the absence of reorthogonalization [46,47].
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6.1.3 Congenial matrix

Congenial matrices [7] represent a polynomial as a matrix in a certain basis. The
polynomial can be studied by studying its congenial matrix. The class of congenial
matrices include the companion matrix and, in fact, all recurrence matrices for a nested
basis of polynomial Krylov subspaces. The difference among these congenial matrices
is the basis with respect to which the polynomial is represented. The companion
matrix uses the monomial basis and corresponds to the recurrence matrix for the
Krylov recurrence relation. In the following sections the polynomial represented in an
orthogonal basis and in biorthogonal bases is elaborated on. These choices allow for
an efficient computation of the elements of the recurrence matrix.

6.2 Orthogonal polynomials

Just as for Krylov subspaces, it is interesting to consider an orthogonal basis for the
space of polynomials. A sequence of polynomials {p;}; is said to be orthogonal with
respect to some inner product (.,.) : P x P — C if p; € P;, deg(p;) = and

gy | =0 i
Polil N\ S 0 ifi =

An inner product for complex valued functions f, g can be defined as
(19) = [ 15z,
2l

where a(z) is a positive weight function and  an arc [157]. Since z = ai + b is a
complex variable, by |dz| is meant the arc length, i.e., |dz| = v/da? + db? [150]. Our
interest is in discrete inner products, introduced in Section 6.2.1. Section 6.2.2 about
the recurrence matrix for OPs, shows that the recurrence coefficients can be computed
by inner products. In some cases the orthogonal basis vectors for Krylov subspaces give
rise to OPs with respect to a discrete inner product, this is the topic of Section 6.2.3.
To conclude, Section 6.2.4 provides a short note on the Gram matrix associated with
OPs.

6.2.1 Discrete inner product

The discrete inner products considered in this thesis are:

(f,g)m =Y aif(z)g(z), 2 €C,
=1
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with m distinct nodes {z;}™; and positive weights {a;}7,. If we are interested in
polynomials orthogonal with respect to a continuous inner product, then it must first
be discretized. One way to discretize an inner product is via its first 2m — 1 moments

gi:/zia(z)uzh i=0,1,....2m 2,
Y

which are finite. These moments can be used to define (.,.),,. For numerical
computation it is advised to use modified moments [78]

gi:/qk(z)a(z)|dz|, 1=0,1,...,2m — 2,
2

where ¢ is some polynomial of exact degree k. A usual choice is to use a sequence of
polynomials orthogonal with respect to another inner product over the same arc +.
Another possible discretization is applying a suitable quadrature rule to the integral
fv f(2)g(z)a(z)|dz| = Y 1%, f(2i)g(zi)a(zi) + R, with R, the error term [69, 77,83,
150].

Good choices to discretize a continuous inner product depend on the specific problem.
We assume that the discretization has been done and a discrete inner product (.,.)m,
is available.

Note that (., .),, with m distinct nodes {z;} is only an inner product on the space Py,—1.
The positive-definiteness of (p, p)ym, p € Py, does not hold. Let p =[]~ (2 — z;), then
p(z;) = 0 for all ¢ and therefore (p,p),, = 0 for a nonzero polynomial. Hence, (.,.), is
an indefinite Hermitian form on P.

6.2.2 Recurrence matrix

A sequence of orthogonal polynomials {p;} is obviously a triangle family of polynomials
and satisfies recurrence relation (6.1). The advantage of the recurrence relation for
orthogonal polynomials is that the recurrence coeflicients can be computed by inner
products, this is stated in Lemma 6.2.

Lemma 6.2 (Recurrence matrix for orthogonal polynomials). Let {.,.) : P x P — C
be an inner product and let {pi}fzo be the set of orthogonal polynomials with respect to
(-,.). Then the Hessenberg matriz Hy = [h; ;)5 ;_, in (6.1) is composed of the elements

<ij717pi71>

w (Pi—1,Pi-1)

Proof. The statement follows immediately from the recurrence relation (6.1) and
properties of orthogonal polynomials, consider

[zp0 zp1 - -zpe—1] = [po P1 - Pe—1) Hi + husrkprey, ,
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and apply the inner product with p;(z), ¢ < k, and use the orthogonality property,
then, for e;y; the (i + 1)st canonical unit vector,

G G Gl o el o o huea].

Orthonormal polynomials are orthogonal polynomials satisfying (p;, p;) = 1.

The Stieltjes procedure generates a sequence of orthogonal polynomials {p;}; for
a given inner product (.,.) and given pg. For a discrete inner product (f,g)m =
S aif(2:)g(zi) the Stieltjes procedure is given in Algorithm 6. It computes
alternatingly recurrence coefficients for the next polynomial in the sequence of
orthogonal polynomials (Step 8) and evaluates this polynomial at the nodes of the
inner product (Step 9). For some discrete inner products (., .),,, this procedure is
quite stable [69,77,79].

Algorithm 6 Stieltjes procedure [77]

1: Input: Nodes {z;}, weights {a;} determining (f,g)m = S i, i f(2i)g(zi), and
po = iv, a;, and integer k < m

2: Set Z = diag({z;}) and W = diag({c;})

Output: Recurrence matrix H, € CF** and Q, € C™**, with Que; =

T . .
[pi-1(21) -..pic1(zm)] , with QFWQy, = D, diagonal.

o

4: procedure STIELTJES PROCEDURE(pg, Z, W)

5 po=[po ... po] and po = Zpo

6: fort=1,2,...,k—1do

T for j=1,2,...,7do

8: hji = (2pi—1(2), Pj—1)m = P} W pi

9: pi = pi — hjipi—1

10: end for

11: pi = hi+1,i,5i > hv’,—&-l,i is used for normalization
12: ﬁi+1 = Zpl

13: end for

14: end procedure

Section 6.2.3 shows that the Stieltjes procedure corresponds to the Arnoldi iteration
in Algorithm 1 for a matrix A = Z = diag({z}) and starting vector v =
[\/a @}T. The Stieltjes procedure can be sensitive to round-off errors.
The advised numerical procedure is by solving an inverse eigenvalue problem. This is
the subject of Chapter 9.
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6.2.3 Inner product induced by Krylov basis

The similarity between the Arnoldi iteration, computing an orthonormal basis for
Krylov subspaces, and the Stieltjes procedure, computing orthogonal polynomials for
a given inner product, gives rise to the following question. When does the recurrence
matrix for a nested orthogonal basis for K (A4, v) contain recurrence coefficients for a
sequence of orthogonal polynomials {p; f;ol?

Lemma 6.3 relates vectors in Krylov subspaces with polynomials and states how the

inner products correspond.

Lemma 6.3 (Krylov induced inner product). Consider a normal matriz A € C"™*™
and v € C™ of grade g. Let {b;}*=} form a nested basis for Ky(A,v), and let the
polynomials p; € P; be such that b; = p;(A)v. Then the Euclidean inner product {.,.)g
on K (A,v) induces an inner product of the form

g
(Pi,pj)g = Zakpi<zk)pj(zk)» ay >0,
k=1

on the space of polynomials Py .

Proof. A diagonalizable A has an eigenvalue decomposition A = XAX ™!, with
A = diag({\;}) and for a normal matrix X! = X Substitute the eigenvalue
decomposition of A and use XX = I to obtain

(bisbj) p = (pi(A)v, pj(A)v)E
= v"p; (A" )ps(A)v
= oI X Hp, (A XH Xp;(A) X Mo

= o X Hp;(AT)pi(M) XNy

—
2100 Pi(h)
= CH : ¢
7j(Am) pi(Am)
= Z ler c[p; \e)pi (k)
k=1

Denote by {Z;}%, the set of d < m distinct eigenvalues of A. The weight &; =

o a =z, led ¢> > 0 corresponds to Z;. Let {a;}_, be the weights in {&;}{_, which
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are nonzero and let z; be the node corresponding to «;. Then

g
(pirpi)g = ong(ze) f(2r)
k=1
is a discrete inner product on P, x Py. O

In case the matrix A is diagonalizable, but nonnormal, the term X X will not cancel.
It might be possible to interpret this term as a (nondiagonal) weight matrix, but this
is not explored further.

Theorem 6.1 reveals the connection between orthonormal vectors for Krylov subspaces
and OPs.

Theorem 6.1 (Krylov induced orthogonal polynomials). Consider a normal matriz
A € C andv € C™ with grade g. Let [qo qQ .- Qk—l] = Qi € C™** form a nested
orthonormal basis for Ki(A,v),k < g. Let polynomials p; € P; satisfy q¢; = p;(A)v.
Then the sequence of polynomials {p; f:_Ol consists of orthonormal polynomials with
respect to an inner product of the form

(pisps)g = Y awpilr)ps (1),

k=1

Proof. The basis vectors satisfy ¢; = p;(A)v, with p; € P; of exact degree i. By
Lemma 6.3, the sequence of polynomials {p;}7_; is orthonormal with respect to the
inner product (p;, p;)g4, since

8ij = (41, ¢5)E = (Pi(A)v, pj(Av)e = awpi(z)p;(zk) = (i, ps)g = bij-
k=1
U

Theorem 6.1 allows a functional problem to be translated into a linear algebra problem,
shown in Figure 6.2. The linear algebra problem is in fact an inverse eigenvalue
problem. Choose a diagonal matrix with (distinct) nodes Z = diag({z;}7_,) and
starting vector with weights v = [\/071 e \/079]. Then an orthonormal basis for

K(Z,v) corresponds to OPs with respect to (p;, pj)g = >t axpi(zk)p;(2k).

6.2.4 Gram matrix

The Gram matrix of a Krylov basis for a normal matrix and the Gram matrix for
monomials with respect to a discrete inner product correspond. Corollary 6.1 follows
immediately from Lemma 6.3, since m; ; := (A7v, A'v)g = (27,2"),.
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Generate recurrence (e < {5 Compute orthonormal
coefficients for OPs {p; f;ol Ky <> Py | nested basis for Kr(4,0)

\

1

, Stieltjes Arnoldi

: procedure iteration

v

Functional (6.1) Linear algebraic

solution AH A = AAH solution

Figure 6.2: Scheme for generating recurrence coefficients for OPs.

Corollary 6.1. Let B, = [v Av ... A* 'v| form a nested basis for Ki,(A,v), with
AT A = AAT and k < g, with g the grade of v with respect to A. The corresponding
Gram matriz

(v,v)E (Av,v)p (AF=1y v)p
My = BEB, — (v, Av) g (Av, Av)E . <Ak_11f,Av>E
<v,Ak;1v>E <AU,A;€711}>E <Ak’1v,.Ak71v>E
equals the Gram matriz for monomials generated by (.,.)4, as defined in Lemma 6.3,
e
3 9 ] g - z ',z>g v
(LA, (mah 1Y), . (A1,

This corollary implies that theoretical results and numerical procedures for Gram
matrices of Krylov subspaces are also valid or applicable to the Gram matrices of
polynomials and vice versa. Results for Gram matrices can be found in Chapter 5.
A common representation for orthogonal polynomials is the determinantal formula in
Property 6.2.

Property 6.2 (Determinantal formula). The determinant, with moments m; ; =
(7, 2%,

mo,0 mo,1 . mo,k
mi,0 mi1 . mik
pi(z) = det
mrg—1,0 Mkg—-11 ... MEg_1k
1 z 2k

is an orthogonal polynomial with respect to (.,.)q, i.e., (z7,py(2))g =0 for j < k.
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6.3 Biorthogonal polynomials

Polynomials orthogonal with respect to a linear functional are called formal orthogonal
polynomials [32,56]. We will use the term biorthogonal polynomials, which stresses
that there are in fact two sequences of polynomials. This term is better suited for the
discussion on biorthogonal rational functions in Chapter 7 .

The dual of the vector space of polynomials P is the space of linear functionals, with
a linear functional £ : P — C. For the vector space of column vectors C™, the dual
space is formed by row vectors C'*™.

The linear functional £ on P is defined, here, by fixing its value for the monomials

L{z"}:==m;, i=0,1,...,

where m; are given and will be called the moments (associated with £). A biorthogonal
polynomial pi_; is a polynomial of exact degree k — 1 such that

L{z'pr_1} =0, i=0,1,... . k—2.

The Gram matrix induced by {m;} is of Hankel form and leads to a three term
recurrence relation for biorthogonal polynomials, called Lanczos polynomials, which
are the subject of Section 6.3.1. Section 6.3.2 discusses the recurrence matrix and
Section 6.3.3 the relation to the Lanczos iteration. A justification for the generalization
from inner product to linear functionals is given in Section 6.3.4.

6.3.1 Lanczos polynomials

Lanczos polynomials are the polynomials representing the biorthonormal basis vectors
generated by the Lanczos iteration. The Lanczos iteration generates a pair of
biorthonormal sequences {v; ?:—017 {w; ;:01 which satisfy, for [ =0,1,...,k — 1,

span{vg, v1,...,u} = Ki(A,v) := span{v, Av, ..., A1},
span{wg, w1, ..., w } = K (A" w) == span{w, Aw, ... (AT) 1w},
and the biorthonormality condition
(vi,wj) g = ij.
The basisvector v, 0 < I < k, is an element of K;(A,v), i.e., v; = pj_1(A)v for
ag+oiz+-4a_1287 = p_1 € P, of exact degree. The orthogonality conditions

vy L K;_1(Af w) require the first 20 — 2 moments m;, i = 0,1,...,2] — 3. The
orthogonality conditions (v;, (A?)iw)p =0 for i =0,1,...,1 — 2, can be written as a
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system of [ — 1 equations with [ unknowns

w A%p 1 (A)v =0 wHov o wT ATy Qg 0
wi Alp,_1 (A)v =0 wTAv ... wHAW a 0
wh A28, (A =0 wl A2y 0w A3y |y 0

A normalization condition provides an additional equation. Here we choose
wH Al=1p; 1 (A)v = 7 to get the square system

wy wlAv ... wTAly 0

«
wH Av wH A2y ... wt Aly 0 0

aq
Ma := . = |-
wH A2y wH ARy 0 w423y o ) 0
wHA=Yy  wHAWw . wH A2y =1 n

and M; is a Gram matrix with moments p; ; = L{z""} = ¢;1; = wHf A7y and thus,
a Hankel matrix.

From L{z'p;_1} = 0, for 0 < i < [—1, it follows that p;_1(2) is orthogonal to P;_5 with
respect to the linear functional £ defined by the 2/ —1 moments £{2%} := m; = wl Alv,
fori=0,1,...,20 — 2.

The other sequence {w;} in the pair is characterized by the polynomial sequence {g¢;},
q; € P; satistying w; = q_1 (A%)w and (w;, Av)p = 0,7 =0,1,...,1—2. The induced
system of equations for q;_1(2) = 8o+ S1z+ -+ + Bi—12 is

v vH AH oo (AR Ly 3 0
v Aty v (AT . o (AT ﬂo 0
1
M;'b:= : : : =
VH (A2 oH(AHY=1y o pH(AH)2=3, ﬁ' 0
v (AT =1y pH(AH) ey L oH (AH)22y = v

To reveal the relationship between p;_1(z) and ¢—1(z), take a look at the Gram
matrix formulation. Orthonormality, with normalization (p;_1(A)v, ¢_1 (AT )w)g = 1,
requires

0 0

Mwa= |, MTo=|"| and b¥Mua=in=1.
0 0
U 14

Group all coefficients of the pair of sequences of Lanczos polynomials {p; f;ol and
{a f;ol into the columns of R,‘C/ and RkW, respectively. These are upper triangular
matrices by construction and represent the LR factorization of the Gram matrix My,
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ie, My = (RY)"H(RY)~!. From the symmetry of My, i.e., M, = My, we have
that My = (R)Y)"H(RY)™' = (RY)"T(R})~! and by the uniqueness of the LR
factorization, and for appropriate normalization, R} = RY. Hence, g;(z) = p;(z) for
all 4, they only differ from each other by complex conjugation of their coefficients.
This explains the commonly used name formal orthogonal polynomial instead of
biorthogonal polynomials.

The Lanczos polynomials exist up to degree k if and only if M} is quasi-definite. If
they exist, then they are unique up to scaling [10]. If M}, becomes singular, a notion
of block orthogonality can be introduced to attempt to skip over the singular principal
submatrix [10,72]. A quasi-definite Hankel matrix implies a three term recurrence
relation and the relation between the coefficients implies that the recurrence matrix is
tridiagonal and symmetric.

6.3.2 Recurrence matrix

The Gram matrices for the Lanczos polynomials are Hankel matrices, therefore the
same three term recurrence relation underlies these polynomials and the polynomial
Lanczos iteration. The recurrence relation also can be obtained by starting from
the two-sided Gram-Schmidt procedure, using orthogonality of the polynomials and

L{(zp(2)) a(2)} = L{p(2) (24(2))}-

Lemma 6.4 (Recurrence matrix for Lanczos polynomials). A biorthonormal pair
of sequences of polynomials {p; f;ol, {q f;ol with respect to a quasi-definite linear

functional L : Par,—1 — C satisfies the pair of recurrence relations
2pi(2) = pi(2)T5 + tig1,ipit1(2)
2qi(2) = qi(2)Ti + iy 1,iGi41(2)

for a tridiagonal matriz Ty € CF*F.

The recurrence matrix T}, € Ck*k

ar B

Ty = B2 o
' Bk

Br

is called complex symmetric because T}, = TkT . This is to stress that it is in general not
Hermitian, which requires Ty = T,;'— and T}, € R¥** The determinant of the recurrence
matrix satisfies the three term recurrence relation represented by this matrix.
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Property 6.3 (Recurrence relation for recurrence matrix). The determinant of the
recurrence matriz T, € CK*F from Lemma 6.4 satisfies a three term recurrence relation

det(T1) = o, det(Ty) = aras — 3

det(Ty) = ax det(Tp—1) — BS det(Ty—2).
Proof. Expand the determinant along last column and last row. O

The correspondence of the roots of p;(z) to the eigenvalues of T; is proved by Draux [57].

6.3.3 Relation to Lanczos iteration

To obtain a relation to the Lanczos iteration, a linear functional £ can be defined
using moments w A%y arising from Krylov subspaces. Lemma 6.5 provides an explicit
form for the linear functional related to polynomial Krylov subspaces.

Lemma 6.5 (Krylov induced linear functional). Consider Krylov subspaces Ki(A,v),
Ki(A” w) for a diagonalizable matrizv A € C™*™ and v,w € C™. Then (.,.)g on
Kr(A,v) x Kp(A” w) induces the linear functional L : Paj,_1 — C with moments

m; = wi Alv.

More precisely the linear functional is of the form L{z'} = >°7_, ayzi, with g the
amount of distinct eigenvalues {zy}", and corresponding nonzero weights ay, € C.

Proof. A diagonalizable A has an eigenvalue decomposition A = XAX ™!, with A =
diag({A;}). The linear functional can be defined by assigning values to its moments

m

(A, (AHYw) g = w Aty = wH XL N+ Xy = Z(elcw)H(ech)Ai;“.
=:Cy Co k=1

Denote by {Z;}% , the set of d < m distinct eigenvalues of A. The weight &; =

Z?lhAl:m (e cw)(e] ¢y) corresponds to Z; and can vanish. Let {;}7_; be the weights

in {di};i:l which are nonzero and let z; be the node corresponding to a;. Then

g
mi =Y oz, i=0,1,...,2k—2
k=1

are the moments which define the linear functional £. Note that g is not necessarily
equal the grade of v or w, since weights of multiple eigenvalues may cancel each
other. O
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The connection between the Lanczos iteration and the construction of biorthogonal
polynomials suggests that a normalization of the biorthonormal bases Vi, Wy, exists
such that the tridiagonal matrix from Lemma 3.8 is complex symmetric.

Corollary 6.2 (Biorthogonal Krylov bases recurrence relations-complex symmetric).
Let A€ C™*™ v, w € C™. Consider the Krylov subspaces Kj(A,v), Kr(AT, w), with
k < min{gy, gw}. Then there exist, under the assumption that no breakdown occurs,
biorthonormal nested bases Vi, W), € C"™** for these subspaces such that

AVy, = ViTy + thsr xvren
AWy = Wi T + b1 pwrey

where T}, € C**F is a complex symmetric tridiagonal matriz.

For more properties of the complex symmetric tridiagonal recurrence matrix and
connections to biorthogonal polynomials we refer to the paper by Beckermann [12].
Throughout this manuscript the linear functional will be assumed to be quasi-definite,
which corresponds to the no-breakdown assumption for the Lanczos iteration. A recent
paper [136] discusses indefinite linear functionals and a look-ahead strategy to deal
with breakdowns.

6.3.4 Applications

Computing the recurrence matrix T} corresponds to computing the recurrence
coefficients of sequences of biorthogonal polynomials. Figure 6.3 shows a scheme
for computing recurrence coeflicients for biorthogonal polynomials via reformulation
as a linear algebraic problem.

Generate recurrence (e L{.} Compute biorthonormal nested
. k—
coefficients for FOPs {p;}F~ Ki < Pp_, | bases for Kip(A4,v), Kp(AT, w)
\
1
| Stieltjes Lanczos
, procedure iteration
Functional i (6.1) | Linear algebraic
solution: {p; f;ol N "| solution: Ty

Figure 6.3: Scheme for generating recurrence coefficients for biorthogonal polynomials.
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Applications of polynomials orthogonal with respect to an inner product and
connections to problems in physics are well known. When the inner product is
replaced by a (indefinite) linear functional, the applications are much less known. So
a short justification of the study of biorthogonal polynomials is in order. An overview
of applications for biorthogonal polynomials is provided:

o In model order reduction, see Chapter 5, moments of the form w” A=7~1v occur
naturally in the power series expansion of the transfer function [74, 136, 156].

e Sequence transformation methods, to accelerate the convergence of sequences
[29,57].

o Gaussian quadrature in the complex plane [137,150] and quadrature of highly
oscillatory integrals [42] make use of biorthogonal polynomials.

6.4 Conclusion

The connection between polynomials and structured matrices is identified. Triangle
families of polynomials have a proper Hessenberg matrix as a recurrence matrix. The
roots of the polynomials correspond to the eigenvalues of this matrix. Sequences
of orthogonal and biorthogonal polynomials are triangle families and the recurrence
matrices are shown to have Hessenberg and tridiagonal structure. For specific discrete
inner products, the recurrence matrix for (bi)orthogonal polynomials corresponds
to the recurrence matrix for (bi)orthogonal basis vectors for Krylov subspaces. The
recurrence matrix allows us to represent a sequence of polynomials in the language of
linear algebra.



Chapter 7

Orthogonal rational functions

Rational functions with prescribed poles are especially interesting for the approximation
of certain functions in regions of the complex plane, see [138] and references therein.
In numerical quadrature, if the function of interest is not well approximated by a
polynomial, e.g, the function has singularities close to the region of interest, then
rational Gauss quadrature rules [54,81] can be used. These are Gauss quadrature
rules which are exact for certain rational functions with prescribed poles.

The literature on orthogonal and biorthogonal rational functions is quite extensive:
the monograph by Bultheel et al. [34] is a nice introduction into the field of orthogonal
rational functions. The focus is often on inner products or linear functionals on the
real line or the unit circle. There are some notable results for more general inner
products and linear functionals. These are our primary interest, since the results in
Chapter 4 are also of a general nature. The real line and unit circle are considered to
be special cases of this more general theory. The study of these special cases in their
own right is however still very important.

Numerical procedures to efficiently and stably solve problems involving (bi)orthogonal
rational functions can be developed with a structured matrix approach. The goal
of this chapter is to uncover the relation between (bi)orthogonal vectors in rational
Krylov subspaces and (bi)orthogonal rational functions. This enables us to reformulate
problems defined for rational functions as problems in linear algebra and solve them
using linear algebraic techniques. For example, nodes for rational Gauss quadrature
rules correspond to the roots of orthogonal rational functions and these correspond to
eigenvalues of the associated recurrence pencil. Thus, Golub-Welsch type algorithms
can be developed [54,114,139], which rely on solving a generalized eigenvalue problem
for this recurrence pencil.

First a vector space of rational functions with prescribed poles is introduced in Section
7.1. Orthogonal rational functions which are related to rational Krylov subspaces

123
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are introduced by deriving a suitable discrete inner product for rational functions in
Section 7.2. Section 7.3 discusses orthogonality with respect to a linear functional,
leading to biorthogonal rational functions. These can be represented by a tridiagonal
pencil and are therefore related to biorthogonal rational Krylov subspaces. Section 7.4
summarizes notable results from the literature on ORF which are directly related to
the topics in this manuscript. This summary is purposely kept short to show only the
essence, references are provided which contain the details.

7.1 Rational functions and structured matrices

A rational function r(z) € R is the ratio of two polynomials,

Our interest is in rational functions with prescribed poles. Given a set of poles

== {51,62, L ,ﬁk}, with 52 S @,

k

r(z) = i((z)), p(z) € P and 7(z) = H (z = &). (7.1)
100

The space formed by these rational functions with prescribed poles will be denoted by
R=, which is a short notation for P/m(z). The finite dimensional space R% is defined
as span{l,71(2),...,mk(2)}, with,

!
ri(z) = pl(zl , m(zE) = H (z—¢&), peP, deglp) =1 (7.2)

mi(2 E)

i=1

§iF00
The set of poles = for RY must contain (at least) k poles & € C. If = contains more
than k poles, the first k£ are used for the space R%, conform with the definition in
(7.2).
If = contains exactly k poles and the considered space is of dimension k + 1, then the

order of the poles does not matter, as stated by Property 7.1. This property is useful
below to discuss moments arising from rational function spaces.

Property 7.1 (Equivalence of rational functions spaces [170]). Consider a set of k
poles = = {&1,...,&} and the rational function space R%. For a fized value of k and

=2 any permutation of the poles in =, the space R% = R%
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Of course, RF and R, for i < k and = containing k poles, are not necessarily the
same. Since nestedness, stated in Property 7.2, is paramount to obtain a connection
to rational Krylov subspaces, the order of the poles cannot be arbitrarily changed.

Property 7.2 (Nestedness of rational function spaces). For a fized set Z of m poles,
the spaces RE, k=0,1,...,m are strictly nested, i.e.,

RE C Ry, k=0,1,....m—1

A nested basis {rg,r1,...,7_1} for the space Rla_l generates a rational Krylov subspace
as follows
span{ro(A)v,r1(A)v,...,r_1(A)v} = Ki(A,v;E), 1=1,2,...,9, (7.3)

with A € C™*™ ¢y € C™ and ¢ the grade of v with respect to A.
Such a nested basis satisfies a recurrence relation with a proper Hessenberg recurrence
pencil (Hy, K;), let 7, := [ro oo, rl_l} and r; € RZE\RZE_I, then

2r K+ kl+17127"l(z) =rH + hl_;,_Lﬂ’l(Z). (7.4)

Hence, the pencil (Hj, K;) represents the sequence of rational functions {r; é;é.

Note that this is not the only possible representation, Chapter 4.1 discusses other
representations for rational Krylov subspaces.

Only the Hessenberg recurrence pencil will be considered in the sequel. Section 7.1.1
describes how the Hessenberg recurrence pencil can be used to evaluate the sequence
of rational functions.

7.1.1 Rational function evaluation

A sequence of rational functions {r;(z)}._, forming a nested basis for R¥ ; can be
evaluated at z = z* ¢ E using its recurrence pencil (H), K;) appearing in (7.4). Two
possible procedures are discussed, one based on the solution of a linear system of
equations and one based on solving a generalized eigenvalue problem. The interest
in such procedures for rational function evaluation originates from the availability of
efficient and stable numerical methods to solve these problems.

Solve linear system

The linear system to be solved is in fact a matrix notation of the recurrence relation
(7.4) and can be solved by forward substitution. Proposition 7.1 provides the system
to be solved.
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Proposition 7.1 (Rational function evaluation - system solve). Consider a sequence of
rational functions {r; é;é with poles 2 = {f}ﬁ;i with recurrence pencil (Hy, K;) € C!
(7.4). Then evaluating r;(z), i = 0,1,...,1 =1, at z = z* € C\Z s equivalent to

solving the system of equations

1
0

x (Hn _ Z*Kn)lnx(n—l) = [TO 0o ... O]
0
0

for x € C' and where I'™(=1 s the | x (I — 1) leading principal submatriz of the
identity matriz. FEquivalent in the sense that x; := xe; = ri—1(2%), 1 <i <.

Proof. Analogous to the proof of Proposition 6.1. O

The condition is given by k(G), where G := [el (H, — z*Kl)IlX(l_l)]. This depends
on both (H;, K;) and z*. Note that the polynomial form, given in Proposition 6.1 is a
special case, i.e., K; = I;.

Eigenvalue decomposition

The roots of 7;(z), appearing in recurrence relation (7.4), correspond to the generalized

eigenvalues of (Hj, K)) if there are no multiple eigenvalues. In other words, if (H;, K;)

has [ distinct eigenvalues, then these eigenvalues are the [ roots of the rational function
1

71_[;:1(272” , with

11 PN

§jFoo
{zi}._, the roots and E = {¢;}\_, the poles of ri(z). This is stated in Proposition 7.2.

r1(2). Then the factored form of r;(z) can be obtained, i.e., r;(z) =

Proposition 7.2 (Rational function evaluation - eigenvalue decomposition). Consider
a sequence of rational functions {r;}.Z% with poles = = {€}.Z} and recurrence pencil
(H;, K;) € C¥ satisfying (7.4). If, for all j, the j x j principal leading subpencil
(HI(J), Kl(J)) has simple generalized eigenvalues {ZZ(])}, with ZZ(]) #& i=1,...,7 and
k=1,2,...,1—1, then

J (z — z(j))
i(z) =, l_flzl ( ; ) ,  where n; is determined by normalization.
k=1\% — Sk
ErpF 00

Proof. Analogous to the proof of Proposition 6.2. O
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Proposition 7.2 requires that none of the roots overlap with any of the poles in
=Z. In some cases this can be guaranteed. For orthogonal rational functions for an
inner product, all roots are located in the convex hull of the support of the measure
associated with this inner product [154]. In the sequel the support of the measure is
some arc -y in the complex plane. Hence, choosing poles outside this region guarantees
that the requirement is satisfied.

The condition number for generalized eigenvalues («, 3) such that SH,z = K,z can
be defined using the (scale-dependent) chordal metric [90, p.396] or for A such that
H,z = MK, z, following Higham and Higham [103].

7.2 Orthogonal rational functions

Orthogonal rational functions are the obvious generalization of orthogonal polynomials.
The vector space in which the functions of interest live is now RZ instead of P. A
sequence of rational functions {r;};, r; € RZ, is said to be orthogonal with respect to
an inner product (.,.) : RE x RE —» Cif r; € R, r; ¢ RE ; and

( =0 ifk#j
Tk7rj> . .
>0, ifk=y

A suitable inner product defined for complex valued functions f, g is very similar to
the inner product used for OPs in Section 6.2. However, an additional restriction must
be imposed, namely that the poles = cannot lie on support of the measure ~y

(f.9) = / F(2)a@)alz)ldzl,

where a(z) is a positive weight function, v an arc in the complex plane and N~y = (.
In order to develop linear algebraic procedures for ORFs, in particular a procedure for
the computation of their recurrence coefficients, a connection with rational Krylov
subspaces is identified. Section 7.2.1 introduces the discrete inner product on RIE,
whose relation to the Euclidean inner product on K;(4, v; E) is stated in Section 7.2.2.
A procedure to generate ORFs starting from OPs is shortly described in Section 7.2.3.
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7.2.1 Discrete inner product

A discrete inner product suitable for RF is

m

Zf z)g(zi)a(z), z€C (7.5)

with m > [ distinct nodes {z;}/,, a positive weight function «(z) and poles that do
not coincide with any of the nodes, i.e., EN{z}7; = 0. Discretization of a continuous
inner product can be performed by using the moments g; ; associated with the poles
E={&,...,&-1}, if these moments are available.

These moments are defined to correspond to those appearing in Chapter 5 in the context
of multi-point Padé approximation and in the literature on rational functions [170].
Let = = {51, ... ,f}} denote the set of distinct elements in = = {&1,...,&-1}, that is,
the set of distinct poles. And let [;, fori =1,..., Z, denote the number of occurrences
l; of éz in Z. Then the classical moments associated with = are the zeroth moment

90,0 = [, a(2)|dz| and
=) Taz)dz], it é # oo
! [, #a(z)|d, if & =00’
for a total of 2l — 1 moments. An illustrative example is provided in Example 7.1.

Example 7.1 (Example of moments for rational functions). Consider the set of
poles 2 = {&1,00,82,&1,00}. Then E = {&1,00,&} and {n1,n2,n3} = {2,2,1}. The
moments are

os = / (c— &) Ta()ldz], j=1,2,3.4,

=2

92,5 ZjOé(Z)|dZ|, ] = 17233a47

I
S~

g3 = [ (z—&)7a(z)|dz|, j=1,2.

S

Together with the zeroth moment, these are 21 — 1 = 11 moments.

Modified moments also can be used and are preferred over the classical moments,
since the map from the classical moments to recurrence coefficients is ill-conditioned.
The map from modified moments to recurrence coefficients is better conditioned.
The difficulty now is to obtain the modified moments accurately. For details about
the conditioning of these maps and for a procedure to obtain modified moments via
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interpolatory quadrature we refer to the paper by Van Deun and Bultheel [170].
Once a discrete inner product (7.5) is obtained, there is a connection to the Euclidean
inner product for Krylov subspaces. The next section clarifies this connection.

7.2.2 Krylov induced inner product

The relation between the Euclidean inner product on rational Krylov subspaces
Ki(A,v;E), for A € C™™ and of an inner product on the space RF ; is derived.
Lemma 7.1 states that for a normal matrix A the induced inner product is the weighted
sum of function evaluations at the eigenvalues of A. A similar result is derived by
Giittel [98, p.43].

Lemma 7.1 (Krylov induced i 1nner product). Consider a normal matriz A € C"™*™
and v € C™ of grade g. Let {b:;}.25 form a nested basis for Ki(A,v; ), and let rational
functions r; € RE be such that b; = r;(A)v and 2N o(A) = (). Then the Euclidean
inner product {.,.)g on K;(A,v;Z) induces an inner product of the form

(TisTj)g Z air;(z 2k), ag >0,

on the space of rational functions Py_1 /7 with 7(z) := Hi i(z —&). If g > 1, then
€00
’Pl_l/T( = Rlail.

Proof. Similar to the proof of Lemma 6.3. O

Theorem 7.1 states that orthogonal vectors in rational Krylov subspaces correspond
to ORFs, which provides the means to generate recurrence coefficients for a sequence
of orthogonal rational functions via (rational) Krylov subspace methods.

Theorem 7.1 (Krylov induced orthogonal rational functions). Consider a normal
matric A € C™*™ and v € C™ with grade g. Let [qo q .- ql,ﬂ =@ € Cmx!
form a nested orthonormal basis for Kj(A,v;E), I < g. Let rational functions r; € R
satisfy q¢; = ri(A)v. Then the sequence of rational functions {ri}é;(l) consists of
orthonormal rational functions with respect to an inner product of the form

(ri,T5)q E agr;(r 2k)-

Proof. Follows from Lemma 7.1, &; ; = (¢;, ¢;) g = (ri(A)v, r;j(A)v)g = (ri,rj)g. O
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A numerical procedure applying the result in this theorem to compute the recurrence
coefficients for ORFs is proposed in Chapter 9. The following section discusses an
alternative procedure.

7.2.3 Rational modification of a measure

A high level description of a procedure for the generation of recurrence coefficients of
ORFs is provided. Details can be found in the literature. The procedure is proposed

by Gautschi [76, 80, 81] and see also Lépez Lagomasino et al. [127]. Counsider the

rational function r(z) = £ ((3 € P/x, with a prescribed polynomial 7(z) satisfying

m(z) > 0 on the support of some given measure p. Then a sequence of ORFs {r;},,

r; € P;/m, for the inner product (r,s),, = fv r(2)s(2)du(z) can be generated by

1. computing the recurrence coefficients of a sequence of OPs {p;} with respect to
(- '>u?

2. applying a procedure that implements the generalized Christoffel transformation
[76,190], which modifies the recurrence coefficients of {p;} to be orthogonal with
respect to the measure fi := W;

3. the resulting recurrence coefficients generate the requested ORFs {r;},.

We will not pursue this idea further, the procedure based on an inverse eigenvalue
problem (IEP) for structured matrices provides a simpler relation between weights
in the inner product and the measure required for the problem formulation. Such
procedures, based on IEPs, are among the most effective and stable methods for
the generation of recurrence coefficients of orthogonal functions [80,141]. Chapter
9 proposes an IEP for ORFs with respect to discrete inner products (7.5) and
corresponding procedures to solve them.

7.2.4 Gram matrix

The Gram matrix for rational functions for a discrete inner product (7.5) corresponds,
by Lemma 7.1, to the Gram matrix for rational Krylov subspaces generated by
appropriate A and v. If the functions in r; := [ro ... rl_l] form a nested basis
for RE | and BE a nested basis for K;(A,v; E), and (.,.), is the inner product on RF ,
induced by the Euclidean inner product on I;(4,v; Z), then the Gram matrices are
the same
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A detailed description of the structure of Gram matrices for a rational Krylov subspace
can be found in Section 5.2.3.

Orthogonal rational functions also allow a determinantal expression [34, Theorem
2.2.4].

7.3 Biorthogonal rational functions

Biorthogonality for rational functions is characterized by a linear functional L.
Biorthogonal rational functions are two sequences of rational functions {r;}; and
{sk }r that satisfy, for some given sets of poles Z and ©,

re€RE and s, € RY

and
=0, ifi#j
£0, ifi=j

We will define a linear functional acting on the finite space RT | - RY |, which is short

L{ri(z)s;(2)} {

for Réiule}. In the remainder of this chapter we assume that there are exactly [ — 1
poles in = and ©, then this notation makes sense. A sequence of moments can be used
to define a linear functional, Section 7.3.1 provides the details. Once it is clear how a
linear functional can be defined, Section 7.3.2 shows that a linear functional can be
constructed which relates biorthogonal rational functions to biorthogonal vectors in
rational Krylov subspaces.

7.3.1 Linear functional

A linear functional £ : R¥ - R® — C will be defined by fixing its values at certain
elementary rational functions. These elementary rational functions are positive powers
of z or (z— &)~ 1, for any ¢ € C. Exactly which elementary basic functions are relevant
depends on the choice of poles = and ©. Two cases are distinguished: the case = = O,
where the two spaces have the same poles of the same multiplicity, and the case where
none of the poles in = appear in ©. When only a subset of the poles in = corresponds
to those in ©, these two cases can be combined.

A sequence of 21 — 1 moments {g; ;} must be available to be able to define a linear
functional on RE | - RY |.
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The poles = are reordered to obtain Z such that all equal poles are grouped together

{§1a§27"'7§l—1}_>{51?"'7£1a§~2a"'a§~2a"'a£fa'"agi}7

A 2 l

with Zi:l l; =1 — 1. The elementary rational functions are
1 1 1 1 1 1
a-& (&) (-8 =G (2 -2 (- )

1 I;

1

The linear functional £ is defined by assigning a given value g; ; to ﬁ{ 5 i 1, ie,

£{1}7 90,0,
1 1 1
L{ 2751 }’ £{ (2751)2 }’ Tt C{ (zfél)ﬂl }’ 91,1,91,25---5,91,211,
1 1 1
L{ s }a ‘c{ (—£2)2 }a ) ‘C{ (2—&5)202 }a = 92,1,92,25---,922l55 .
L{ Z_lgi}a 5{7(2_1&)2 b { 5 e } 9i1:91,2> - 9021,

Case: Z2NO =10

Consider the sets of poles E and O satisfying §; # 6; for all 4, j. That is, the two sets
have no poles in common. Reorder both sets to group equal poles, obtaining = and ©

{517£2a"'7£l—1}_> {517"'aél)é?v'"7527"'75[7"'75[}7

{91,92,...,9k_1} — {él,...,él,ég,...,ég,...,@fc,...,gk},
k1 k2 k

with 25:1 l;=1—1and 25:1 k; =1 — 1. The basis vectors are

1,
1 1 1 1 1 1
z—&1 (z=&) 2—& T (2 - &) =& (2-§)
1 1 1 1 1 1
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The linear functional £ can be defined by assigning values from the sequence {g; ;} to
the evaluation of £ in these basisvectors.

7.3.2 Lanczos rational functions

The connection between the Euclidean inner product on rational Krylov subspaces
and certain linear functionals on rational function spaces allows the construction of
biorthogonal rational functions via structured matrix procedures. The biorthogonal
rational functions that can be generated in this manner will be called Lanczos rational
functions, in analogy with Lanczos polynomials. Appropriate linear functionals on
rational function spaces are defined in Lemma 7.2 by using moments arising from
rational Krylov subspaces.

Lemma 7.2 (rational Krylov induced linear functional). Consider rational Krylov
subspaces Kj(A,v; Z), Ki(A® ,w; ©) for a diagonalizable matriz A € C™*™ and v, w €
C™. Then {(.,.)g on Ki(A,v;Z) x K(A7,w;0) induces a linear functional L, :
RE | -RP, — C of the form L {t(2)} = S 9_, cut(zr), with g the amount of distinct
eigenvalues of A with nonzero weights oy, € C and t(z) € RF |- R .

Proof. Consider x € K;(A4,v;Z) and y € K;(A”,w;©) and rational functions r,s
such that r(A)v = r and 5(AH)w = y. Clearly r € RF | and s € RY ;. Then, for
A= XAX"1 with A = diag(A1,..., \m),

(z,9)p = ws(A)r(A)v = w? X s(A)r(A) X 1v = ;(e;—cw)H(e,;rcv)r(zk)s(zk).
::c{;{ =iCy =

Denote by {%;}¢; the set of d < m distinct eigenvalues of A. The weight & :=

Sy =z (e cw)™ (€] ¢y) corresponds to Z; and can vanish. Let {a;}7_, be the weights

in {di};j:l which are nonzero and let z; be the node corresponding to «;. Then the

linear functional for ¢(z) € RE ;- RY_ | has the form L {t(2)} = Y0_, axt(zr). O

H

The linear functional from Lemma 7.2 is characterized by its moments gg o = w" v and

Gij = mj-l(&i% for Za] > 1a

with m;(£) as defined in (5.2). Our main interest in this functional, however, is that
we can determine the nodes {z;}; and weights {e]&,,e, ¢, }; which are used in the
linear functional. For more details about the moments we remark that the Gram
matrix generated by £ for RE | - RP | can be studied by relating it to the Gram
matrix for K;(A,v;Z) x K;(A” w; ©) and this is discussed in Section 5.2.3.
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Recurrence pencil

Lanczos rational functions, which are biorthogonal rational functions, satisfy a
recurrence relation governed by a tridiagonal recurrence pencil. This result follows
from combining Theorem 7.2, relating biorthogonal vectors in RKS to Lanczos rational
functions, with Theorem 4.6, proving that a tridiagonal recurrence pencil underlies
the biorthogonal Krylov vectors.

Theorem 7.2 (Krylov induced biorthogonal rational functions). Consider a
diagonalizable matrix A € C"™*™ and v € C™ with grade g. Let [vo v ... vl_l] =
Vv, € C™*t gnd [wo wy o ... wl_l] = W; € C™*t form nested biorthonormal bases
for Ki(A,v;Z) and K (A" w;©). Let rational functions r; € RE, s; € RY satisfy
v; = 1(A), w; = s;(AT)w. Then the pair of sequences of rational functions {r; é;(l)
and {s; ﬁ;é are biorthonormal with respect to the linear functional

Lo{t(2)} = D ant(zn).
k=1

Proof. 1t follows from Lemma 7.2 that
3ij = (viywj)p = (ri(A)v, s;(AT)w) g = Lo{ri(2)s;(2)}-

O

This connection is exploited in Chapter 9, where linear algebraic techniques for the
generation of recurrence coefficients of Lanczos rational functions are developed.
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7.4 Connections to ORF literature

The literature on orthogonal rational functions is too vast to be summarized in a
single section. Only some notable results which are immediately applicable to the
discussion in this manuscript are summarized. In the ORF literature, often rational
Krylov subspaces are generated with A and AT and the bilinear form (z,y)T =y,
x,y € C™ instead of our choice A, A” and (z,y)r = y”x. The results we obtained
above remain, with minor modifications, valid for A, AT and (x,y)T. Appendix A.2
contains modified proofs of the principal theorems of Chapter 3 and Chapter 4 on
matrix structures in Krylov subspaces. Tridiagonal recurrence pencils underlying
(bi)orthogonal rational functions are discussed in Section 7.4.1. Gauss quadrature rules
use the roots of OPs as nodes, and rational Gauss quadrature uses the roots of ORFs.
Section 7.4.2 provides some references to results linking these roots to eigenvalue
problems for structured matrices. There are also some connections to spectral theory,
which are discussed in Section 7.4.3.

7.4.1 Tridiagonal pencil

The connection between a tridiagonal recurrence pencil and biorthogonal rational
functions with finite poles seems to be first explicitly noted by Zhedanov [192].
Zhedanov shows that Ryr-polynomials arise as the eigenvectors from a generalized
eigenvalue problem for a tridiagonal pencil. These Riy-polynomials satisfy the
recurrence relation

Ppi1(2) + pn(vn — 2)Pp(2) 4+ un (2 — an)(z = bn) Pr—1(2) = 0, (7.6)

with initial conditions
P_l(Z) EO, P()(Z) =

Assume that the following restrictions are satisfied
P, (ar) # 0, P,(br) #0 U, # 0, for all n,k. (7.7)

For brevity we introduce the following notations:

A():Bozl, ﬁz—ak ﬁz—bk

The related generalized eigenvalue problem is 7% = ASv, where the components
1; of 1 are rational functions in A. The relation between the pencil (T, S) and the
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recurrence relation (7.6) is:

tn,n
Pn = Snn, Un = : 3 n:]-vzw"vma
Sn,n
tn n+1 tn—i—l n
Un = Sn,n+18n+1,n; bn:777 Op = ——, n=12...,m-1
Sn,nJrl 3n+1,n

For a specific Ryj-polynomial sequence Ismail and Sri Ranga [109] showed that the
zeros are simple and lie on the real line, which means that all the roots of these
polynomials can be obtained by solving a related generalized eigenvalue problem.

A connection between some Geronimus transformations of complex Jacobi matrices
for biOPs and tridiagonal pencils for Ryr-polynomials is discussed in [6].

Note on the history

Ismail and Masson [108] introduced Ry-polynomials via related continued fractions.
Earlier Hendriksen and Njastad [101] introduced them in relation to multi-point
Padé approximation. A more recent paper on tridiagonal pencils, continued fractions
and biorthogonal rational functions [13] includes the connection to multi-point Padé
approximation, a Favard type theorem and an explicit expression for the linear
functional accompanying this Favard theorem.

7.4.2 Rational Gauss quadrature

Gauss quadrature rules that are exact for rational functions with prescribed poles are
called rational Gauss quadrature rules. These are interesting if the function of interest
does not behave like a polynomial, for example it has singularities outside of the region
of interest and close to its boundary. The use of rational Gauss quadrature is illustrated
in [54,81]. One approach is to start from a sequence of OPs and apply rational
transformations on the associated measure to obtain a sequence of ORFs [76,160].
Another approach uses the structure of the recurrence matrix or pencil of orthogonal
rational functions to generate a sequence of ORFs directly [54,55,113,127,139]. These
are Golub-Welsch type algorithms [91].

For quadrature it is interesting that the weights are positive and the nodes are inside
the convex hull of the measure. Therefore, mainly orthogonal rational functions (with
respect to an inner product) are considered in literature on rational Gauss quadrature.
For a tridiagonal recurrence pencil representing ORFs it is proved [33,54,55] that,
under some mild conditions on the poles, the roots of the ORFs and eigenvalues of a
GEVP for a tridiagonal pencil correspond.
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7.4.3 Spectral theory

In spectral theory, the recurrence matrices and pencils that are discussed in this thesis
appear as well. The CMV decomposition [41] is a well-known example, which is a
pentadiagonal matrix or sparse tridiagonal pencil, the relation to rational Krylov
subspaces can be found in the paper by Watkins [179]. See also the survey paper by
Simon [153].

So-called generalized moment problem matrices (GMP matrices) have been receiving
some attention the past years [59,187]. These matrices correspond to the matrices in
Theorem 4.5. Eichinger and collaborators [59] use GMP matrices to study asymptotic
behavior of orthogonal rational functions. In order to do so, the GMP matrix must be
a finite band matrix, which restricts the choice of possible poles for the underlying
rational functions. Since the tridiagonal pencil representation always has finite band
structure for any choice of poles, this might be an interesting representation to study
instead of the single matrix representation. This is future research.

7.4.4 Conclusion

Literature on orthogonal rational functions, rational Gauss quadrature and spectral
theory for GMP and CMV matrices contain many theoretical results. Some of these
results are directly applicable to the structured matrices and pencils studied here. For
numerical computation, for example constructing (bi)orthogonal rational functions,
the numerical linear algebraic approach taken in this manuscript can lead to powerful
algorithms. Algorithms are proposed in Chapter 8 and Chapter 9.

7.5 Conclusion

Sequences of orthogonal and biorthogonal rational functions are shown to be related
to Hessenberg and tridiagonal pencils, respectively. For certain discrete inner products
and linear functionals these sequences correspond to orthogonal and biorthogonal bases
for rational Krylov subspaces. The general form of such inner products and linear
functionals is derived, they are weighted sums of function evaluations. These relations
allow us to represent rational functions as matrices. Related results appearing in the
literature on orthogonal rational functions is summarized.






Chapter 8

Biorthogonal Methods

Biorthogonal methods are less popular in numerical linear algebra than their orthogonal
counterparts. Contrary to orthogonal methods, biorthogonal methods often do not
possess the inherent stability that is natural to orthogonal transformations used
in orthogonal methods. Sometimes biorthogonal methods are required because it
is dictated by the problem that is posed, e.g., biorthogonal polynomials appear
in quadrature [32, 42,136,137, 150], non-Hermitian operators appear in quantum
mechanics [9,48,185,186] and the approximation of the time-ordered exponential is
attempted by using a variant of the non-Hermitian Lanczos iteration [87].

If we do have a choice to use orthogonal or biorthogonal methods, it can still be worth
considering biorthogonal methods. Biorthogonal methods often lead to more efficient
procedures, which allow to solve larger problems than their orthogonal counterpart.
For example, generating biorthonormal bases for Krylov subspaces uses a three term
recurrence relation, implying that only six basis vectors must be kept in memory
at a time, since orthogonalization must only be done with respect to two previous
basis vectors. For orthonormal bases, in general, all basis vectors must be kept
in memory. The fast deterioration of the biorthonormality and the possibility of
serious breakdowns make a simple method generating biorthonormal bases unsuited
for numerical computation. With the use of reorthogonalization procedures and
look-ahead strategies, some of the efficiency is lost, but the numerical behavior of
biorthogonal Krylov subspaces methods is improved. Thus, biorthonormal methods
are interesting as a basis for numerical algorithms, however a lot of research is often
needed to develop biorthogonal algorithms that are robust and efficient. One example
is BICGSTAB [168], which solves systems of equations for general matrices using the
non-Hermitian Lanczos iteration.

Biorthogonal methods are also an interesting theoretical tool. By studying a general
biorthogonal framework, it is possible to obtain results for special cases. This is

139
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illustrated in Chapter 5, where a Toeplitz matrix is interpreted as a Gram matrix
related to a pair of rational Krylov subspaces.

In this chapter the potential efficiency gain and the power of the general framework
are illustrated. Section 8.1 is based on [165] and Section 8.2 on [166]. In Section
8.1 the rational Lanczos iteration, which follows from the results in Chapter 4, is
discussed and some numerical testing is done as a proof of concept. Section 8.2
derives short recurrence relations for biorthonormal bases spanning a specific pair
of rational Krylov subspaces. Two approaches to derive these recurrence relations
are used, one based on orthogonality properties of the Euclidean inner product and
the structure of the recurrence matrix and one based on a Levinson procedure. The
specific pair of rational Krylov subspaces is related to the CMV decomposition. The
CMV decomposition received a lot of attention since its introduction into the literature
on spectral theory [41,153,179].

8.1 Rational Lanczos iteration

An efficient procedure to compute biorthonormal nested bases for rational Krylov
subspaces
K(A,v;E) and K(AT, w; ©)

is suggested by Theorem 4.6 and Lemma 5.6. If no breakdowns occur, these bases,
Vi, Wi, € C™*F span the rational Krylov subspaces

span{V;} = span{vg, vy ...,v5—1} = K(4,v; 2)
span{Wy,} = span{wg,w; ..., wy_1} = Kr(A¥,w;©)

and are biorthonormal
WiV, =1.

They are generated by the recurrence relation
AVk+1§k = Vk+1zk7

AHWn_Hin - Wn+15m
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with tridiagonal pencils (T, S}), (T, S),) € CH+Dxk s D)Xk The matrices in
these pencils are

di  as C1 Uz
by dy - la e
Ik_ ag ’ §k:: Uk ’
b di Iy cx
bry1 | L lk+1
Y1 M2 ] _51 Q2
B A2 72 B B2 02
T, = o | Sy =: o
e Ve Br Ok
)\k+1_ L ﬁk+17

with the poles appearing as the sub-and superdiagonal ratios

b, .

itl :€i7 5Z+1 :01-7 i:1,2,...,k,
iyt Ait1

Gl g, YL _F i=1,2,...,k—1.
Ui41 Hit1

The elements appearing in the recurrence pencils follow from these ratios, biorthogonal-
ity conditions on the columns of Vi, Wi and from normalization. The expressions for
these elements can be found in Appendix B.1, the derivation is lengthy and technical
and therefore it is not included here. An implementation is available online [162].
The following short discussion is a proof of concept, it verifies that the proposed
iteration is valid. The validity of the rational Lanczos iteration is verified by applying
it to solve an eigenvalue problem. Its behavior is then compared qualitatively with
the polynomial Lanzcos iteration and with rational Krylov subspace methods. To talk
about the numerical behavior, three metrics are introduced. The biorthonormality of
these bases is quantified by the biorthonormality error

W Vi = 1|2
The recursion error quantifies the accuracy of the recurrence pencil,
H
Wil 1 AVi1Sy, — Ly l|2-

A Ritz plot is used to visualize the accuracy of the Ritz values. The Ritz values (%) of
(T, Sk), obtained by removing the last row of (T, .S;) and computing its eigenvalues,
are compared with the eigenvalues A of A. Ritz plots visualize how close the k Ritz
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values F)gk), 1 <1 <k, are to the closest eigenvalue \; := m}n|9£k) — A, for increasing

k. The colors show how accurate the approximation is:
red: 0% — X2 < 1078,
yellow: [|6F) — X\;|la < 1075,
green: ||9§k) — Aill2 <1072,
blue: [[6%) — Al > 1072,
Consider a random 50 x 50 upper triangular matrix with eigenvalues \; = i, i =
1,2,...,50. Krylov subspaces K(A4,v;Z) and K(AH, w;©) are built using v = w and
E=0:={0,24.1,0,24.1,... }. Figure 8.1 shows the metrics and Figure 8.2 shows the
Ritz plot. The Ritz plot clearly shows that convergence is concentrated around the

chosen poles 0 and 24.1. This is the expected behavior, the convergence of rational
Krylov subspace methods can be focused on certain parts of the spectrum [143].

2 4
10 - 10 500
500° 000°
s 00 i 00°°
10 00 10 0o
e 00
(@) (e]e)
600009 00°°
—16 Lo —16
10 5 10 15 20 25 10 5 10 15 20 25
k k

Figure 8.1: Biorthonormality and recurrence error, respectively left and right, for
the tridiagonal recurrence pencil generated by the rational Lanczos iteration, with
=E=0=1{0,24.1,0,24.1,... }.

To show the connection between convergence of eigenvalues and biorthonormality,
we choose a pole closer to an eigenvalue. This leads to faster convergence to this
eigenvalue and thus to faster loss of biorthonormality [132]. The poles chosen now
are = =0 := {0,244+ 1075,0,24 + 1075,... }. Figure 8.4 shows that the eigenvalue
A = 24 is found in fewer iterations than for the poles chosen above. The faster loss of
biorthonormality is apparent from Figure 8.3. It also shows that the quality of the
recurrence pencil is related to the biorthonormality of the bases.
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Figure 8.2: Ritz plot for the tridiagonal recurrence pencil generated by the rational
Lanczos iteration, with £ = © = {0,24.1,0,24.1, ... }. X-axis shows the size of the
pencil.
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Figure 8.3: Biorthonormality and recurrence error, respectively left and right, for
the tridiagonal recurrence pencil generated by the rational Lanczos iteration, with
E=0={0,24+1075,0,24+1075,...}.

Note that we did not consider the case =N O = (), since the behavior of such
choices is not comparable with any existing Lanczos-type iterations and is subject to
future research. We conclude that the novel rational Lanczos iteration exhibits the
expected behavior, i.e., comparable to that of known iterations. Hence, its validity is
substantiated.

Remark 8.1 (The rational Lanczos iteration of Grimme). In the context of model
order reduction, Grimme and collaborators [13,74,94], discussed the use of an iteration
resembling the rational Lanczos iteration proposed here. This is the iteration related to
moment matching and multi-point Padé approzimation described in Chapter 5. Their
method generates biorthonormal bases for rational Krylov subspaces with equal poles,
i.e., for K(A,v;Z) and K(AH w; =), and is for this choice of poles very similar to our
rational Lanczos iteration. But not the same, the recurrence pencil that they propose
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Figure 8.4: Ritz plot for the tridiagonal recurrence pencil generated by the rational
Lanczos iteration, with = = © = {0,24 +107°,0,24 + 107°,...}. X-axis shows the
size of the pencil.

differs from a tridiagonal pencil. The structure of their recurrence pencil depends on
the chosen poles. Every time the pole changes, i.e., & # &1, the tridiagonal structure
of the pencil is distorted by nonzeros in column i+ 1 and i + 2 in the upper triangular
part of the matrices in the pencil. These nonzeros appear up to row j, with j such that
& =&, j <i. Such a peak implies that more basis vectors must be kept in memory
than for the tridiagonal pencil that we compute by using our rational Lanczos iteration.

Remark 8.2 (Moment matching). Some of the results obtained by Grimme and
collaborators are valid here. Most notably, they proved the moment matching property
of projections onto rational Krylov subspaces [73, Theorem 3]. This property is valid
for our approach, since it only makes use of the oblique projector VkW,f onto rational
Krylov subspaces with equal poles and does not depend on the structure of the recurrence
pencil.

8.1.1 Conclusion

Based on the recurrence pencil results from Chapter 4 a rational Lanczos iteration is
proposed which generates biorthonormal bases via a three term recurrence relation.
The proposed rational Lanczos iteration is valid, its behavior resembles that of the
non-Hermitian Lanczos iteration and that of other rational Krylov subspaces methods.
Further analysis of its finite precision behavior is required to develop robust algorithms
based on this iteration. The requirements of such an algorithm will depend on the
specific problem considered. One possible avenue is to reconsider the rational Lanczos
iteration for model order reduction [73], but now starting from a more solid theoretical
background linking the bases to structured matrices.
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8.2 Nonunitary CMV decomposition

For A € C™*™ and v,w € C™, (v,w)g # 0 consider the spaces associated with
E:={00,0,00,0,...} and © := {0, 00,0, 00,...}

K(A,v;Z) = span{v, Av, A" v, A%v, A %v,. ..}, (8.1)
K(AH  w; ©) = span{w, A~ Hw, AHw, A=2Hw, A2, ...} (8.2)

A Levinson procedure is used to derive short recurrence relations for biorthonormal
bases spanning these spaces. These are in fact extended Krylov subspaces [58] and
the related rational functions are Laurent polynomials

R= =span{l,z,271 2% 272, ...},
RO =span{l,z71, 2,272, 22, ... }.

If A is a unitary matrix, these subspaces are connected to the CMV-decomposition
[41,153]. Watkins [179] showed that, for a unitary matrix and v = w, an orthonormal
basis can be constructed by short recurrence relations. This orthonormal basis spans
K(A,v;Z) and K(AH w;©) simultaneously. He also discussed the link to orthogonal
Laurent polynomials, quadrature formulas, Szegé polynomials and Toeplitz matrices.
Here the restriction to unitary matrices is dropped. The connection between extended
Krylov subspaces and Laurent polynomials implies short recurrence relations for
biorthogonal Laurent polynomials [191].

The latter is shown by making use of the Gram matrix related to the pair of extended
Krylov subspaces. The link to biorthogonal Szegé polynomials [8] and quadrature rules
is not discussed. Section 8.2.1 uses orthogonality properties to derive short recurrence
relations to construct biorthogonal bases for the pair of extended Krylov subspaces.
A sparse, factored matrix representation of these recurrence relations is given by the
recurrence matrix or pencil. The recurrence pencil is also derived in Section 8.2.2
by using a Levinson-type procedure. The link to the paper of Watkins [179] and the
CMV-decomposition [41] is elaborated on in Section 8.2.3. Section 8.2.4 discusses the
numerical properties of the proposed recurrence relations. This discussion is limited
to a proof of concept, it verifies that the recurrence relations are valid and provides an
indication of their stability.

8.2.1 Short recurrence relations

Consider a nonunitary, nonsingular matrix A € C™*™ vectors v,w € C™, (v, w)g # 0,
and the pair of subspaces K(A,v;Z) (8.1) and K(A? w;0) (8.2). The goal is to
construct biorthonormal bases Vi, W; € C™*! for the finite extended Krylov subspaces
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Ki(A,v;Z) and K;(A",w; ©), respectively. These subspaces are, for a nonnegative
integer k:
For odd I = 2k + 1,

Ki(A,v;Z) = spanf{v, Av, A= v, A%v, A0, ..., Akv, A=F0},
Ki(A" Jw; ©) = span{w, A~ Hw, AHw, A72Hw, A2, ... A7y, ARy}
For even | = 2k + 2,
Ki(A,v; ) = span{v, Av, A= v, A%v, A%, ..., AFv, A=k, AF 1y},
Ki(A" w; ©) = span{w, A~ Hw, A w, ... A=y, ARy, A(*kfl)Hw}.

The nested biorthonormal bases satisfy

span{V;} = span{vo,v1,...,vi_1} = K;(A,v; E),

span{W;} = span{wg, w1, ..., w1} = K;(A7 w;©), for i =1,...,1,

WHV, = 1.

The bases V;,W; are obtained by computing the basis vectors v; and w; such
that span{V;_1,v_1} = K;(A,v;E), span{W;_1,w;_1} = Kj(A7, w;0) and v;_; L
span{W;_1} = Ki—1 (A", w;©), wi—y L span{Vi_1} = Ki_1(A,v; E).

To compute v;_1, any vector z € K;(A,v; 2)\Kj_1(A4,v; Z) is a valid candidate. And
for w;_1, any vector y € K;(AH, w; ©)\K;_1 (A", w;©). The choice of candidate will
influence the length of the recurrence relation generating the biorthonormal basis
vectors. We will look at two such choices, one leading to a 4-term recurrence relation
and another leading to a coupled 2-term recurrence relation.

For simplicity we assume that no breakdowns occur, neither lucky nor serious. This no-
breakdown assumption implies that (v;_1,w;—1)g # 0 and K;—1 (A, v; Z) C Ki(4, v; E),
Ki—1 (AT w;0) € Ki(AH  w; ©).

Four term recurrence relation

A short (four term) recurrence relation is derived for the biorthonormal bases V; and
W;. The property (z,y)r = (Az, A=Hy) g and the orthogonality properties of V; and
W are the key to obtain the short recurrence relations in Theorem 8.1. The candidates
chosen here are

Avgy_q, if I is even A= Haop_q, if I is even
x = e and y= e
A~ Yy, if 1 is odd AH gy, if 1 is odd
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Theorem 8.1. Let A € C™*™ be a nonsingular matrix and v,w € C™, then
biorthogonal bases V; € C™*! and W; € C™ ! can be constructed by four term
recurrence relations.

Forl=2k+2, k>0, withv_y =vg, v_2 =0 and a_19 =0,

Mok41,2kV2k4+1 = AV2k—1 — Q2k—2 2kV2k—2 — Q2k—1,2kV2k—1 — 2k 2k U2k, (8.3)
—H
Vokt1,26Wok+1 = A7 Wop_1 — Pak—2,26Wak—2 — Bok—1,26Wak—1 — Pok 2kWak, (8.4)

where a; ok = (Avog—1,w;) g and Biax = (A" Hwap_1,v:) k.
Forl=2k+3, k>0, withv_,=0,

-1
Mok42,2k+1V2k+2 = A7 Vol — Q2k—1,2k+1V2k—1 — Q2% 2k+1V2k — O2k+1,2k+1V2k+15
(8.5)

H
Vokt2,2k+1Wok+2 = A7 war, — Bog—1,26+1Wak—1 — B2k 2k+1Wak — Bok+41,2k+2W2k+1,
(8.6)

where a; op41 = (A7 o, wi) g and Bioki1 = (AHwop, v;)p. Normalization is done
by choosing my;—1 and vy —1 such that (vi—1,wi—1)g = 1. This is assumed to always
be possible, i.e., the assumption that breakdowns do not occur.

Proof. We will prove the recurrence relations (8.3) and (8.5). The proof of (8.4)
and (8.6) is analogous. Assume, without loss of generality, that | = 2k + 1. The
next basis vector vggy1 must be constructed such that it expands Kox11(A4,v;E) to
Kaki2(A,v;E), i.e., vy 1 must contain a component along the direction A*+'y. And
it must be orthogonal to Kap11(AH, w;©). Consider voy,_1, with properties

vor—1 € span{v, Av, A" v, A%, A™%0, ... ARy, AR Ly ARy} = Kow(A, v B)
L span{w, A~ Tw, Aflw, ... ACEDHy, AR=DH Y — foor (A7 w; ©).
Multiplication with A results in
Avgy,_1 € span{Av, A%v, v, A3v, A" ..., Aky, A7F 2y ALY

which shows that Awvsr_1 has a component along the required direction Ak+1y,
And by the no-breakdown assumption, this vector will be linearly independent of
Kaki1(A,v; E).

Using (z,y)p = (Az, A= y) g, we obtain

Avgp_y L A" Hspan{w, A= Hw, Aw, ..., ACREDH,, A(kfl)Hw}

1 span{w, A oy, A, . A(k—Q)Hw, A(—k—H)Hw7 A—kHw}_
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Hence, vector Avgy_ is orthogonal with respect to Koy _o(AH,w;©). It remains to
orthogonalize with respect to wop_o, waor_1 and woy, in order to satisfy the orthogonality
condition vor 1 L Kogy1(AH w;©). Thus, (8.3) is proven, since a; 2x is chosen such
that it eliminates the aforementioned directions from Awvs,_1. Similar reasoning can
be applied to construct veyyo. Consider ver, with properties

vor € span{v, Av, A" w, ..., APy, A7F Ly ARy ARy}
L span{w, A~ Fw, Afw, .. ACKOH AR=DHy, A=kHy
Multiplication with A~! and using (z,y)r = (A~ 2, A%y) g provides
A" wg, € span{A~ v, v, A2, .. AR 20, AR, AR, AT )
1 span{w, A~ Hw, Alw, ..., ACKDH,, A(=DH,, ARH Y

Variables «; 2x+1 are chosen such that they eliminate the directions such that vor1o L
Kak41(AH w; ©). Thus proving (8.5). O

Next, in Theorem 8.2, the matrix of recurrence coefficients is given, which has
pentadiagonal structure. This result also follows from Theorem 4.5.

Theorem 8.2. Consider a nonsingular matriz A € C™*™ v € C™ and basis V| €
C™* spanning Ki(A,v;E). The matriz of recurrence coefficients Z, € CU+x!
satisfying

AV, = Vi Z,,

has pentadiagonal structure. More precisely, for h;op = (Avak, w;)g and, a2, =
(Avog_1,wi) g and Nogt1 2k aS @ normalizing constant, i.e., as in Theorem 8.1, the
matriz Z; is the (I + 1) x I principal leading submatriz of

hoo o2 hop
hl,O 1,2 hig
a2 2 h2,2 a2 4 h2,4

7 = M2 hia asa haa . (8.7)
og4 haa
M54 hsa

Proof. Consider the recurrence relation following immediately from Equation (8.3),

Avgp_1 = Qop—22kV2k—2 + O2k—1,2kV2k—1 + 02k 2kV2k + M2k+1,2kV2k+1-
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This relation forms the even columns of Z;. To obtain a recurrence relation for Awvy,
i.e., the odd columns of Z;, look at the space in which this vector lives

vo € span{v, Av, A" w, ..., APv, AR}
Avgy, € span{Av, A%v,v,..., APy, A7F T2y ARy, A7FF 1)
C span{v, Av, A" o, ... A7y ARy, A7Fy, AR LY
= span{vo, . .., Vak, Vak+1 }-

Hence, Avoyp = 21223-1 hi21v;. A short recurrence relation is obtained by looking at
orthogonality properties

var, L span{w, A, A, . ACFHDHy, AR=DH AikHw}
Avg, L A Hspan{w, A= Hw, AMw, ... JACKEEDH,  A(R=1H ), Ak}
1 span{w, A oy, A, .. A(k_Q)Hw7 A(_k+1)Hw, ARHy, A(_k_l)Hw}
1 spanf{wy, ..., Wak—4, Wok_3}.

Thus the short recurrence relation, with h; o = (Avag, w;) g, is

Avap, = hag—2 2kV2k—2 + hak—1,2kV2k—1 + Pok 2kV2k + Pokt1,26V2k+1-

O

The four term recurrence relation contains some redundant information. This is
suggested by the similarity of the coefficients a;; and 3;; occurring in Theorem 8.1
and verified by the low rank structure exhibited by the matrix of recurrence coefficients
Z;. Example 8.1 illustrates the low rank structure of Z;.

Example 8.1. Following the notation of Theorem 8.2, let l = 7. Then the matriz of
recurrence coefficients

N
I
X
* o+ X X
X X ok o
* o X X
X X ok o

* o X X
X X * x
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where X and x denote a generic nonzero element, exhibits some low rank structure.
Namely, the pairs of nonzero elements represented as x equal their neighboring elements
x multiplied with the same factor. Or in other words, every submatrix

3

has rank equal to 1.

Two term recurrence relation

The low rank structure in the matrix of recurrence coefficients Z; from Theorem 8.2
implies that a shorter (two term) recurrence relation can be derived for the bases V,
and W;. To do so, the candidates for expansion are chosen from auxiliary subspaces.
These auxiliary subspaces are

K(A,v;0) = span{v, A~ v, Av, A=%v, A%v,. ..},

K(AH  w; E) = span{w, ATw, A=Hw, A2Hw, A=2Hayp, ...},

Thus we have four subspaces: K(4,v;E), K(4,v;0), K(A7, w;0) and K(AH,
Note that Property 7.1 states that following spaces are equal Kaogy1(A4,v;
,Czk+1(A, v, @) and K2k+1(AH, wy @) = K2k+1(AH, w;y E)

The candidate vectors are chosen from the vectors which form biorthonormal bases
for the auxiliary spaces, i.e., from Vj, W; satisfying

span{V;} = span{@g, 01, ..., 01} = Ki(A,v;0),

_
=
=)

) =

S

(1]

span{W;} = span{wy, w1,..., w1} = Ki(A" ,w;E), fori=1,...,1—1,

WHV, =1.
The recurrence relations are given in Theorem 8.3.
Theorem 8.3. Let A € C™*™ be a nonsingular matriz and v,w € C™, (v,w)g # 0,

then biorthonormal bases Vi, Wy, ‘7[ and m can be constructed by pairs of two term

recurrence relations.
Forl=2k+2, k>0,

NokV2k+1 = Aok — YorV2k, (8.8)
fiok2k+1 = A" vag — For Dok, (8.9)
VorWapt1 = A" oy, — Fopway, (8.10)

Dopbop 11 = AT wop — Yopbay, (8.11)
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where Yoi, = (ABok,, wor ) and Fop = (A" vog, War) .
Forl=2k+3, k>0,

T2k+1V2k+2 = U2k+1 — V2k+1V2k+1, (8.12
Nok+1V2k+2 = V2k41 — Yok+102k+1, (8.13
Vokt1Wok+2 = Wok41 — Y2kt 1W2kt1, (8.14
Dok 1Wakt2 = Wakt1 — Yort1Wok41, (8.15
where Yop+1 = (Dogt1,Wak+1)E and Fop+1 = (Vopt1,Wort1)E. Normalization

coefficients n;, v;, 7; and U; are chosen such that (v;,w;)g = 1 and (0;,w;)p = 1. This
s assumed to be possible under the no-breakdown assumption.

Proof. The proof is given here for (8.8), (8.9), (8.12) and (8.13). For the remaining
recurrence relations the proof is analogous. Assume, without loss of generality,
Il = 2k + 1. The next basis vector var1 must be constructed such that it expands
Kop+1(A,v;2) to Kopta(A,v;E), ie., introduce a component along the direction
AF+1y. And it must be orthogonal to Kog i1 (A, w;©). Consider

Do € span{v, A" v, Av, ..., A7 v, AP0} = Kopi1(A,v;0)
L span{w, Afw, A= Hw, ..., ACTkHDHy, AM Y = Ko (A" w; B).
Multiplication with A results in
Aty € span{Av,v, A%v,... A7y, ARy} (8.16)
1L A " span{w, AHw, A=, ... JACREDH,, ARy
L span{w, A w, A= Hw, ..., AF"DHy A7} = Con (AT w;©).  (8.17)

The required component A**lv is present (8.16) and orthogonality is satisfied
with respect to Kox(A w;©) (8.17). Note that Awa; is orthogonal to a larger
subspace of Kapy1 (A, w;Z) than Avgy_1, this is the key observation to explain the
shorter recurrence relation. Orthogonalization only remains to be done to eliminate
components along way, thus obtaining (8.8). The same derivation can be done for
Ugk+1, which must expand Kox11(A4,v;0) to Kokra(A,v;©) and must be orthogonal
to Kagr1(AH,w;=). Thereby proving (8.9). For var 2, consider figj41

Dopy1 € span{v, A" v, Av, ..., A" Fv, APv, A7 1y} (8.18)

L span{w, Afw, A=Hw, ... A w, A=) = Ko 1 (A7, w;0).  (8.19)
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The component along A~*~1y is present in ¥ig+1 (8.18). So it only remains to enforce
the orthogonality conditions, orthogonalize along w1 to obtain (8.12). Similarly
for ¥oj42, to obtain (8.13). O

From these recurrence relations, a matrix pencil representation of the matrix of
recurrence coefficients Z; from Theorem 8.2 can be derived. This result is given in
Theorem 8.4. This representation reveals that Z; can be represented by a product of
essentially 2 x 2 matrices. This allows for an efficient way to store and manipulate
this matrix on a computer.

Theorem 8.4. Consider a nonsingular matricx A € C™*™_ v,w € C™ and basis
Vi € C™*! spanning Ki(A,v; ). The recurrence pencil (T,,S;) € CUHDUXL x CcU+1)x!
satisfying

AVi Sy = Vi 1y,

can be represented by a sparse tridiagonal pencil. More precisely, for the same
coefficients as used in Theorem 8.3, T}, S; are, respectively, the (I + 1) x | principal
leading submatrices of

Yo g (1= 070) 1
Mo —ilo "m0F0 X
Y2 7y (1 —7292)
T = ne =il e
V4
Na
- i

Moo (=)

m —iy 'm A X
Y3 73 (1 —393)
73 —il3 'n3Ys

Proof. Rewrite the pairs of recurrence relations (8.8), (8.9), (8.12) and (8.13) in matrix
notation to obtain

~—1 X

i ) Yor 7 (1—72/(7%)]

Al . h ; s k 8.20

[ 2k 2k+1] [ 2k 2k+1] [77% —Nak M2kV2k ( :
~—1 by

Yok+1 n2k+1(} - 721<:+1W21c+1)] ) (8.21)

[@%H 62“2] N [U%H v2k+2] [772k+1 Mgy 1 M2k+172k+1
+
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The proof consists of substituting (8.21) into (8.20). Substitution is done as follows,
consider

ATs - - - B Doy,
[Ook  Dokt1 Doks2  D2kts] = [Vak  Vokg1 Vokgo  Uzkes) AL
+

(8.22)

L T E I
where D; = Zl m_(ﬁl,lnzfyf_m . Then (8.22) can be used to obtain

AlDok  Vakgr Vzki2 Dokss) Daj1
1

_ Doy,
= [Uzk V2k+1  V2k+2 U2k+3] D .
2k+2
Repeating this procedure for v;, ¥;, i = 0,1,...,[ proves the statement. O

Note that the structure of the recurrence pencil appearing in Theorem 8.4 follows
from Theorem 4.6, Lemma 4.5 and Lemma 4.6.

8.2.2 Levinson procedure

The two term recurrence relation can also be derived starting from the Gram matrix
arising from the subspaces K(4, v; Z) and K(A# , w; ©). The derivation here will follow
a Levinson procedure. Such procedures make use of the isomorphism between the
vector space of (i 4+ 1)-tuples and of polynomials of degree 7. In the case studied here,
the connection between vectors v; € K;(A,v;Z) and Laurent polynomials a; € RZ(z)
is used. Similar to the definition of K;(A4,v;Z) and K;(A”,w;©), we define, for a
nonnegative integer k:

For even [ = 2k,

RE(z) = span{l,z, 271 2%, 272, ... 2k 27k,
RO (z) =span{l, 271, 2,272 22, ... 27F 2k}
For odd I =2k + 1,
RE(z) = span{l,z, 271, 2%, 272 ... 2k 27k A1

RP(2) =span{l,z7", 2,272, 2%, ... 278 2K 2R
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A vector v; € Ki11(A,v;2) can be written in terms of a corresponding Laurent

polynomial a;(z) € RZ(z), i.e., v; = a;(A)v. Similarly, w; = b;(AH)w, with w; €
K(A" w;0) and b;(z) € Re( ) By Lemma 7.2 we know that a linear functional
Ly{.} exists for which {a;(z),b;(2)}; forms a biorthonormal pair of sequences, i.e.,

Lofai(2)bj(2)} = bij.

The bases for the spaces R= and R® are, respectively,

mo miq m—_1 Mo M_9
m_q mo m_o MmM1 M_3
mi mo mo m3 m_a
M= m_o MMm_1 M_3 My M_4 ’ (823)

with m; := £,{z'} = w A%v = (A%, w)p. Denote by M; the (I+ 1) x (I + 1) principal
leading submatrix of M. The sequence of pairs {a;(2), b;(z)}._, is the biorthonormal
Laurent polynomial sequence following from the factorization of M;. That is, let
a;,b; € C'*1 denote the coefficients of a;(z), b;(z) in the basis B, BS, | € C™*(+1),

respectively. Then M;a; = [O ... 0 X}T and b M; = [0 ... 0 x]. These
are matrix representations of the orthogonality conditions [51, p.44] imposed on the
biorthonormal Laurent polynomials.

The goal is to obtain short recurrence relations to construct the sequence {a;(z), b;(2)}:
by analyzing the displacement structure of M. The coupled short recurrence relation is
given in Theorem 8.5. First we sketch the main ideas and introduce the tools required
to prove this theorem.

As is illustrated above, a good choice of candidate to expand the biorthonormal
sequence is paramount to obtaining short recurrence relations. To this end, an auxiliary
sequence of biorthonormal Laurent polynomials {a;(z), bl(z) L_, is introduced, which
follows from the factorization of the Gram matrix M, = MZT. Let az,b e CHt!
denote their coefficients in the bases BY,,, BS, € C™*(+1 respectively. Then
Ma;=[0 ... 0 x] anddJM;=[0 ... 0 x].

Furthermore, a matrix Sog1 € CF+2)x(2k42) 3llowing to switch between bases BQE,H_1
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and B?k 4y for ng 1= R?k 41 is the permutation matrix

1

=)
O =
—= O
o =

Sopqa 1=

0
1

1
L 0_

This matrix satisfies B3, = BSC“S%_H and S3, ., = 1.

Matrices which represent multiplication with z in B5, , and with z~! in B, ,, are
the last required components for the proof. These representations can be obtained
by using the techniques from Chapter 5. Consider the decomposition (5.3) of B3,
with the Vandermonde matrix V; :=[1 2z ... z"7!],

= —k E T
Boiy1 =27 Vargr (P2k+1> .
The permutation matrix PQEk 41 can be generated by Algorithm 5 and is, with canonical
unit vectors e; € C2++1,

P;k-&-l = [€2k+1 ... €5 €3 €1 €2 €4 ... egk] .

From this decomposition and zV; = V;Z; + 2’e/ , with Z; € C**? the leftshift matrix,
the representation for the multiplication with z can be obtained

= _ -k = T
ZB?]C+1 =z z‘/QkH’l (P2k+1)
—k = T —k_2k+1 T = T
=2 "Vary1Zkg1 (Poga) + 272" ey (Pojg)

_ -k = T 5= = T k1T
=2 "Vargr (Poi1)  Poiy1Zoksr (Por) +2" egeyy

=B 1 =231

_ = = k+1 T
= Boji125541 + 27 €gpy-

The matrix Z25k+1 is the (2k + 1) x (2k 4+ 1) leading principal submatrix of

0 1 0 0O

10 0 0
0 0 1
1

—_ O O
OO O OO
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-13© Py ot i ,—1pe _ pe o) —2k—1,T
For 7" By, a similar derivation results in 27" By, | = B3y 1 Z5), 4 + 2 €oki1s
. ) o = T
with Z5; ;= (Z2k+1) .

Theorem 8.5. Consider the Laurent polynomials a;(z),bi(z) € RZ(z) and
a;(2),bi(2) € RO (2). If they are constructed via

Nokok+1(2) = 2G2k(2) — Yora2k(2),
fokdor+1(2) = 27 Lagk(2) — Aoz (2),
Vorbor1(2) = 27 ok (2) — Farbar(2),
Dorbok11(2) = 2bar(2) — Farbor (),
772k+1a2k+2(2) = d2k+1(2) - '72k+1a2k+1(z)7
Nok+102k+2(2) = aop41(2) — Fort+182k+1(2),
Vor1b2kt2(2) = bagr1(2) — Yor1bort1(2),
Dogr1boni2(2) = bans1(2) — Fonsrbort1(2),
with coefficients vop, = {za2x(2),b2k(2)}, For = Ehg{Zilan(Z), B%(Z)}, Vokt1 =
Lo{aopt1(2), bart1(2)} and Fopt1 = Lg{aoky1(2),baxt1(2)}, then the sequences
{a;(2)}i and {b;(2)}; form biorthonormal Laurent polynomials. That is, if n;,v;
are chosen such that Lg{a;(2),b;(2)} = 1, then L4{a;(z),b;(2)} = d;j, biorthogonal

with respect to the linear functional from Lemma 7.2. Similarly for {a;(z)}; and

{Ei(z)}i-

Proof. The proof is given by induction and follows a Levinson procedure. Consider
the Gram matrix My = [mo}, then ag := mal/Z and by = mal/Q satisfy the
biorthonormality condition £,{ag,bo} = 1. Assume that we possess azi+1(%2), Gok+1(2)
with coefficients a,, @, € C"™ with respect to bases B3, ,, and BS) |, respectively,
satisfying

0 0
Mop 102541 = 0 and  Mapq1Gok1+1 =
X X

From the coefficients of asx+1(2) and dog41(2) we want to compute the coefficients for
ask+2(2) and dgr12(2). These can be obtained from the linear combinations of the
coefficients of aspy1(2), @ory1(2), 2 tasky1(2) and zdgg2(2), which follows from the
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derivation below. Let asg 2 € C?¥12 represent the coefficients of agyyo(2) in the basis
BS, 4o for RS, 41, then it must satisfy

Moy yoa2k42 =
x

Candidates for the expansion from RQEk to R;,H_l are zasgk+1(2) and zdgk11(z). From
the displacement structure of May o it follows that these result in

0
: 0
= |Gok+1| _ 0 = |[Sokt+1Gok+1| | -
M2k'+2Zk;+2 0 = |x and M2k+22k+2 0 = 0
0 Qi
X 7:71
_O_
Since the embedding of aze41(z) in R, , leads to
0
ME+4+1 )
M agk+1| Mo42 Mk agp+1| | -
242 | = : 0 =10|;
TTL
m_jp—1 m_pg . mo a

the candidate leading to the shortest recurrence relation is zaag11(2). It is easy to verify

= ~ T T . 5
that op41a0kt2 = Z35, o [Sokt1Gok41 0] —72k41 [a2k1 0], with yopq1 = _—t,
will satisfy the orthogonality condition. Similarly for a,41(z), the recurrence relation
iq P 5 — 1 5 = : 5 _ OQ2k+41
is okt1lart2(2) = 27 a2ns1(2) = Fort1dor41(2), with Jopypr = 25 Hence, the

recurrence relations for odd indices has been shown.

Now, we consider even indices, i.e., 2k+2. The spaces are not the same RQE,H_Q # R2®k+2.
Moreover, the term needed to expand R;k 4o tO ng 43 appears in the space R?k Y
that is, z_x—1 € R§y,,. The biorthonormal Laurent polynomial can thus be used to
expand R3; ,, and leads to a short recurrence relation since

0 0

a : & :

Moy 13 [ 2’6+2} = 0 and Moy 359543 [ 2’6"’2] = 0
Tok+2 Q2k42

Qok42 Tok+2
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Note that the use of the matrix Ssris is appropriate, since the embedding
[d2k+2 0] of Gogy2(z) into R§k+3 is an element of RSH_?) = 2Ek+3. Then,

~ T T & |
Nokt202k+3 = Sok+s [G2kts 0] — Yonts [azkss 0], yorgs = s, comstruct the

next biorthonormal Laurent polynomial ag43(2). Similarly @ox43(2) can be shown to
satisfy flaet202043(2) = G2k42(2) — Forr202k42(2), Foute = 07
The proof of the recurrence relations for b;(z), b;(z) can be done in a similar way. [J

8.2.3 Connection to the CMV decomposition

To retrieve the results reported by Watkins [179], it suffices to consider the same
starting vector for all spaces v = w and a unitary matrix U. The following corollaries
summarize the results for the CMV decomposition which are given above for general
matrices.

For the CMV decomposition, the two pairs of four term recurrence relations from
Theorem 8.1 collapse into one pair of recurrence relations. The corresponding
recurrence matrix is unitary. These results are given in Corollary 8.1 and 8.2,
respectively.

Corollary 8.1. Consider a unitary matriz U € C™*™ and h € C™. Then, with
normalization of n; such that (v;,v;)g =1,

N2k+1,2kV2k+1 = UV2k—1 — Qap—2,2kV2k—2 — O2k—1,2kV2k—1 — Q2K 2kV2k,

H
T2k+2,2k+1V2k+2 = U™ gy, — Q2k—1,2k+1V2k—1 — O2k 2k4+1V2k — Q2k41,2k+1V2k+1-

Corollary 8.2. Consider a unitary matriz U € C"™*™ h € C™ and an orthogonal
basis V; € C™¥ for K;(U,v;Z). Then the orthogonal projection of U onto K;(U,v; Z),

VHEUV, = 7, (8.24)
is a unitary matriz Z; € C*! with pentadiagonal structure.
For the two term recurrence relations, given in Theorem 8.3, the four pairs of recurrence
relations collapse into two pairs. The coefficients also simplify, since ¥ = 4. The

result is stated in Corollary 8.3. The related recurrence pencil consists of two unitary
tridiagonal matrices, Corollary 8.4 states this result.

Corollary 8.3. Consider a unitary matriz U € C™*™ and h € C™. Then, with
normalization of n; and 7); such that (v;,v;)p = 1 and (0;,9;)g = 1, the recurrence
relations (8.8) - (8.15) become

MokVak+1 = Ulor — YarV2k,

-~ o -~
TokUok+1 = U™ vag, — YorUok,
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and
M2k+1V2k+2 = U2k+1 — V2k+1V2k+1,

T2k+1U2k+2 = U2kt1 — Y2k+10U2k41-

The vectors v;,v;, © = 0,1,...,1, form orthogonal bases for K;(U,h) and S;(U,h),
respectively.

Corollary 8.4. Consider a unitary matriz U € C™*™  a vector h € C"™ and an
orthogonal basis Vi € C™ 1) for K(U,v;E). The matriz pencil of recurrence
coefficients (T, S;), with T;,S; € CHUXL satisfying

AW+1§[ - W+1Il;

can be represented by two unitary tridiagonal matrices with the same sparsity structure
as in Theorem 8.4.

The recurrence relations for the Laurent polynomials simplify in a similar manner,
stated in Corollary 8.5.

Corollary 8.5. Consider Laurent polynomials a;(z) € R¥(2) and a;(z) € R (2). If
these are constructed as

Noktok+1(2) = 282k (2) — Yara2k(2),
foklok+1(2) = 2~ tagk(2) — Forazk(2),
Nok+102k+2(2) = Goak+1(2) — Yok+102k4+1(2),

Nok+102k+2(2) = aop41(2) — Fort182k+1(2),

where Yo, = Lg{za2k(2), a2r(2)}, Yort1 = Lg{@okt1(2), a2k11(2)} , % = % and n;,
7 are chosen such that (v, v;)g = 1, (0;,0;)g = 1, respectively. Then the sequence
{a;(2)}i is a sequence of orthogonal Laurent polynomials. That is, {(a;(z),a;(2))g = 0ij,
with respect to the inner product from Lemma 7.1. Similarly for the sequence {a;(z)};.
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8.2.4 Numerical behavior

The numerical behavior of the proposed four and two term recurrence relations
from Theorem 8.1 and Theorem 8.3 is analyzed. The matrices A € C™*™ used are
restricted to well-conditioned normal matrices. Testing the recurrence relations with
these matrices will shed some light on the stability of the methods. We are interested
in the biorthogonality of the generated bases and the quality of the recurrence matrix
or pencil. The generated bases Vi, W, € C™*F span the Krylov subspaces Ky (A, v; Z)
and KCj,(AH , v; ©), respectively, where = = {00, 0,00,0,...} and © = {0, 00,0, 00, ... }.
The biorthonormality of these bases is quantified by the biorthonormality error

H
Wi Vi = 1|2,
The recursion errors are, for the recurrence matrix from Theorem 8.2,

[AVE = Vir1Zy1all2
[[All2

and, for the recurrence pencil from Theorem 8.4,

| AV Sk — Vi Tk ||2
[ All2

Two other metrics are useful in order to interpret the results. These are the condition
number of the matrix or pencil and the growth factor. The growth factor is defined,
for the four and two term recurrence relation respectively, as

_max(Zyl) o max (max(|Tyl, |Sk)
= Tmax (j4]) de: max (|A) '

The growth factor provides a metric for stability. Throughout this section a modest
size of matrices is chosen, a dimension of m = 200. This can be done without loss
of generality, larger matrices (with the same properties) do inherently cause larger
numerical errors, however the numerical behaviour remains similar.

Unitary matrices

Consider the case corresponding to the CMV decomposition, U € C™*"™ is a unitary
matrix and the starting vectors are equal v = w € C™. Let m = 200 and v be a
random vector. Figure 8.5 shows the biorthonormality and recursion error, both errors
are low. When the dimension of the subspaces k approaches the dimension of the
matrix m, biorthonormality is lost more rapidly since the Ritz values (i.e., eigenvalues
of the recurrence matrix or pencil) start to accurately approximate the eigenvalues of
U. Furthermore, the matrices, Zj, S, and T}, are close to unitary. Hence, for a unitary
matrix and v = w, the CMV case is retrieved.
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10711
1071
1014 £
£ 10715
10717
0 50 100 150 200 0 50 100 150 200
k k

Figure 8.5: Biorthogonality and recursion error, respectively left and right, for a
unitary matrix U € C290%200 and v = w. Two term recurrence relation in blue and
four term recurrence relation in red.

Scaled and shifted unitary matrices

Consider scaled and shifted unitary matrices, i.e., for a unitary matrix U € C™*"™,
starting vectors v = w and scalars o, A € R, A = (aU 4+ AI) € C™*™. Figure 8.6
shows the biorthonormality and recursion error for &« = 1.1 and A = 0. Both errors are
still small, however compared to the unitary case, shown in Figure 8.5, they are larger.
The recursion error increases steadily from k& = 55 and k& = 120, for the two and four
term recurrence relations, respectively. This can be (at least partially) explained by
the increasing growth factor p, which is approximately p(k) = o*. Figure 8.7 shows
the errors for the choice @« =1 and A = 0.1. The two term recurrence relation performs
better than the four term recurrence relation, especially in terms of the recursion error.

10-* 10"
1071 10
10715
10—164”
0 50 100 150 200 0 50 100 150 200
k k

Figure 8.6: Biorthonormality and recursion error, respectively left and right, for a
scaled unitary matrix aU € C2%9%290 with o = 1.1 and v = w. Two term recurrence
relation in blue and four term recurrence relation in red.
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-2
10 10-4

10~° 10710

1016 # 10-16 &
0 20 40 60 80 100 0 20 40 60 80 100

k k

Figure 8.7: Biorthonormality and recursion error, respectively left and right, for a
shifted unitary matrix (U + A\I) € C200%200 with A = 0.1 and v = w. Two term
recurrence relation in blue and four term recurrence relation in red.

General normal matrices

Consider a normal matrix A € C™*™ with condition number x(A) = 10 and starting
vectors v, w € C™, not necessarily equal. The errors are shown in Figure 8.8. The
two and four term recurrence relations have similar behavior. Biorthonormality is
lost quickly and there is no Ritz value which approximates an eigenvalue accurately.
Hence, this loss of biorthonormality is due to the error propagation in the recurrence
relations themselves, the two term recurrence relation preserves biorthonormality
better as k increases. Figure 8.9 shows the magnitude of the entries in the Gram
matrix Wi Voo — I. There is clearly a pattern visible, however further research into
the numerical properties of the recurrence relation must be done in order to interpret
this.

100 10—10
10_8 10—13
—16 —16
1077 5 10 15 20 97 5 10 15 20
k k

Figure 8.8: Biorthonormality and recursion error, respectively left and right, for a
normal matrix A € C?99%200 with condition number x(A4) = 10 and v # w. Two term
recurrence relation in blue and four term recurrence relation in red.
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Figure 8.9: Magnitude (base 10) of the elements appearing in the Gram matrix
WVag — I for the two and four term recurrence relation on the left and right,
respectively. Bases V, W are constructed for a normal matrix A with x(A) = 10 and

v # w.
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8.2.5 Conclusion

The study of structures in matrices allows to derive short recurrence relations. Low
rank structure in recurrence matrices indicate that a certain redundancy appears in
the underlying recurrence relation and a shorter (coupled) recurrence relation can be
derived. The displacement structure of the related Gram matrix can also be used to
derive short recurrence relations. The coupled two term recurrence relations are shown
to outperform the four term recurrence relation in terms of the biorthonormality of
the generated bases and the quality of the recurrence pencil.






Chapter 9

Inverse eigenvalue problems

This chapter is dedicated to numerical procedures for the computation of sequences
of polynomials and rational functions with prescribed poles that are orthogonal with
respect to a discrete inner product or linear functional. Discrete inner products of the

form
m

(fs9)m = Z |ai|2f(zi)g(zi) (9.1)
i=1
and discrete linear functionals of the form

LL{fgtm = Z Bici f(z:)g(z:) (9.2)

are considered. Three mathematically equivalent formulations are discussed:
computing the recurrence coefficients of a sequence of (bi)ORFs, computing the LR
factorization of a Gram matrix containing the moments of a sequence of (nonorthogonal)
rational functions and constructing a structured pencil from given spectral data, that
is, an inverse eigenvalue problem (IEP). These three formulations are discussed in
Section 9.1. The IEPs related to (bi)ORFs are identified, these impose Hessenberg
and tridiagonal structure on the pencil. An overview of some solution strategies
for these three formulations is provided. The remainder of this chapter focuses on
solution strategies for IEPs formulated for (bi)OPs and (bi)ORFs. Since the rational
Arnoldi and Lanczos iteration constructs a Hessenberg and tridiagonal recurrence
pencil, respectively these are suited to solve the IEPs. Section 9.2 provides the details.
The connection between (bi)ORFs and (tridiagonal) Hessenberg pencils can also be
used directly, without explicit use of Krylov subspaces. Section 9.3 and Section 9.4
propose updating strategies for the IEPs related to (bi)OPs and (bi)ORFs. Updating
procedures assume the availability of a sequence of (bi)ORFs with respect to (., .)m

165
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(or £{.},n) and compute, starting from this sequence, the sequence for {.,.),,+1 =
(o dm + W1 f(2m+1)9(Zm+1) (or Ly }my1 = L{ }m + Wit 1 f(2m+1)9(2m+1)). For
OPs we propose a novel parallelizable updating procedure. For ORFs, the pencil
approach is new and so are the proposed procedures, these results are published
in [167]. Section 9.5 contains numerical experiments for the proposed procedures.
Downdating procedures compute a sequence of (bi)ORFs with respect to (.,.),, (or
L{.}m) when the sequence with respect to (., .)m+1 = (-, -)m + ¥ms1.f(Zm+1)9(Zm1)
(or L{}mt1 = L{}m + Bmt1@m+t1f(Zm+1)9(2ms1)) is available. The problem of
downdating is more difficult than updating, due to its inherent ill-conditioning [25,60].
Downdating procedures for discrete inner products are proposed in Section 9.6.
The results for downdating procedures will be published in a paper that is in
preparation [164].

0.1 Problem reformulation

The main problem is that of constructing rational functions with prescribed poles
orthogonal with respect to a discrete inner product (9.1) or linear functional (9.2). A
sequence of (bi)ORFs can be represented in a given basis of rational functions or it can
be represented by its recurrence pencil. The first representation depends strongly on
the choice of a good basis to represent the sequence. The second representation uses
the (bi)ORFs themselves as the basis, moreover, it does so in an implicit manner, see
Chapter 6 and Chapter 7 for details of how a recurrence pencil represents a sequence
of rational functions.

Three mathematically equivalent formulations of the main problem are introduced in
this section. A functional and structured matrix problem require a recurrence pencil,
these are introduced in Section 9.1.1 and Section 9.1.3, respectively. Section 9.1.2
introduces the Gram matrix formulation, based on Lemma 2.2. This formulation
leads to a solution represented in the basis used to generate the Gram matrix. The
equivalence between the three formulations follows largely from the discussion in above
chapters, the IEP formulation is derived in detail in Section 9.1.3. Section 9.1.4 shortly
recapitulates the connections between the three formulations.

9.1.1 Functional problem

Problem 9.1 introduces the orthogonal case, i.e., orthonormality with respect to (., .),.

Problem 9.1 (Generate ORFs). Given nodes {z}7", z € C and weights {a;}1" 4,
a; € C, determining the inner product (f,g)m = divy || f(2:)g(z;). Let = =

{€371 be a set of given poles & € C and let ro = Vot |eil?. Compute a sequence
{ri}oy of rational functions 1, € RE\RE_, which are orthonormal with respect to
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<'a ->m: i'e';

=0, ifi#£y
<Tivrj>m o e
=1, ifi=j
Problem 9.2 replaces the inner product by a linear functional £,,{.}, thus leading to
biorthonormal rational functions.

Problem 9.2 (Generate biORFs). Given nodes {z;}7,, z € C and weights
{ai}in 1, {8}y, i, Bi € C, which determine a linear functional C..{f,g} =
> Bicif(2)g(2). Let E = {& fl_ll, 0= {Gb}fl_ll be sets of given poles &;,0; € C.
And let ro, so be given constants such that L, {roso} = 1. Compute a pair of sequences
{rdits {se}isy' of rational functions v, € RE\RE_ |, sp € RO\RY_, which are
biorthonormal with respect to L., i.e.,

=0, ifi#j
=1, ifi=j

Lnf{ris;} {

When all poles are chosen to be infinite ; = oo, Problem 9.1 reduces to generating
OPs and Problem 9.2 to generating biOPs. The polynomial problems will be treated
separately in the sequel and not just as a special case of the rational function problem.
Stieltjes-like procedures [70,79-81,83,84,138,140] can be used to solve Problem 9.1
and Problem 9.2. The discretized Stieltjes procedure for OPs is provided in Algorithm
6. This procedure [78] computes alternately recurrence coefficients for p;, the ith
orthogonal polynomial, and the value of p; for the given (discrete) inner product,
which can then be used to compute the recurrence coefficients of p; 1 and so on.
For ORFs this Stieltjes procedure can be combined with a modification of the inner
product by division with a polynomial [80,81,83]. Or, a Stieltjes-like procedure can
be developed based on recurrence relations for ORFs [138]. This idea is not pursued
further. Since, based on observations and results for the classical OP case, it is
expected that methods based on IEPs will provide a more accurate solution at the
same or lower cost.

These observations are summarized now, with the necessary references. For discrete
inner products with m nodes on the real line and ¢ approaching m, the Stieltjes
procedure for OPs may suffer accuracy loss due to the underlying three term recurrence
relation exhibiting pseudostability [69,79,80,83]. This can lead to large errors on the
computed recurrence coefficients. Gautschi mentioned, after analyzing the effect of
pseudostability on the Stieltjes procedure, that the method by Gragg and Harrod [92]
does not suffer from the pseudostability of the underlying three term recurrence
relation. Their method solves an IEP with unitary similarity transformations on
a diagonal matrix, for details see Section 9.1.3. Also Reichel [140] noted that this
method achieves the same accuracy as the Stieltjes procedure and better accuracy
as i approaches m. While these observations are made for OPs, we expect that for
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ORFs the behavior is similar. That is, methods based on IEPs will lead to the most
numerically stable methods.

9.1.2 Gram matrix problem

Orthogonal rational functions {r;} " for (.,.),, are the rational functions for which
the associated Gram matrix is the identity matrix

[<T¢,Tj>my;?i_:];) = I

Starting from any sequence of rational functions {7; ?;01 satisfying #; € RF\RF 1, a

sequence of ORFs can be generated. The factorization of the Gram matrix for the
sequence {#;}; generated by (.,.)n, or L,,{.} provides recurrence coefficients for the
ORFs in the basis 7 := [f'o 1 ... fm,l]. For an inner product the Gram matrix
is Hermitian positive definite and, therefore, a Cholesky decomposition can be used.
The factor R, more precisely R~!, obtained by solving Problem 9.3 contains in its

columns the coefficients for the ORFs {r;}; in the basis 7.

Problem 9.3 (Generate ORFs: Gram matrix). Given any sequence of rational
functions {#; ?;61, with #; € RF\RT |, and the corresponding moments fi;; =

(Fiy5)m. Let M = [[L]l];n;lo be the associated Gram matriz. Compute the Cholesky
factorization of M = RHR.

Linear functionals do not guarantee a positive definite Gram matrix. Assume the
given discrete linear functional is quasi-definite, then Problem 9.4 has a solution.

Problem 9.4 (Generate biORFs: Gram matrix). Given any pair of sequences of
rational functions {7;}7" and {3;}75Y, with 7 € RE\RE. | and 3; € RP\RY.,
Consider the corresponding moments fij; = Ly, {7:3;} and the Gram matriz, which is
assumed to be strongly nonsingular, M = [ﬂﬂ];n;t Compute the LR factorization of

M = LR.

The computation of the LR factorization is numerically unstable since pivoting
strategies are not allowed.

For the orthogonal formulation, an alternative problem can be formulated, avoiding
the need to construct a Gram matrix. This alternative problem is formulated in terms
of the QR factorization of the Vandermonde-like matrix

(Zl) ce. fm—l(zl)

a1 fo(z1) 71
fl(Zg) e fm_l(Zg)

Qs Fo(22)

Qo fo(zm) fl(ZM) fm—l(zm)
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For details we refer to Chapter 5.

9.1.3 Structured matrix problem

The following problems are formulated by relying on results discussed in Chapter 6
and Chapter 7, more precisely, the connection between (bi)ORFs and (bi)orthonormal
bases for rational Krylov subspaces. This connection is provided in Lemma 7.1 and
Lemma 7.2 for orthogonal and biorthogonal rational functions, respectively. When
these lemmas are applied to a diagonal matrix A = A = diag({z;};), the recurrence
relation for (bi)orthonormal bases in matrix notation can also be interpreted as a
generalized eigenvalue decomposition (GEVD) for the recurrence pencil. Details are
provided below. Now we sketch the general idea of how this interpretation leads to an
1EP.

The interpretation of the matrix form of the recurrence relations for ORFs as a GEVD
of a structured pencil allows a reverse argument. Namely, a pencil with a specific
structure and certain spectral data is a recurrence pencil for (bi)ORFs with respect to
some discrete inner product or linear functional. Imposing spectral data and searching
for a pencil with a certain structure, denoted as belonging to a class of matrix pencils
N, is a structured inverse eigenvalue problem. Problem 9.5 provides the definition of
a structured IEP [27,44].

Problem 9.5 (Structured IEP-matrix formulation). Given a diagonal matriz A =
diag(z1, ..., 2m) € C™*™, z; # z; for i # j, and vectors v,w € C™. Find a pencil
(B,C) e N and V € C™*™, where Ve; = ¥ and V-He = %, with nv = (v, w)g =
wHv #£0, such that

VTIAVC = B. (9.3)

The derivation and the formulation of four structured IEPs related to (bi)OPs and
(bi)ORFs are provided below. The structure that is imposed on the pencil (B, C) in
Problem 9.5 determines the function class and type of orthogonality. A short overview
of relevant pencil structures in IEPs is given together with some references where they
appear:

e OPs: N7 = {Hessenberg matrices}, Problem 9.7.

o OPs on R: Ny = {Jacobi matrices}, see literature [52,92].

o OPs on T, the unit circle: A3 = {unitary Hessenberg matrices}, see literature
[1,142].

« BiOPs: N, = {tridiagonal matrices}, Problem 9.9.
o ORFs: N5 = {Hessenberg pencils}, Problem 9.6.
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e ORFs: Ng = {Semi-separable plus diagonal}, see literature [161].
o ORFs: N7 = {extended Hessenberg matrix}, see literature [128].
o BiORFs: Mg = {tridiagonal pencils}, Problem 9.8.

o BiORFs: Ny = {extended tridiagonal matrix}, see literature [128].

As can be seen in the overview, the formulation for (bi)ORFs as a matrix IEP, Ng, N7
and Ny, is discussed in literature already. The formulation as a pencil IEP, N5 and
N3 is novel and so are the procedures that will be proposed. The pencil formulation
provides more flexibility than the single matrix representations, and the expectation
is that this flexibility can be used to obtain procedures with better numerical stability
properties.

First IEPs for rational functions orthogonal with respect to an inner product are
introduced and afterwards for rational functions biorthonormal with respect to a linear
functional. Afterwards an introduction into two possible solution strategies is given,
one uses Krylov subspaces methods to generate (bi)orthonormal bases and the other
uses an updating procedure.

IEP for ORFs

The correspondence between recurrence relations for ORFs and a GEVD for a
structured pencil is clarified. This allows the formulation of Problem 9.6. Corollary
9.1 relates ORFs with a discrete inner product to an orthonormal basis for a rational
Krylov subspace.

Corollary 9.1 (Recurrence pencil equivalence: ORFs). A sequence of rational
functions {r;}"" in RE,_, orthonormal with respect to

m

(f,9)m = ZIailzf(zi)@

i=1

is generated by the same recurrence coefficients as the nested orthonormal basis {qi}?;_ol

for K (A, v; E), where A = diag({z}7), v=[a1 ... am}T
Proof. Follows from Lemma 7.1 and Theorem 7.1. O

This corollary implies that a Hessenberg pencil (H, K) € C™*™ x C™*™ satisfying

AQK = QH, (9.4)
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with A = diag({z;}™,), Qe1 = v/||v||, span{Q} = K, (A, v;Z) and Q¥ Q = I, also
satisfies
z2rK =7H, (9.5)

with r = [ro ... rm_l] forming a sequence of ORFs in REmA for the discrete inner

product (f,g)m = 321 |ail*f(2i)g().

From the equivalence between (H, K) in (9.4) and in (9.5) it is easy to derive the
following equality relating @, the orthonormal basis for (A, v; Z), to r, the sequence
of rational functions in R= orthonormal to (.,.),

0117"0(2’1) 0117"1(2'1) e alrm_l(zl)
aoro(z2) aori(z2) ... @orm-1(z2)
Amro(Zm)  mr1(zm) - mTm—1(Zm)

The correspondence of orthonormality for {g¢; ;’;‘01 with respect to (.,.)g to the
orthonormality of {r; 2’;61 with respect to (.,.),, follows from the equality of their
respective Gram matrices. Both Gram matrices are equal to Q7 Q,

[ Y lalPro(z)ro(z) - iy laalPro(zi)rm—1(2:)

S lailPri(ziro(zi) o Y |ealPra(z)rm—1 ()
I=Q"Q= ) .

iy eilPrm—i(zi)ro(zi) -0 iy ePrm—1(20)rm—1(2:)
<r07TO>m s <T0a7dm71>m
(7“1,7“0>m <7“1’7“m—1>m

= . . =17.
_<rm717700>m e <rm71771m71>m

The key observation that must be made is that Equation (9.4) represents the
recurrence relation for the orthonormal basis vectors for I, (A, v; Z) and simultaneously
it represents the generalized eigenvalue decomposition of the pencil (H, K), with
eigenvalues {z;}; and eigenvectors the columns of Q.

From (9.5) follows that the eigenvalues {z;} correspond to the nodes of (.,.),,. The
weight |o;|?, more precisely «;, appears as the first element of the normalized
eigenvector corresponding to z;, this follows from Qe; = a;r(z;). Now that the
location of the nodes and weights of (.,.),, in the GEVD of the recurrence pencil
is known, an IEP can be formulated for this pencil. Problem 9.6 introduces the
Hessenberg pencil IEP.

Problem 9.6 (Hessenberg pencil inverse eigenvalue problem (HPTEP) N5). Given
a diagonal matrix A = diag(z1, ..., zm) of distinct nodes z; € C, a vector of weights
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v € C™ and a set of poles = = {&3m, & € C. Construct a Hessenberg pencil
(Hp, Kin) € C™™ 0 with kliii =¢&,1=12,....,m—1, and a unitary matric
Qm € C™*™ such that

QiAQum Ky = Hy  and  Qper = (9.6)

The uniqueness of the solution to Problem 9.6 follows from the implicit  theorem
for Hessenberg pencils [40, Theorem 5.1], which states a one-to-one correspondence
between proper Hessenberg pencils and rational Krylov subspaces.

The polynomial case is retrieved by choosing &; = oo for all i. We formulate the related
IEP in Problem 9.7, because it is an important special case for which many results
and procedures exist and for which we will propose a new parallelizable approach in
Section 9.3.2.

Problem 9.7 (Hessenberg inverse eigenvalue problem (HIEP) A7). Given a diagonal
matrix A = diag(z1, ..., zm) of distinct nodes z; € C and a vector of weights v € C™.
Construct a Hessenberg matriz H,, € C™*™ and a unitary matric Q,, € C™*™ such
that

QIAQm = Hpy  and  Qmey = (9.7)

IEP for biORFs

For discrete linear functionals the relation between biORFs and a pair of biorthonormal
bases for Krylov subspaces is provided in Corollary 9.2.

Corollary 9.2 (Recurrence pencil equivalence: biORFs). A pair of sequences of
rational functions {r;}7"" and {s;}7"" in RE,_, and RS,_, biorthonormonal with
respect to

Ln{fg} = Z Bicvi f (2:)g(z)

18 genemted by the same recurrence coefficients as the pair of nested biorthonormal
bases {v; }i 0 and {w; }!", 1 for Ko(A,v;2) and K, (AT, w; ©), respectively, with

_ T T
A= dzag({zi}izl ) and v = [041 - am] ,w = [61 - ﬁm]
Proof. Follows from Lemma 7.2 and Theorem 7.2. O

A similar argument as for the IEPs above holds. By Theorem 4.6, we have a tridiagonal
pencil (T, S) and biorthonormal bases V, W € C™*™ for K(A,v; =) and (AT, w; ©)
satisfying

AVS=VT
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and simultaneously, for biORFs r := [7“0 ... rm,l],
ArS =7rT.

And we have

0417“0(21) a1y (Zl) e alrm_l(zl)

B 0127"0(22) QT (22) e Oég?"m_l(ZQ)

am;‘(;(.zm) amrl.(zm) cor QmTm—1(2Zm)
pi50(Z1)  Bis(z1) .. Bidm—1(Z1)
_ B250(Z2)  Po51(Z2) ... [285m—1(Z2)
Brn50(Zm)  Brt(Gm) s BrFmoi(Zm)

Noting that WHV = I implies W# = V=1 and therefore
WHAVS =T & VIAVS =T,

that is, a GEVD of the recurrence pencil (T, S). This holds in both directions. Thus
an [EP can be formulated, Problem 9.8 provides an IEP corresponding to biORFs.

Problem 9.8 (Tridiagonal pencil inverse eigenvalue problem (TPIEP) Ng). Given a
diagonal matriz A = diag(z1,...,2m) of distinct nodes z; € (C, two vectors contammg
weights v,w € C™, (v,w) # 0, and sets of poles = = {§;}1 Uand © = {6; }2 1 ,
&,0; € C. Construct a tridiagonal pencil (Ty,, Sm) € (mem, with YL — ¢ =

B Sii41
1,2,...,m—1 and % =0;_1,1=2,3,...,m —1 and matrices Vy,, W, € C">*™
such that Y v w

WAV, Sy =T, and Vyper =—, Wpye = —, (9.8)
v

where WHV,, =T and wfv = vij # 0.

Thus a tridiagonal pencil (T,S), where both the subdiagonal and superdiagonal
elements should satisfy some restrictions on their ratios, must be constructed. These
ratio restrictions guarantee that the corresponding rational Krylov subspaces have the
appropriate poles [165]. To obtain the other sequence {s;}, biorthonormal to {7“1} an
additional tridiagonal pencil (T S ) must be constructed such that VZAH WS =

For biOPs a matrix IEP can be formulated, this is a tridiagonal IEP and is stated in
Problem 9.9.

Problem 9.9 (Tridiagonal inverse eigenvalue problem (TTEP) Ny). Given a diagonal
matriz A = diag(z1, ..., 2m) of distinct nodes z; € C and two vectors containing weights
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v,w € C™, (v,w) # 0. Construct a tridiagonal matriz T,, € C™*™ and matrices
Vs Wy € C™ ™ such that

v (9.9)

WHAV, S = Tre and  Viper = =, Wnep = —
v 7

where WHV,, =T and wfv =vi # 0.

The tridiagonal IEP has appeared in the literature, for a tridiagonal matrix with
additional structure, called a pseudo-Jacobi matriz. Pseudo-Jacobi matrices arise in
quantum mechanics [9,48,185,186], the study of nonlinear Toda lattices [96] and for
certain Sturm-Liouville operators [189]. For details on the structure of a pseudo-Jacobi
matrix we refer to [186].

Arnoldi/Lanczos-type procedures

The relationship stated in Corollary 9.1 and Corollary 9.2 between bases for Krylov
spaces and ORFs suggests that Arnoldi and Lanczos-type iterations are suitable
solution procedures. Applying Arnoldi/Lanczos-type procedures for a diagonal matrix
A = diag(#1, ..., zm) and starting vectors v, w € C™ results in (bi)orthonormal bases
V,W € C™*™ and an associated recurrence pencil (H, K). This pencil generates
(bi)ORFs with respect to an inner product or linear functional with nodes {z;}, and
weights {a; }7; and {f;}72,. Section 9.2 elaborates on Krylov subspace methods for
the solution of IEPs. For the IEPs involving long recurrence relations, corresponding
to N1, N5 these procedures are expected to perform well if reorthogonalization is
used [50]. For IEPs with underlying short term recurrence relations, N2, Ny and
Ng, Lanczos-type procedures are used. The biorthonormality of the generated bases
deteriorates fast with growing size, reorthogonalization can improve this. Alternatively,
updating procedures work directly with the structure of the recurrence pencils and
avoid the cost of reorthogonalization.

Updating procedures

The relationship between Krylov subspaces and rational functions provides a connection
between sequences of (bi)ORFs and certain structured matrices, the recurrence pencils
for bases of the Krylov spaces. Hence, it is also possible to operate on the recurrence
pencils immediately without the explicit use of Krylov subspaces. The one-to-one
correspondence of a Hessenberg pencil to a rational Krylov subspace follows from the
rational implicit Q theorem [40].

The proposed updating procedures are of this kind, they work immediately on the
structure of the recurrence pencil. Representing a sequence of rational functions by
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their recurrence pencil is discussed in Chapter 7.

Section 9.3 and Section 9.4 propose updating procedures for HPIEPs and TPIEPs,
respectively. Such a procedure starts from, e.g., a Hessenberg pencil (H,,, K,,) €
Cm>m x Cm*™ with eigenvalues {\;}1"; and {«;}7, the first components of the
eigenvectors. Reusing this solution, the solution (H,, 1, Kpy1) € CmTDxmt1) o
Clm+Dx(m+1) for [N 341 and {a;}7h!, ie., after adding a node-weight pair
(Amt1, @my1) to the HPIEP can be computed. For TPIEPs the idea is the same, only
requiring an additional weight.

The introduction of the new node-weight pair, details follow in Section 9.3 and Section
9.4, will disrupt the structure of the recurrence pencil. Restoring the structure of
this pencil to Hessenberg or tridiagonal form corresponds to computing the solution
(Hpm+1, Kim+1) to the updated problem.

An updating procedure can be used to solve an IEP of size m > 1 without possessing a
(nontrivial) solution to a smaller IEP. The idea is explained by using a HIEP, Problem
9.7, as an example. For any IEP, the same principle applies.

The updating procedure for HIEPs can be initiated with the trivial 1 x 1 solution
H,Q € C'¥! to the HIEP with A := z; € Cand v:=1,ie, H=2 and = 1. The
associated inner product is (f,g)1 = f(z1)g9(21). For k = 2,3,...,m, a solution for
(., ) can be obtained by updating the solution for (., .};_1.

The order in which the node-weight pairs are added can be chosen and will influence
the accuracy of the finite precision solution.

9.1.4 Equivalence between problems

The solutions to Problem 9.1, Problem 9.3 and Problem 9.6 are mathematically
equivalent in the sense that the generated sequences of orthonormal rational functions
are the same. Lemma 9.1 formalizes this equivalence and summarizes the main
connections.

Lemma 9.1. Consider the vector space RZ,_| and a discrete inner product on this
space (., .)m. Let {r;},{7:} and {7;} denote the ORFs obtained by solving Problem 9.1,
Problem 9.3 and Problem 9.6, respectively. Then these are essentially the same, i.e.,
ri =7 =75 for all i, up to multiplication with a constant of modulus 1.

Proof. A sequence of ORFs {r;}¥_,, k < m, with respect to (.,.),, is unique. Thus
{r;} solving Problem 9.1 is unique. The Gram matrix M associated with (.,.),, and
R% is Hermitian positive definite, thus M = R” R, and contains in R, more precisely
R, the coefficients of {#;}, which form ORFs for (.,.),, By uniqueness of the ORFs
and of the Cholesky decomposition, r; = 7; for all i.

For the solution {7;}, the connection to Krylov subspaces is used, the Gram matrix
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M of ORFs with respect to (.,.),, in the monomial basis and the Gram matrix
M = BHB,, associated with the Krylov matrix B,, for K,,(A,v;Z) (A and v as in
Corollary 9.1) are the same. The Hessenberg recurrence pencil for a nested orthonormal
basis @, for K,,(A,v; Z) is unique and essentially equal to the QR decomposition of
By, i.e., By = QmRy,. From orthonormality we have I = Q2Q,, = R;lHBgBmR;f
and thus M = RfiRm which is a Cholesky decomposition and since this is unique, we
have 7:1 = fz O

A similar result for biorthonormonal rational functions solving Problem 9.2, Problem
9.4 and Problem 9.8 is formulated in Lemma 9.2. The biORFs solving these three
problems are essentially the same, under the condition that no breakdowns occur, i.e.,
the linear functional is quasi-definite or, equivalently, the Gram matrix is strongly
nonsingular.

Lemma 9.2. Consider the vector spaces RZ,_; and RS, | and a discrete quasi-definite
linear functional L,, on the space RZ,_, - RS _,. Let {(ri,s:)}, {(7i,8:)} and {(7:,5:)}
denote the pairs of biORFs obtained by solving Problem 9.2, Problem 9.4 and Problem
9.8, respectively. Then these are essentially the same, i.e., r; =7; =7; and s; = §; = §;

for all i, up to normalization.

Proof. The proof is analogous to the one in Lemma 9.1, thus we only provide the
necessary components. A sequence of biORFs exists and is unique if the associated
Gram matrix (appearing in the determinantal expression) is strongly nonsingular
[10,31]. The LDR factorization of a matrix is unique [105]. The relation between the
LDR factorization of the Gram matrix and the recurrence pencil for biorthonormal
vectors for Krylov subspaces is clear from the exposition in Chapter 4. O

9.2 Krylov based procedures

The solution of the structured IEPs in Section 9.1.3 can be obtained by running an
Arnoldi or Lanczos-type iteration for Krylov subspaces generated by suitably chosen
matrix and starting vector(s). Given a discrete inner product or linear functional,
Corollary 9.1 or Corollary 9.2, respectively, specify how to choose the matrix and
starting vectors. The usual Arnoldi and Lanczos iteration solve Problem 9.7 and
Problem 9.9, respectively. The discussion of these classical cases is limited to an
overview with some references to the literature. Problem 9.6 and Problem 9.8 can be
solved with the rational Arnoldi iteration, see Algorithm 4, and the rational Lanczos
iteration introduced in Chapter 8. The formulation of the IEPs in terms of a pencil
is new and is therefore discussed in more detail. Section 9.2.1 is dedicated to IEPs
related to inner products and Section 9.2.2 to IEPs related to linear functionals.
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9.2.1 Orthogonal

Inverse eigenvalue problems related to polynomials and rational functions orthogonal
with respect to an inner product are the classes N7, Na, N3, N5, Ng and N.

Polynomials

A Hessenberg IEP, corresponding to N7, can be solved by the Arnoldi iteration,
Algorithm 1. The resulting Hessenberg recurrence matrix generates polynomials
orthogonal with respect to some inner product with nodes {z;} anywhere in the
complex plane, z; € C.

If all the nodes are located on the real line z; € R, then A¥ = A and a Jacobi IEP,
Na, can be formulated. The Hermitian Lanczos iteration [45] solves the Jacobi IEP
and leads to OPs on the real line. If all nodes lie on the unit circle z; € T, then
A" = A~! and a unitary Hessenberg IEP, N3, is appropriate. The recommended
solution procedure uses the Schur form (core factorization) of the unitary Hessenberg
[142]. The resulting OPs are Szegé polynomials [157].

Rational functions

The Hessenberg pencil formulation of an IEP, N5, corresponding to ORFs is new
and was published in [167]. In [128,161] the IEPs formulated for ORFs use a single
recurrence matrix, Mg and Nr.

The rational Arnoldi iteration, given in Algorithm 4, computes a nested orthonormal
basis for Kr(A,v;E) and corresponding Hessenberg pencil. Theorem 9.1 provides
details on how the rational Arnoldi procedure can be used to solve Problem 9.6.

Theorem 9.1. Let the unitary matriz Q,, € C™ ™ and Hessenberg matrices
H,,, K, € C™*™ be obtained by applying the rational Arnoldi iteration for K, (A, v; Z),
with A, v and = as in Problem 9.6. Then these matrices solve Problem 9.6.

Proof. The matrix @, is unitary since C,,(A,v;E) = C™ by the conditions on A
and v. Thus Q. 'AQK,, = H,p,, i.e., 0(Hp, K,;n) = 0(A). The remainder of the
proof follows immediately from the properties of the recurrence pencil obtained by the
rational Arnoldi iteration. O

The obtained pencil (H,,, K,;,) is the Hessenberg recurrence pencil representing the
sequence of ORFs in RZ for (.,.),,. For a state of the art implementation of the
rational Arnoldi iteration we refer to rktoolbox [17].

If all nodes are on the real line, a tridiagonal pencil IEP can be formulated for ORFs
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and the Hermitian Lanczos iteration [98,133] is suited to solve this problem. More
details follow in Section 9.2.2.

9.2.2 Biorthogonal

IEPs related to polynomials or rational functions biorthogonal with respect to a linear
functional, Ny, Ng and Ny, must be solved with biorthogonal procedures. Hence,
Lanczos-type iterations are appropriate. In finite precision Lanczos-type iterations
suffer from loss of biorthogonality of the generated bases due to the underlying short
recurrence relations. Thus, some form of reorthogonalization might be necessary to
obtain satisfactory results.

Polynomials

For biorthogonal polynomials a tridiagonal IEP, Ny, can be formulated and it can be
solved by the Lanczos iteration, given in Algorithm 2. For nodes z; on the real line
and positive real weights a; > 0, the linear functional is an inner product and the
tridiagonal IEP reduces to the Jacobi IEP. Just as the Lanczos iteration reduces to
the Hermitian Lanczos iteration for A# = A and v = w.

Rational functions

To solve the TPIEP, Ng, the rational Lanczos iteration described in Appendix B.1
can be used. We made our Matlab code implementing the rational Lanczos iteration,
proposed in our paper [165], available online [162]. Theorem 9.2 formalizes the

connection between the solution of the rational Lanczos iteration and the solution to
the TPIEP.

Theorem 9.2. Let the matrices Vy,, W,,, € C™*™ be the bases and T}, , Sy, € C™>*™
the matrices of recurrences coefficients obtained by applying the rational Lanczos
iteration for K, (A, v;Z) and K, (A2, w; 0), with A, v,w and Z,0 as in Problem 9.8.
Then these matrices solve Problem 9.8, under the assumption that the iteration does
not break down.

Proof. Since K, (A, v;Z) = K (A", w;0) = C™, under the no-breakdown assumption,
and WHV,, = I, we have W,,, = V.. Thus V., AV,,,S,, = Tpn, ie., 0(Tpn, Sm) =

o(A). The remainder of the proof follows immediately from the rational Lanczos

iteration. With appropriate normalization Ve; = 2 and We; = %, with vy =

wHo. O
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If all nodes {z;} defining the linear functional £,, are on the real line, z; € R for all 4,
and the associated weights o; > 0, then A = diag({z;}) is a Hermitian matrix and the
linear functional is in fact an inner product. By Theorem 4.8 there exists a tridiagonal
pencil which generates a sequences of ORFs. Fasino and Gemignani [65] also noted the
connection between a real semi-separable plus diagonal IEP and a tridiagonal pencil
1EP.

The Hessenberg pencil computed with the rational Arnoldi iteration, however, does
not reduce to a tridiagonal pencil when all z; € R. So in order to exploit the short
recurrence relation, the biorthogonal method, i.e., the rational Lanczos iteration,
is a more natural starting point. The rational Lanczos iteration will generate a
biorthonormal pair of bases that reduces to a single orthonormal basis. This is, of
course, mathematically equivalent to using the Hermitian rational Lanczos iteration.
For numerical implementation it is advised to develop a method specifically for the
Hermitian case.

9.3 Updating procedures - inner product

The connection between ORFs and certain structured pencils, a Hessenberg pencil
with a particular ratio satisfied by its subdiagonal elements, can be exploited directly.
Updating procedures do not explicitly use Krylov subspaces, they operate directly on
the structure of the pencil. For IEPs with orthonormal bases the updating procedure
uses unitary similarity transformations with plane rotations. Plane rotations are
essentially 2 x 2 unitary matrices P; with parameters a,b € C, |a|?> + |b|?> = 1,

Iy
a —b
P, = . . (9.10)
b a

The class of plane rotations P; is denoted by ‘3;.

A node-weight pair must be introduced, which is performed by embedding of the
available solution and by multiplication with a plane rotation. This will perturb the
recurrence pencil, it will no longer be a Hessenberg matrix (or Hessenberg pencil).
Then the Hessenberg (pencil) structure is restored using a sequence of plane rotations.
The origin of this idea can be traced back to Rutishauser [145]. Rutishauser used a
similar procedure with plane rotations to express the product of two J-fractions as a J-
fraction, this is a continued fraction related to Jacobi matrices. In the same conference
proceedings Wilkinson [182] published a paper on the error analysis of operations with
plane rotations. Gragg and Harrod were the first to apply Rutishauser’s procedure to
solve a Jacobi IEP [92]. Their procedure constructs the Jacobi matrix in a numerically
stable manner, whereas the Lanczos iteration suffers from instability. Following the
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success of this method, the same idea has been applied to solve many other IEPs, see
e.g., [27,45,161].

An updating procedure for the Hessenberg IEP is discussed in Section 9.3.1. In Section
9.3.2 a novel, parallelizable variant of this updating procedure is proposed. Section
9.3.3 proposes a novel, numerically stable updating procedure for Hessenberg pencil
IEPs. This novel procedure is published in [167].

9.3.1 Hessenberg IEP

Suppose a solution to Problem 9.7 of size m is available, this is a proper Hessenberg
matrix H,, € C™*™ and a unitary matrix @,, € C™*™ satisfying

Hy, = QanAva A= diag({zi}gl)v Qmel = 'U/”'U”

Given a new weight ay,4+1 # 0 and node z,,11 ¢ {z}7,, the updating problem
consists of computing the Hessenberg matrix H,,.1 € CmtDx(m+1) and unitary
matrix Q41 € CmTDx(m+1) gatisfying

]T

A . .
HmH:QﬁH[ J Quits Qrsrer = /6], with o= [ s

Zm+
=A

The first step in the updating procedure is to embed the available solution of size m into
matrices of size m 4 1. The embedded matrices are denoted by H,Q € Clm+1)x(m+1).

A_Hm A_Qm
(R B L

His a Hessenberg matrix, QHQ = I and QH[\Q = H. These matrices form the
solution to a HIEP, but not the correct one, since Qe; = [v O}T /vl # ©/]|9]. So,
the first column of Q must be altered, which corresponds to introducing the weight
am+1 into the associated inner product.

An important note is that the matrices @,, and Q need not be known at any point
in the procedure, only the Hessenberg matrix and the weights must be saved. In
the following exposition, @,, and Q are used solely for clarity. The two steps of
the updating procedure are now discussed in detail and afterwards an algorithm is
proposed, implementing this procedure.
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Introduce weight o, 1

The first column of the unitary matrix @),,+1 must correspond to the normalized weight
vector ¥/||o]| , i.e., Qmirer = ©/||7]|. The plane rotation Py € B, C Clm+x(m+1)
enforces this condition. The value for a and b follow from |a|? 4 |b|? = 1 and

| x x 0 _
. v S I b v
arfea—{rr = n fa= B <ol
| ox oox 0] | G -
0 O 0 1

The values are

_ AVIRIP=lvl2ami1 P Hlam |

- VIR +lam ]2 (9.11)

am+1HvH

Vv +Hama |?

= 1, then the expressions simplify to

and if ||v?

a = N S—
VI1+Hlami1]?

Um+1

V1+H|ami1|?

This step of the updating procedure is stable since multiplication with plane rotations
is numerically stable [183, p.133]. The eigenvalue decomposition changes since the
eigenvectors are altered by P,

Q¥AQ = H — P,OPAQPF = P.HPF.

The new eigenvectors are orthonormal, which follows from (QP)(QPF) = P,PH =
I. And the eigenvalues are unaltered since a similarity transformation is performed.
However, the matrix H := P, H PlH is no longer a Hessenberg matrix. Figure 9.1 shows
the structure of H, which has Hessenberg structure except for the last row.

X X X X X X X X X X X
X X X X X X X X X X X
X X X X _ X X X X
X X X B X X X
X % X %
X X X X X X X
Figure 9.1: Structure of PLHP = H.
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Restore structure

The matrix H =: H only differs from a Hessenberg matrix by its last row. Using
unitary similarity transformations with plane rotations the elements in the last row
can be eliminated one by one, thereby restoring the Hessenberg structure. These
transformations should preserve the first column of QPlH . Without loss of generality
we assume that the k — 1 first elements in the last row have been eliminated by
the product of plane rotations H?:k P, = PyPy_1...P. At step k the matrix is

, H
= (Hllz 5 Pi) H (H;:k Pi) , the superscript [k] reveals the step in the structure
restoring process. Next iLES] 1, must be eliminated using P11 € Px41 with parameters

ag+1 and bgy1. The element h[k]+1 i is eliminated by a sum with the element hﬁ_l &

which has not been altered by any of the previous transformations, thus h K1k = = Rkt k-
The parameters aj41,bg+1 are determined such that

[ak+1 —bk+1] [h’““ k] [\/WH il? |h[k+1 k|2|

bk+1 Q1 hmﬂ &

which leads to

[Ptk l?
a1 = TR
+ \hk+1,k|2+\h£i]+1,k\2
b o ak+1h£s]+1,k
k+1 — — .,

Rk+1,k

These parameters always exist because H,, is a proper Hessenberg matrix, i.e., hyt1 5 #
Ofork=1,...,m—1.

Figure 9.2 shows, for m = 6, the structure of H* throughout the updating procedure.
As illustrated in this figure, the Hessenberg structure is recovered after m — 2 similarity
transformations with plane rotations. Once the Hessenberg structure is restored, the
resulting matrix H"™ e Cm+1x(m+1) 5 the solution to the updated IEP.

Similarity transformations with plane rotations are numerically stable [183, p.140].
Hence, restoring the Hessenberg structure is performed in a numerically stable manner.
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Figure 9.2: Updating strategy restoring Hessenberg structure.
Algorithm

By combining the above steps a numerically stable algorithm to compute the solution
of an updated HIEP is obtained. For simplicity we restrict to the case where z,,11
is not in the spectrum of the available solution H,,, zn+1 ¢ o(H,y,). Algorithm 7
provides the implementation of the updating procedure for z,,+1 ¢ o(H,,). In this
algorithm the notation P(z,y,1) is used, which is a short notation for P; € 93; with
active parameters a = x and b = y. Note that in Step 9 of Algorithm 7 the eliminated
element hm+17k is set explicitly to zero.

If the nodes z; are all on the real line, then the updating procedure constructs a Jacobi
matrix, this follows from A = A and Q¥ @Q = I. Then Algorithm 7 corresponds
(mathematically) to the procedure proposed by Gragg and Harrod [92]. Figure 9.3
shows the updating procedure for a Jacobi matrix, i.e., z; € R. If 2,41 does coincide
with an eigenvalue of H,,, zmt1 € 0(Hm), S8y Zm+1 = 2k, then the size of the problem
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Algorithm 7 Updating procedure HIEP

1: Input: Proper Hessenberg matrix H,, € C™*™ node z,,+1 € C, z;n11 ¢ 0(H,y)
and weight ay,4+1 > 0.

2: Output: Proper Hessenberg matrix H,,;; € C" X041 "such that o(H,y1) =
o(Hpm) U Zmat-

3: procedure UPDATEHIEP (H,,, 2/n+1, Q1)

4: P=P 1 Q41
<\/1+’Um+1|2’ \/1+\am+1|2’
5: H:.=PH {Hm } P
Zm+1

6: fork=1,...,m—1do

p (k]
. — [Pk, ]2 a1l gk
7 P:=P SRTAC) S T Ry Jk+1
(LR ks o ,
8: H:=PIAP
9: Set hm+1,k =0
10: end for

11:  Hpy:=H
12: end procedure

remains the same, but the weight wy, in the inner product (., .),, associated with zj
will be altered by the updating procedure. With minor modifications the updating
procedure can then be used as a downdating procedure [60], i.e., to remove a node-
weight pair from an inner product. But this does not lead to a numerically stable
downdating procedure so this idea will not be pursued further. Downdating procedures
are discussed in Section 9.6.
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Figure 9.3: Updating strategy restoring tridiagonal (Jacobi) structure.

9.3.2 Hessenberg IEP - Recursive updating

A new updating procedure is proposed which allows for a parallel implementation, it
will be called recursive updating procedure (RUP). The idea is as follows. Instead of
adding one node z,,,+1 to an available solution H,, € C™*™ and updating to obtain
H,,q € CmtDx(m+1) RUP starts from two available solutions H; € C!*!, H,, € Ck*k
and merges them to obtain the solution Hjy; € CH*+Ox(k+1)

More formally, consider H;, Q; € C'*!, the solution to a HIEP with

A = diag({z}y),  Qer =

lvll2”

where z; # z; if i # j and e v # 0 for all 7. Consider also, the solution Hy,Q; € CF*¥

¢

A = diag({},}), Quer =

I15]l2"
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with 2 # %, if i # j and e ¥ # 0 for all 4.
The updated IEP of size m = k + [ consists of

the corresponding solution is denoted by H,y,, Q. € C™*™ . Assume, for simplicity
that A has distinct elements.

The matrices Q; € C*! and Qk € CF*F are used in the following discussion, but they
are not required, only the norms of the weight vectors v, ¥ are needed. The idea is
the same as above: embed the matrices, introduce the correct weights and restore
Hessenberg structure. The embedded matrices are

yo_ |[H AL @
H'_[ HJ? Q‘_[ Qk]’

with H a Hessenberg matrix, QHQ =T and QFAQ = H. Clearly Qel =+ ﬁ, which
can be enforced by a unitary transformation.

Introduce weights

The weights appearing in the first column of Qk must appear in the first column of
the solution Q,,. This is accomplished by Pj := P, ® I;,_1, P, € By C CUFDx 1)

a —b o= — ol
j iy . with NEPEE
b a h— vl

Loy Violz+ollz

The matrix Q := QPH satisfies Qe; = 6 ‘ . The eigenvalue decomposition changes
OMRO = — BOYAQPY = PP,

Set H := P H ﬁIH , this matrix is no longer a Hessenberg matrix, its structure is shown
in Figure 9.4. Note that in the first column of H there are two elements that must be
annihilated.

Restore structure

The matrix H =: H[ can be brought to Hessenberg form by unitary similarity
transformations. As before, plane rotations can be used or Householder reflectors
[105,117].
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Figure 9.4: Structure of H = P,HP}.

Definition 9.1 ((Complex) Householder reflectors [117, Appendix B.1]). Consider
the vector x € C" and a = =+||z||2e**#@) € C, with 1 = we;. The Householder
reflector is the unitary, Hermitian matriz
H
F:I—Q%, with y = x + aey
vy

transforming x into a multiple of ey, i.e., Fx = —ae;.

An algorithm implementing this is provided in Algorithm 8.

Algorithm 8 Compute Householder reflector

: Input: z € C".
. Output: F € C*" such that Fr = —aey, with a = ||z][oe*®8@e1) € C.
: procedure HOUSEHOLDERREFLECTOR(x)

o= ||x|‘2ezarg(a:el)

Y =T+ aep

H

F:=1- QZyTy

end procedure

NP TR e

If there are few nonzero elements in each column to be eliminated, then plane rotations
are more efficient than Householder reflectors. The structure restoring process here
will lead to an increase in the amount of nonzero elements per column. A preview of
the structure restoring process is provided in Figure 9.5.

Hence, Householder reflectors become a viable alternative to plane rotations [85]. For
ease of notation, the procedure for the Householder reflectors will be described. In
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Figure 9.5: Recursive updating strategy for HIEP

the structure restoring process a Householder reflector F' is constructed such that
Fz = a||z||ze1, with |o| = 1. The vector z is constructed from the subdiagonal
element, used for elimination, and all nonzero elements to be eliminated. Throughout
the updating, two cases can be distinguished:

o For column ¢, with 1 < i <[, n := min{k,7 + 1} elements must be annihilated
hiy1,i

i

]
in this column. The relevant elements are grouped in the vector z := h’l+2,i
:1i]
h’lJrn,i
Note that the first element of z is an element of the original matrix H;, and

therefore nonzero.

e For column i, with ¢ > I, n := min{k,l + ¢} and n — 1 elements must be
annihilated in this column. The relevant elements are grouped in the vector
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K3
hi+2,i

1l
hi:»n,i
For z € C" a Householder reflector F' € C" ™ is constructed. Then F' is correctly
embedded in a matrix F' € C™*™, such that FFH only influences the rows used to
construct x. Details are provided in the algorithm.

Algorithm

Algorithm 9 provides the recursive updating procedure for HIEPs. The Householder
reflectors can be replaced by any sequence of plane transformations that reduces = to
aer. Details for this approach are omitted, our code implementing Algorithm 9 can
be found online [163]. Figure 9.6 shows the structure of the matrix throughout the
updating procedure, on this figure k > [, whereas Figure 9.5 shows the case [ > k.
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Algorithm 9 Recursive updating procedure

1:

Input: Proper, simple Hessenberg matrices H; € C'/, H,, € CH** with o(H;) N
o(Hy) = (0 and 5, v the normalization of the weight vectors, i.e., n = ||v|2 and
v =2

Output: H € CHHOx+D with o(H) = o(H;) U o(Hy).

3: procedure RUP(H, Hy,n, V)

10:
11:
12:

13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:

H,
H = [ ﬁ,j
C := CoreTransformation(n, v)
C:=1I1C(,1+1],1,l+1):=C
H:=CHCH > Introduce weights
for:=1,2,...,1—1do > Columns 1 through [ — 1
n := min{k,i + 1}
v:=[hij1i hig1i higos hl+n,z‘]T
F := HouseHolderReflector (z)
F o= I, F(i+Ll+1:0:n),i + 1) = F(l:n+1],1),
F(li+1Li4+1:14n],l+1:14n]):=F(l:n+1],2:n+1])
H=FHFH
H(l+1,l+n],i)=0
end for
n:=I0+k
fori=101+1,...,l+k—2do > Columns [ through k& +1— 2
ifl+i+1<[+k then
n:=I0l+i+1
end if
o= [hit1i hit2i oo Py
F := HouseHolderReflector(z)
F:=1I F(i+1,n],[i+1,n]):=F
H=FHFH
H([i+2:n],i)=0
end for
H:=H
end procedure

]T
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9.3.3 Hessenberg pencil IEP

An updating procedure for a HPIEP, formulated in Problem 9.6, is similar in spirit
to the updating discussed in Section 9.3.1, with the essential difference that a pencil
must be manipulated. This especially influences the step which restores the structure
of the recurrence pencil.

The procedure starts from a unitary matrix Q,, € and a proper Hessenberg
pencil (H,,, K,,) € C"™*™ x C™*™ which form the solution to a HPIEP. That is, the
following equalities are satisfied

mem

hiv1 )
S dogi=1,...,m—1 (9.12)
o™ Kigr

From this available solution it constructs the Hessenberg pencil (Hy,4+1, Knt1) €
ClmAD)x(m+1) 5 Clm+1)x(m+1) and orthonormal basis Q41 € CHDX(m+1) which

solve the updated HPIEP. The HPIEP is updated with the node-weight pair z,,, 41, m+1
and pole &,,. That is, the updated solution must satisfy

QanAQme = 1y, Qmel =

g |A hiyi, .
m+1 Q?rL+1K7rL+1 :Hm+1, 0t :fi, 1= 1,...,’(TL—17’I’)’L7
Zm+1 Kiv1i
| S ——
=:A
0 N T
Qm+161 = W, Wlth V= [U O[m+1]

First, the m-dimensional solution is embedded in matrices of size m+1, while preserving
some key propertleb The embedded matrices Q H K e (C(m“'l)x(m+1 should satisfy
QHQ =1, QHAQK H and H K must be Hessenberg matrices:

Q= [Q J . H:= [H }Al:| , K= [K ]AJ , with zpy1k = h. (9.13)

Since the procedure proposed in the sequel is new, a formal statement in Theorem 9.3
describes the form of the solution. The update requires only 2m plane rotations to
update an available solution of size m to size m + 1.

Theorem 9.3. Let @, € C™*™, (Hm,K ) € Cm*™ x C™*™ pe the solution to
Problem 9.6 of size m. And let Q, H and K denote the embedded matrices from (9.13).
Then there exist P;, P, € Bi, i =1,...,m, such that

1 m m
Hpypg1 = HPzHHPk, K1 = HPJA(HPIW Q=Qmu [[ P
=m k=1 =1

solve a HPIEP of size m + 1, which is obtained by adding a node zy 11, weight a1
and pole &, to the original IEP.



UPDATING PROCEDURES - INNER PRODUCT 193

The remainder of the section is dedicated to proving results that can be combined to
obtain this theorem. The proofs of these results are constructive in the sense that
they describe how the plane rotations in Theorem 9.3 must be computed. Remarks on
stability are included outside of the proofs, which clarify how to compute the plane
rotations in the most numerically stable way. Afterwards these results are combined
to propose a numerically stable algorithm that implements the updating procedure.

Introducing weight o, 1

The introduction of the weight in the first column of Q is the same as described for the
HIEP updating. Postmultiplication with a plane rotation P{1 € 93, ¢ Clm+1)x(m+1)
with parameters (9.11) has the desired effect. The generalized eigenvalue decomposition
changes under this change of eigenvector basis,

QPAQK = H — P.QYAQPIPK = P,H.

The structure of the pencil is perturbed in the last row of both matrices:

(x x ... x x X] (x x ... x x X]
X X x x 0 X X x x 0
. X ... X x 0 . X ... X x 0
P H = , P K =
x x 0 x x 0
[ X X X X X] [ X X X X X

Restore Hessenberg pencil structure

The following step is to restore the Hessenberg pencil structure using unitary similarity
transforms on the pencil (P H, P, K) = (H!, K[I). The elements in the last row of
both matrices appearing in the pencil must be eliminated simultaneously. Lemma 9.3
provides the details and stresses an important property, namely, the poles present in
the pencil are preserved under transformations that restore the structure. The poles
must be preserved since these characterize the connection between the pencil and
ORFs with these poles.

Lemma 9.3. Consider the embedded pencil (H, K) € Cm+Dx(m+1) 5 Clmt1)x(m+1)
(9.13) and Py with parameters (9.11). There exist P, € Py, | = 2,3,...,m and
P, eBy, k=1,2,....m—1 such that for X := Hllszl and X = H;";ll Pj,

H™ .— XHX and K™ .= XKX

. .1 hy hiv1i -
are Hessenberg matrices with —++ = 244t g =1 ... m — 1.
Kit1,i Kiy1,i
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Proof. Starting from (HM, K1), the elements of the last row are annihilated using
plane rotations. Assume, without loss of generality, that the Hessenberg structure is
restored up to column 1. ) '

Set XUt1 .= Hll:iJrl P and XU := H;:Z P;, then the first 4 columns of Hl+1 .=

X+ X and Kli+1 .= X+ K X1 have Hessenberg structure. Let v := AlH

m+1,i41
[it1 i+l s i1 i1 s [i+1
cor= il S = b B = R = bt L and e= kT L then
Er(i—o—l)xi X My X f((i-;-l)xz’ % My X
Hi+ —. ée1z By O ,K[i"'l] = pfer Bg O
vy X' a X' €
(9.14)

In the matrices from (9.14):
o HODxi [G+D%i are Hessenberg matrices of size (i 4+ 1) x 4. These will not
be altered in subsequent steps of the structure restoring process.
o My, Mg € COtDUx(m=i=1) are (generically) full matrices.
e By, By € Clm=i=1)x(m=i—1) 10 Hessenberg matrices.

e the zero vectors, denoted by 0, and vectors containing generic nonzero elements,
denoted by X, are assumed to be of appropriate size.

The elements «,y must be eliminated, this is achieved in two steps. Since plane
rotations are used, the relevant elements can be isolated in an equivalent 2 x 2 problem,
i.e. find parameters a,b and ¢, d appearing in P;;2 and P41, respectively, such that

PhLHYPY, = [a —b} [(5 0 [C —d
b al|l|ly n|ld c

. a —bl|B 0||c —d ko x
poKvP = ¢ =
2 s b al|la €| |d c 0 x
with % = % = &;+1 and the superscript b, for block. First Pfﬂrl is constructed such
that MP? ey = [0 0] with

M = 6K — BHY = [0 O].
X X

This results in rank ([Hblbiilel Kblf’ib+1el]) =1, i.e., the first column of priﬂ_l and
the first column K bPib_H are colinear (also called parallel). Second, Pib-i-2 is chosen to
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make H°P?, | (or K®P? ;) upper triangular, i.e., P?,,H'P? 1e; = [k O} Thanks

. . . T
to the colinearity, the same plane rotation P+2 results in P1b+2HbP+1 = [h O} . For
some nonzero constant u, h = ud and k = uf and therefore the ratio of subdiagonal
elements 2 Y = 5 = &i41 is preserved. By a simple rank argument on the 2 x 2 matrices

involved it can be shown that the elements eg P?, ,H" PP ' ez and ey PP, K® P’ | 162 are
nonzero. Hence, this process can be repeated unt11 i=m-—2.1f§d= O (or b= 0 never
both), then rank(H®) = 1 (or rank(K?®) = 1) and the rank argument no longer holds,
however straightforward computation shows that, in this case, e, sz-s-zH P! 11 7 0

(or e] P, KPP 1e1 #0). O

Note that P, [ =1,2,...,m — 1 can be replaced by nonsingular matrices in the above
proof. However unitary matrices are preferred for numerical computations.

Lemma 9.3 guarantees that a Hessenberg pencil can be obtained via unitary similarity
transformations. Figure 9.7 shows the structures occurring in the updating procedure
for one of the matrices in the pencil, for the other matrix the occurring structures are
the same.

X X X X X X X X X X X X X
X X X X X X X X X X X X
X X X X X X X X X
X X X X X X
X X X X X X X X X X
o £ 12!
X X X X X X X X X X
X X X X X X X X X X
X X X X X X X X
X X X X X
X X X X X
£131 £

Figure 9.7: Updating strategy restoring Hessenberg pencil structure.

Thus we have a Hessenberg pencil (H, K) with o(H,K) = {z;}"1'. However the
ratio of their last subdiagonal elements will not necessarily be equal to the new pole

Em-
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Introduce new pole &,

The pole &, will be introduced by postmultiplying H™] and K™ with a plane rotation
in PB,,. Postmultiplication of H [”f] and K™ with a nonsingular matrix preserves the
eigenvalues of the pencil (H!"™ K)"™. Lemma 9.4 provides a formal statement.

Lemma 9.4. Consider &, € C and the matrices from Lemma 9.3,
] 1 R m—1 . ) 1 R m—1 )
A =T rH [[ B, K™ =]]PE [] £ (9.15)
l=m k=1 l=m k=1

Then B, € B, with parameters c,d, exists such that, for H:= H™P, and K :=
K[m]Pm, the ratio Hmtim _ Em.

km+1,7n

Imfl
Proof. The matrix P, = ¢ —d| acts only on the last two columns of H"
d c

and K™ and its parameters ¢, d can be determined from the equations

cc+dd=1

Eh%nll,7n+dh£;n«ll,m,+l _ é— e C

cklm] +di™ - :
m+1,m m+1,m+1

For £ = oo, the second expression becomes Ekﬁil_m + dl%:,[ﬁerH =0. O

Introducing the pole is performed by multiplication with a plane rotation, which is
numerically stable [183, p.133].

Algorithm

A numerically stable algorithm can be developed which computes (H,K) (and
optionally Q) appearing in Theorem 9.3. Introducing the new weight and new pole is
performed by plane rotations and is numerically stable. For the structure restoring
process, a pencil is manipulated and in the algorithm the numerically computed
annihilated elements will be set explicitly to zero. We must verify whether this is
numerically stable, i.e., verify that the annihilated element is small enough so that
setting it to zero does not compromise numerical stability.

The error analysis for this has, in fact, been performed in the context of computing
deflating subspaces [38,171]. These results are applicable here, we repeat the criterion
leading to the most numerically stable procedure. this criterion dictates whether to use
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HU P, or KU1P; to compute P, ; in the proof of Lemma 9.3. The most numerically
stable implementation [38] is obtained by, using the notation of the proof of Lemma 9.3,

>

1 ~ . .
_PHI[._, B, if2<?
Hlfz [ kal k 1 € « ik (916)

compute P;;; from o k=1
g o {Hll—iPlKHk_lPk, else

Algorithm 10 provides all the details, criterion (9.16) appears on Step 10 of this
algorithm.

Algorithm 10 Updating procedure HPIEP

1: Input: Proper Hessenberg pencil (H,,, K,;,) € C™*™ x C™*™ node 2,41 € C,
Zm+1 ¢ 0(H,,) and weight a;, 41 # 0.

2: Qutput: Proper Hessenberg pencil (Hp i1, Kpy1) € 2 CUrDx(mtd)
Clm+)x(m+1) “guch that o(Hpy1) = 0(Hpm) U Zmg1-

3: Assumption: |jv|| = 1.

4: procedure UPDATEHPIEP (H,,,, K\, Zm+1, @mt1, Em)

. — 1 _ Qmt1

5: P.=P <\/1+am+1|2’ Jiami?’ 1

6: H:PH|:Hm :|P,K:PH|:KW :|P
Zm+1 1

7 fori=1,...,m—1do

8: - _ higiikmtr,my1—kit1,ihmg 1, mt
’ Rit1,ikm41,i—Kit1,ihm+1,i

0. P:—P(—z(\/(1+z|2))_1,\/1+|z|2 1,@)

10: if m+1 mil o ZH“ then
m+1 m+1 +1,

11: H= HP K=KP

[Pit1.il?
12: a _\/Ihiz + [hmt1,il?
13: ( ahm+1 2/h1+1 i1+ ].)
14: else ' )
15: H:=HP, K:=KP

kit1,i
16: a:= \/:ki 7}2 + |kmg1,i|?
17: P = P a —ak;m+1 z/kz+1 i+ 1)
18: end if
19: H:=PH, K :=PK
20: Set herl,i :=0 and km+1,i =0
21: end for

22: Hyi1:=Hand K41 :=K
23: end procedure
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The elements in the last rows of the pencil, which P;; should eliminate, are set
explicitly to zero in Step 18 of the algorithm.

Since the annihilated elements in the last rows are set explicitly to zero, the resulting
structure is exactly a Hessenberg pencil and therefore corresponds exactly to a
structured matrix pencil containing recurrence coefficients of rational functions with
prescribed poles.

9.4 Updating procedures - linear functional

Updating procedures for IEPs related to biOPs and biORFs can, in general, not
make use of unitary similarity transformations. Instead of unitary plane rotations,
nonsingular eliminators will be used, which are essentially 2 x 2 triangular matrices.
Let £; denote the class of lower triangular eliminators and fR; the class of upper
triangular eliminators. The class £; ¢ CmtDx(m+1) apnd |, ¢ CntDUx(m+1) gpe
composed, respectively, of matrices of the form

I Iy
I . and R; :=
l; 1 1

with parameters [;, r; € C. Breakdowns can occur in the updating procedures proposed
in this section. For simplicity of the exposition we assume that no breakdowns occur,
some remarks will be given regarding breakdowns.

Property 9.1 is important in the following discussion.

Property 9.1 (Inverse of eliminators). If L; € £;, then L;l € £; and if R; € R,
then R; ' € R;.

An updating procedure for TTEPs is discussed in Section 9.4.1, showing how eliminators
can restore structure in the upper and lower triangular part of a matrix. Then this is
generalized to TPIEPs in Section 9.4.2.

9.4.1 Tridiagonal IEP

An updating procedure for Problem 9.9, the (non-Hermitian) tridiagonal IEP is
proposed here. This procedure could provide an alternative for or complement the
Lanczos algorithms that are developed for pseudo-Jacobi matrices [9,185,186]. Pseudo-
Jacobi matrices have additional structure that must be taken into account. We will
propose an updating procedure for general tridiagonal matrices, the special case of
pseudo-Jacobi matrices is not discussed.
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A solution to a TIEP of size m is available, a tridiagonal matrix T, € C™*™ and pair
of biorthonormal matrices V,,,, W,,, € C™*™ satisfying

Ty = WHAV,,, Vier=v/n, Whper =w/v,

with A = diag({2;},) and wv = vn # 0.

Given new nonzero weights ayn41, Bmt1 and a node zp41 ¢ {2}, compute the
tridiagonal matrix T}, € CmHX(m+1) and the biorthonormal pair Vi1, Wiyt €
ClmA1)x(m+1) gatisfying

Tm+1 - WTI;LIJ,.l l:A Py 1:| ‘/m-‘rla Vm-‘rlel - {}/777 Wm-i—lel - ﬁ)/l/
#
=:A
with 7 = [v amH]T and W = [w ﬂmH]T. These matrices are embedded
in Clmt1x(m+1) preserving tridiagonality for T', biorthonormality for V, W and
satisfying the equation WHZV =T

il B e S |
Zm+1 1 1

Similarly as the updating procedure for HIEPs, first the new weights are introduced
in the first columns of the biorthonormal pair v, W. This leads to a perturbation of
the structure of the recurrence matrix. The tridiagonal structure is then restored with
similarity transformations using eliminators.

Introduce weights a1, Bt

The first columns of the biorthonormal pair V41, Wy, 41 must contain the normalized
weight vectors 0/7, /7, respectively, where (0/7,%w/0)g = 1. Eliminators L; € £;
and R; € R; are constructed such that they introduce the new weights in the first
columns
VLlRlel = ’D/ﬁ and W(Ll)iH(Rl)iHel = ’LD/I;

Set V := VL Ry and W := W(Ly)"#(Ry)"H. The above expressions preserve
biorthonormality, WHV = I. The parameters l;, 71 in Ly, Ry, introducing the weights,
are

ll — QAUm 41
{ ! EWLj»l — Ew1+1 : (9'18)

T = — = — —
1 U+l Bt NV+Bm+1%m+1

The resulting first columns are

| B
VLRier= | 7|, WL H(Ry) He = |(LHT0) T

I -7
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For numerical computation it can be interesting to be able to scale the resulting first
columns, this is possible by multiplying with L; Dy Ry, where D; differs from the
identity matrix only in its first and last element. Details are provided in Appendix
B.2.

The change in basis implies that now the relevant matrix is 7 := Ry ' LT 7Ly Ry, with
structure shown in Figure 9.8.

X X X X X
X X X X X X X
X X X _ X X X
X X X N X X X
X X X X
X X X X

Figure 9.8: Structure of Ry 'L TL 1Ry =T

Restore structure

The matrix representation 7" of A in the new basis is not a tridiagonal matrix. To restore
the tridiagonal structure eliminators are constructed to eliminate the nonzero elements
in the last row and last column deviating from the tridiagonal structure. To preserve the
first columns of V and W the first elements are eliminated with Ly € £9 and Ry € Rs.
Eliminators L;y; € £;41 and R;+1 € R, 1 =1,. — 1, can be constructed to

subsequently eliminate the elements tu-u ;, and t” ma1 D T[Z =R 1L Lri-1Ur,R;,

T .= T. The parameters are
(1]
I, _ 7tm+1,7,
i+l = T
i+1,4
il .
Ti+1 = — 73 o T
ti.'i+1+li+1ti,7n+1

This procedure can break down, namely the denominator in the expression for ;11 can
vanish. If this denominator becomes very small, then a numerical breakdown might
occur. Under the assumption that no breakdown occurs, the product X = [, Ly Ry
restores the tridiagonal structure and provides the solution to the updated TIEP

X 'TX =T,

The resulting biorthonormal bases are V41 = VX and Wint1 = Wwx—H , but these
are not required in the updating procedure.
Figure 9.9 shows 71 during the updating process.
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X X X X X X X
X X X X X X X X X X X
X X X X X X X X X
X X X X X X
X X X X X X X
7 At 2]
X X X X
X X X X X X
X X X X X X X
X X X X X X
X X X X X
AC) 4]

Figure 9.9: Updating strategy restoring tridiagonal structure.

Algorithm

Algorithm 11 describes the updating procedure for nodes z,,+1 ¢ o(7},). Assuming
no breakdowns occur this algorithm results in a solution to an updated TIEP. In
the algorithm the notation L(I,4) and R(r,) is used, which is short for L; € £; and
R; € R; with parameters [; = [ and r; = r, respectively.

Algorithm 11 Updating procedure TIEP

1: Input: Proper tridiagonal matrix T3, € C™*™ node 2,411 € C, ziq1 € 0(Thn)
and weights a;41, Bmt1 # 0.

2: Output: Assuming no breakdowns, proper tridiagonal matrix T,,11 €
(C(erl)X(erl)

3: procedure UPDATETIEP (T}, zm+1, Qmt1, Brm+1)

. — Qmt1 - __ MBmi1
" L._L( : ,1),R._R( anmﬂamﬂg)
5. Ti=R-1p-1|Tm LR
Zm,—i—l
6: fork=1,...,m—1do
7: L:=1L (—.tm+1’k/tk+17k,.k + 1) . .
8: R =R (tk,mﬂtkﬂ,k/ (k1 tht1,k6 + b1 ktime1) K+ 1)
9: T:=RLTLR

10: end for
11: Toy1:=T
12: end procedure
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9.4.2 Tridiagonal pencil IEP

Using eliminators the solution to a TPIEP can also be updated. Suppose a
solution to the TPIEP with the matrix of nodes A = diag({z;}I™ ), weights v =

T T
[al Qs ... am] LW = [62 By ... Bm] and poles = = {&}1"7 ", Le=16 i
is available. This solution consists of biorthonormal matrices V,,,, W,,, € C™>™ and a

tridiagonal pencil (T}, S,,) € C™*™ satisfying, for wv = fjv # 0,
WHAV S = Ty Vimer = -, Winer = —. (9.19)
n v
Next, a node z,,t+1, weights a,41,8m+1 and poles fm, _1 are added to the

original problem. The new problem consists of nodes A= dlag({zz 7“{1), weights

- T —
o= [v amsy] , = |w 5m+1] and poles E = {&}™,, 0 = {6;}"7'. The
biorthonormal matrices V,,,W,, € C™*™ are embedded while preservmg their

biorthonormality
= Vin = W,
SN ) o
And for 3,,, 1 and t,,, satisfying Zm+418m+1 = fm_H, define T and S as
AV [S’" R ] =V [T’" . } . (9.21)
Sm+1 tma1
=5 T

The bases V, W do not have to be available in order to execute the updating procedure.
Theorem 9.4 states how a solution can be efficiently obtained from the embedded
matrices (9.20), (9.21) via similarity transformations with eliminators.

Theorem 9.4. Let V,,,, W, € (mem (Tm,S ) € C™X™ x C™*™ be the solution to

Problem 9.8 of size m and let V W T S denote the corresponding embedded matrices
(9.20), (9.21). Then there exist a nonsingular matriz C, eliminators L; € £;, R; € R,
,i=1,2,....mand L; € £;, R € Ry, 1 =1,2,...,m such that

= <ﬁ RkLk> TCLy (ﬁ RkLk> , S= (f[ RkLk> SCLy <ﬁ RkLk> :

k=m k=2 k=m k=2
V=V <H Lkle1> and W =W (H LfR,?) :
k=1 k=1

solve the IEP of size m+ 1. This IEP is obtained by adding a node zp+1 & 0(Tim, Sm),
weights a1, Bmy1 and poles &, 0, —1 to the original IEP of dimension m.
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The remainder of this section is dedicated to providing the components required to
prove this theorem. Three steps compose the updating procedure: introduction of the
new weights, which will perturb the structure of the pencil, restoring the structure
and introducing the new poles. The proofs provided in this section are constructive,
they provide the necessary components for an algorithm implementing the updating
procedure. We published our implementation of the algorithm online [163].

Introduce weights a,,, 41, Bmt1

The new weights c,+1, Sm+1 can be introduced as described for the TIEP. Let L; € £4,
R; € Ry be such that

VL{'R ey = o/ij and WLTH R Hey = w/p.

The new bases lead to the pencil (RlLlf, R1L1§), which is no longer a tridiagonal
pencil

e S . T
AVL'R! =VL'R! (9.22)

Xl © X
Xl © X

X X x x 07

o
—

with T, S tridiagonal matrices of size m which, respectively, differ from T, S only in
their first row.

Restore tridiagonal pencil structure

Using eliminators, the tridiagonal structure of the pencil will be restored, Lemma 9.5
provides the details.

Lemma 9.5. Let (T, 5) denote the embedded pencil (9.21) and Ry, Ly the matrices
from (9.18). Then, under the assumption that no breakdown occurs, there exist
a nonsingular upper triangular matriz U, eliminators L; € £;, R; € R;, fori =
1,2,....m—1 andLj €L, Rj €Ny, 7=2,3,...,m such that

m—1 m—1
7= L, (H RkLk> TUL, <H RkLk> Ry,

k=1

k=1

m—1
Sml .= 1, (H RkLk> SUL, (H RkLk> (9.23)
(T,8

have tridiagonal structure and the same poles as (
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Proof. The proof is by induction. The first step, ¢ = 1, differs from the general iteration
(i > 2). Consider the matrices L, Ry from (9.18), and denote their parameter by I,
r1, respectively. Then the pencil which must be reduced to tridiagonal form is, for

some 1 50 satisfying iz, 1 = s,

(1 + ilrl)tll (1 + l.17‘1)t12 0 blt[l]
to1 0
T[l] = RlLlf = 0 T(m_l) 0 ’
It l1t1a 0" igz]—&-l,m-&-l ]
(1+i17’1)811 (1+i1’f‘1)812 0 7"13[1] 1
521 0
S = R [,S = 0 S(m=1) 0 ;
l1511 l1512 o' 5£rlz]+1,m+1 i

where T(™=1 and S(™~1 denote, respectively, the principal trailing submatrix of
size (m —1) x (m —1) of T and S from (9.19). Note in the above equation that the
matrices are very similar, therefore, we will only explicitly write down 7% and omit
Slil The annihilation of the first element in the last row and last column is performed
in two steps. The first step creates colinearity between relevant elements in the pencil
and the second step eliminates the first elements in the last row (and last column)
simultaneously.

First, create colinearity, i.e., find suitable L; € £, with parameter |; and U :=

1 u

1 which act on T as follows
Im—l
f~11 512 0 7’175[1]
t~21 0
T[I]ULl = 0 T(m=1) + utglelef 0 s

Iyt + LM | 0 (tg + uthy) o’ igl]—&—l,m—i-l
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~ . . 1 ~ . ~
Where tll = (1 + llrl)tll + 11T1t£n]+1’m+1, t12 = (]_ + llrl)(t12 + Utll), tgl = t21. The
resulting matrix should satisfy the colinearity conditions

t t
rank ~12 1 .1[111]-|-1,m+1 17
512 T15m+1,m,+1

to1 S21
rank | | . 1] ; .[1] =1,
Lty +aty gy list+ 08,00

this can be achieved by choosing appropriate v and [;. Next, L2 € £5 and RQ € Ry
eliminate these colinear elements in the last row and last column, i.e.,

th o o 0 of 0

521 £[22,J7n+1
LoTULiRy = | 0 | T0" D 4 uiyiere] batss = T8

0 0

0 iﬁjﬂ,z Iptas 07 ifzJJrl,erl

Where t.g}Jrl’z = il (t12+ut11)+i2(i[212] +'U/£21), t[22,]m+1 = 7.“1 (t[212] +u521) and i5]+1,m+1 =

(1 + lgbl)t[l] + 7;‘21.1 (tlg + Utll) + T"Qig (t[212] + Utgl). By the Colinearity, the same holds for
G121, This shows that the initial step can be performed using the matrices U, L1, Lo
and Ry. Note that this U is only required in the first step, in the subsequent steps it
will be replaced by a matrix in $R;. Under the induction hypothesis, we have

TED fi e 0
Ei;iflel—'r ty,]erl
T = LR TV YLy Ry = T(m=i+h) Filiv1i |
| 0
0 |, Dty O i

where T(m—+1) ¢ Clm—i+D)x(m=i+1) "the principal trailing submatrix of 7' (9.19) and
TG=1) is the (i—1) x (i— 1) leading principal submatrix of the solution T to the TPIEP.
All the action takes place in the (m —i+1) x (m —i+1) principal trailing submatrix of
T, For the proof to hold, T+l = LiJr]_RiT[i] LiRiJrl and S+l = Li+1RiS[i] LiRiJrl
must create zeros on positions (m + 1,7) and (i,m + 1). The first step enforcing
colinearity, determining L; € £; and R; € *R;, can be elegantly formulated using

tivii  Titir1 Sit1,4  TiSit14 0 0
M = Sit1 o i —tir1,i | .[4) (1] =l «|
m+1,i  ‘m+1,m+1 Sm41,i Sm+l,m+1

M. —s. - bijit1 t?,]mﬂ .| Swit Sy]mﬂ [0 x
T Shitl ] i1 | (1] “lo x|
Litiiv1  tg1mtn lisiit1  Smt1,m+1
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They are constructed such that, isolating their active part in L? and R?, they create

rank one matrices
ML} = [O 0} and R°M, = {0 O} )
v 0 x v 0 x

Clearly, appropriate Li+1 € £,41 and Ri+1 € Ri41 can be found which will eliminate
the ith elements in the last row and column of 71+ and S+ such that

T+l . Li+1RiT[i]LiRi+1

i tiit1€it1 0
;7 ]
Lit1,i€541 ti+1,m+1
= Tim=1) Tit1lit2,i+1 |
0
] ~ T
0 bt i1 bitrtivriez 00 | 600

1 ; . . .
W1 th t%—:_l] i+1 — l tz i1 + lz+1t1+1 7+1y t[hLl] - tLJJrl m+1 + li+17'1' 1+1,7 + Ti+1rzt1 1+1

+1
and t1[:_1 ]m+1 Fitis1,i + Tis1tit1,i41. Furthermore, &;; = t;; + 7yl Lﬂ—s—l it t£11m+17

ti,i-‘,—l = (1 + lz""iﬁi,i-‘,—l and E’H—Li = (1 + ’I“ili) i+1,i- The same holds for S+ thanks
to the colinearity. Hence, the poles are preserved, t~i+17¢/§¢+1,i = tit1,i/Sit1, = &is
1= ]., 2, ey — 1 and t~i,i+1/§i,i+l = ti,iJrl/si,iJrl = T;Z)i*la 1= 2, 3, ey — 1.

This can be continued for i < m, thereby obtaining at ¢ = m — 1 a tridiagonal pencil
(101, 8tmly, Whenever £l (or 5[) vanishes for some 4, the above transformations
cannot be determined, i.e., a breakdown occurs. This situation is excluded by the
assumption that no breakdowns occur. O

The structure restoring process for one of the matrices from the pencil is shown in Figure
9.10, the structure for both matrices in the pencil is at each step the same. Lemma

9.5 shows that a tridiagonal pencil (T[m], S [m]) with eigenvalues z; can be constructed
;m] ilml

while preserving its poles, ie., 45+ =&, ¢ = 1,2,...,m — 1 and ““ = 11,
i+1,1 Si 7«+1
[m
1=2,3,.. — 1. However, in general "j,fl m £ & and f’]"“ # 1),_1, which are
Sm«#l m 771. sm+1

the poles belonglng to the rational functions that are added to the spaces.
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X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X
X X X X X X X
7 At 72
X X X X X X
X X X X X X X X X
X X X X X X X X X X
X X X X X X X X X X X
X X X X X X X X
X X X X X X X X
2] 713) 73]

Figure 9.10: Updating strategy restoring tridiagonal pencil structure.

Introduce poles &,,, 0,1

The new poles must be introduced in the pencil without disturbing the tridiagonal
structure, Lemma 9.6 provides the details.

Lemma 9.6. Consider a tridiagonal pencil (T, S), where fm+1,m+1a5m+1,m+1 # 0.
Premultiplication with R, € R, and postmultiplication with L., € £,, suffice to alter,
respectively, the ratio of elements (m,m + 1) and (m 4 1,m) of (T, S) to any values
01 € C and &, € C.

Proof. Only the 2 x 2 trailing principal submatrices of (T, S) are altered by the
transformation (R, T Ly, RmSLy,), denoted compactly by

1 r, t'm,m im7m+1 1 X«
1 thrl,m tm+1,m+1 lm 1 H X
1 Tm émﬂn ém,’m—i—l 1 _ X ﬁ
1 ém,—i—l,m 5'm+1,m+1 Im 1 v x|

The formation of the product on the left-hand side shows that, under the assumption
timt1,m+1 7 0 and $y41.m41 # 0, we can create any ratios a/3, p/v € C. O
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9.5 Numerical experiments

The proposed solution strategies, based on Krylov subspace methods and on the
updating procedures, are analyzed numerically. Consider the diagonal matrix of
distinct nodes A € C™*™ a weight vector v € C™ and a set of poles E = {¢; ;7;]1,
with & € C\{0} (the exclusion of & = 0 and & = oo is done solely for simplicity of
notation). In case of biorthogonality, an extra weight vector w € C™ and set of poles
O is provided. Both solution strategies compute a solution to Problem 9.5, i.e., a
pencil (B, C) such that
WHAVC = B,

with WHYV =1, We; = v, Ve, = % and (B, C) adhering to either Hessenberg or
tridiagonal structure. When computing this in finite precision some errors will arise
and these are measured. The biorthogonality of the formed bases V, W is measured by

erry := [|[WHV — 15,

where [ is a unit matrix of appropriate size and if we consider an orthogonal basis @,
then V =W = Q. The accuracy of the recurrence relation, consisting of recurrence
matrices (B, C) and basis V, is measured by

IAVC — VB,
max ([AVCllz, [V B]2)’

err, =

The elements (B, C) represent recurrence coefficients of sequences of biorthogonal
rational functions, {r;}7",' and {s;}/",", or a single sequence of orthogonal rational
functions {ri}ﬁgl. The orthogonality of these functions is checked by constructing
their Gram matrix, which should equal the unit matrix. We get for the orthogonal
case with inner product (., .),:

m—1 H
2

erry 1= H [(HWJ‘)WL,]‘:O -

and for the biorthogonal case with linear functional £,,{.}:
~1
erry := H [Cm{risj}}zzo - IH2 .
The evaluation of the rational functions {r;} and {s;} using its recurrence pencil
(B, C) is discussed in Chapter 7.

The final error metric quantifies the accuracy of the poles. The poles of the computed
pencil (B, C) are compared to the given poles &;,

B(i+1,3) f

Clit10)
err, = max
P <i<m—1 €]
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For the TPIEP, also the superdiagonal ratios reveal poles and must be taken into
account, which is taken to be the maximum of the above metric and the following

B(i,i+1) 1;71

Cliyit1)
err, = max
P oci<m—1 [ 1]

Throughout this section all weights are chosen to be equal to the value 1.
Throughout the following discussion, it is important to be aware of the essential
difference between both solution procedures: the updating procedure starts from an
already known solution to construct the next solution, whereas the Krylov procedure
must start over every time the problem changes. Therefore, the updating procedure is
much more efficient in situations where the solution to a related problem is available.
On the other hand, the Krylov procedure possesses all information about the whole
problem, which typically leads to a more accurate solution.

Hessenberg pencil

Two experiments are discussed. The first uses equidistant nodes on the unit circle and
highlights the numerical stability of the proposed updating procedure. The second
illustrates the influence of the given nodes on the accuracy of the numerical solution
by choosing two nodes close to each other.

The first experiment uses equidistant nodes on the unit circle. Since updating always
adds one node and keeps all others fixed, we cannot have equidistant nodes at each
step. The node is then added at the largest distance from all nodes already generated,
exactly in the middle of two adjacent nodes. This order of adding nodes is chosen
because it is a good order for the updating procedure, the order has little effect on the
final solution (for the same nodes) but strongly influences the intermediate behavior.
The poles = are chosen equidistant on a circle of radius 1.5. The result for problem
sizes m = 3,18,...,393 is shown in Figure 9.11. The three metrics for the matrix
solution, err,, err, and erry,, show very good accuracy for both procedures, with the
Krylov procedure performing slightly better, which can be attributed to the benefit
of solving the complete problem every time. The metric for the orthogonality of the
rational functions, err¢, shows that the updating procedure performs much better than
the Krylov procedure.

To explain this, we must look at the condition number (B, C) for the pencil (B, C)
obtained by both procedures, shown in Table 9.1. This table shows that the condition of
the system of equations is much larger for the pencil obtained by the Krylov procedure.
The updating procedure performs unitary similarity transformations, therefore if nodes
are located on the unit circle then the pencil consists of unitary matrices and this
leads to much better conditioning than the Krylov procedure, which does not generate
unitary matrices. Note that the pencil (B, C) as a whole is unitary in both cases. The
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Figure 9.11: HPIEP with nodes on the unit circle and poles on a circle with radius
1.5. Error metrics for Krylov 'o’ and updating **’ procedure in log scale for problem
size m.

m ‘ 10 100 200 300 400
Update | 1.9e01 2.3e02 4.8e02 1.4e03 9.1e03
Krylov | 2.9e01 2.8¢05 4.0e09 3.3el3 7.7el7

Table 9.1: Condition number x(B, C) for the pencil (B, C) obtained by the updating
and Krylov procedure for the first experiment, with poles on a circle of radius 1.5, for
problem size m.

condition number (B, C) of the solution obtained by the Krylov procedure depends
on the choice of poles. We repeat the above experiment with poles on a circle with
radius 3. Table 9.2 shows a much smaller (B, C) for the Krylov solution. This
illustrates the dependence of k(B, C) of the Krylov solution on the prescribed poles.
The updating solution is much less influenced by the choice of poles.

The second experiment shows how the numerical solution of a HPIEP depends on
the location of the given nodes. The nodes are chosen as above, up to the following
change, the myth node is chosen on the circle and close to the (m;, — 1)th node. That
is, for m > m, nodes, we have m — 1 equidistant on the circle as above, and a node
close to one of these nodes, the distance between these two nodes is given by the angle
w. For small w this leads to an underlying discrete inner product with m nodes that
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m ‘ 10 100 200 300 400
Update | 2.0e01 2.2e02 4.4e02 1.4e03 9.8e02
Krylov | 2.4e01 3.2e02 6.1e02 1.8e03 1.4e03

Table 9.2: Condition number x(B,C) for the pencil (B, C) obtained by the updating
and Krylov procedure for the first experiment, with poles on a circle of radius 3, and
problem size m.

is very close to an inner product with m — 1 nodes. Therefore, the mth orthogonal
rational function will become closer to numerical linear dependence, as w gets smaller,
with a deterioration of the orthonormality of the generated rational functions as a
consequence. Figure 9.12 shows the results for m, = 50, w = 1079 and equidistant
poles on a circle of radius 3. The metrics err, and err, behave nicely, as with the first
experiment. The error on the poles obtained by the updating procedure, err;,, makes a
jump when a value m > m,, is reached and stagnates thereafter. This jump is caused
by the small value obtained for the last element in the Hessenberg pencil, this element
is the inner product of 7, ,_1(z) with 7, _2(2) which is small due to the similarity of
the inner product with m, and m, — 1 nodes. And this element is used to introduce
the new pole, but due to the difference in order of magnitude (about the size of w), loss
of accuracy (about 5-6 digits) is expected. As predicted, the orthonormality, measured
by errs, of the complete set of the m orthogonal rational functions deteriorates for
m > m,. However, if we look at the m — 1 first orthogonal rational functions, the
situation is much better. This means that the loss of orthogonality, as expected by
the closeness of an inner product of m and m — 1 nodes, is isolated in the mth ORF.
Hence, the first m — 1 ORFs are still accurately computed.

Tridiagonal pencil

The tridiagonal pencil is interesting because of the underlying short recurrence relation.
If this can be combined with an inner product, which has preferred numerical properties
over a general linear functional, then it will lead to an efficient procedure to generate
ORFs in a stable manner. This scenario occurs for nodes on the real line and poles
& = 60,. The first experiment chooses Chebyshev nodes, obtained by projecting the
equidistant nodes on the unit circle onto the real line. The second experiment serves
as a proof of concept, the nodes are chosen equidistant on a thin ellipse, a choice
between the unit circle and Chebyshev nodes, where Chebyshev nodes would be the
limit case (such an ellipse of height zero). For both experiments all weights are equal
tol,ie,o=[1 ... 1] andw=1[1 ... 1] .

The metrics for the first experiment, with Chebyshev nodes on the interval [—1, 1] and
equidistant poles on a circle of radius 3, are provided in Figure 9.13. As expected from
using nonunitary similarity transformations, the procedure is no longer numerically
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Figure 9.12: HPIEP with nodes on the unit circle, perturbation of w = 1076 at m = 50
and poles on a circle with radius 3. Error metrics for Krylov ’o’ and updating "*’
procedure in log scale for problem size m. The metric errs for the m — 1 first ORFs is
indicated by '+’ for Krylov and 'A’ for updating.

stable, we see a steady deterioration of all metrics. The errors are however still
relatively small, especially for errs. Table 9.3 shows this metric for solutions obtained
by the solution procedures for the HPIEP and TPIEP, which are equivalent except
for the imposed structure on the pencil. The Hessenberg pencil achieves only one
significant digit more than the tridiagonal pencil, which makes the procedures based
on the biorthogonal formulation competitive thanks to the efficiency gained by the
underlying short recurrence relation.

m 18 93 198 288
Update TP | e-12.9 e-10.6 e-10.1 e-9.8
Krylov TP | e-13.2 e-12.1 e-11.5 e-11.8
Update HP | e-13.5 e-11.5 e-10.6 e-10.4
Krylov HP | e-13.6 e-12 e-12 e-11.9

Table 9.3: Metric errg for solution of the IEP with Chebyshev nodes in [—1,1] and
poles equidistant on circle with radius 3. Solutions are obtained by solving the HPTEP
with updating and Krylov procedure and by solving the equivalent TPIEP with its
respective updating and Krylov procedure.
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Figure 9.13: TPIEP with Chebyshev nodes on the interval [—1, 1] and equidistant
poles on a circle with radius 3. Error metrics for Krylov o’ and updating "*’ procedure
in log scale for problem size m.

The second experiment uses equidistant nodes on a thin ellipse z2 + (y/0.01)? = 1,
obtained by compressing the unit circle 22 + y> = 1 in height. The poles = are
chosen equidistant on a circle of radius 3 and © on a circle of radius 4. Results of this
experiment are shown in Figure 9.14. The updating procedure performs well despite its
biorthogonal nature. The solution obtained by the Krylov procedure deteriorates fast,
this can be explained by the fact that it is a general purpose Lanczos-like recurrence
relation, whereas the updating procedure is designed for this specific problem. For
poles which are equal, the situation improves, as is shown by the metrics in Figure

9.15, where = =

These results show the potential of the biorthogonal procedures, especially for special
cases such as discussed in the first experiment.
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Figure 9.14: TPIEP with equidistant nodes on an ellipse 22 + (/0.01)? = 1 and poles
= and O on a circle with radius 3 and 4, respectively. Error metrics for Krylov ’o’ and
updating '* procedure in log scale for problem size m.

9.6 Downdating procedures - inner product

Downdating procedures are procedures that remove an eigenvalue from an available
solution to some IEP. This corresponds to removing a node-weight pair from the
underlying inner product. Downdating an IEP is closely related to downdating matrix
factorizations, which is known to be a much more difficult problem than updating [60].
For least squares problems a downdating procedure is proposed by Bjorck et al. [25].
Their procedure requires the full QR decomposition of the matrix of interest to be
available. Downdating a Cholesky decomposition is discussed in [25,26].

The downdating procedures proposed here only require the recurrence matrix or pencil
and the node of the inner product to be removed. Downdating is discussed in more
detail for the HIEP and HPIEP. The matrices arising from solving a HIEP are normal
proper Hessenberg matrices with simple spectrum and the pencils from the HPIEP are
normal, proper Hessenberg pencils with simple spectrum. These properties facilitate
the discussion of the procedures proposed for downdating.

The downdating procedures extract an eigenvalue from a matrix or pencil. A single
step of the RQ algorithm applied to a matrix shifted by an eigenvalue allows deflation of
this eigenvalue. Section 9.6.1 discusses the RQ algorithm in more detail and addresses
the difficulties arising from its computation in finite precision. Based on this exposition
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Figure 9.15: TPIEP with equidistant nodes on an ellipse z2 + (y/0.01)?> = 1 and
poles = = O on a circle with radius 3. Error metrics for Krylov ’o’ and updating ’*’
procedure in log scale for problem size m.

Section 9.6.2 proposes two procedures to downdate the HIEP. Section 9.6.3 performs
numerical experiments for the proposed procedures. The generalization of the RQ
algorithm to matrix pencils is the backward RQZ algorithm, which is the subject
of Section 9.6.4. A single step of the backward RQZ algorithm applied to a pencil
shifted by one of its eigenvalues allows deflation of this eigenvalue. Section 9.6.5 uses
this property to downdate a Hessenberg pencil, two new procedures are proposed. A
publication with these results is in preparation [164].

9.6.1 RQ algorithm

The QR algorithm is an algorithm for the computation of eigenvalues of a matrix
A € C™*™_ Usually, a preliminary step reduces A to a proper Hessenberg matrix,
if the Hessenberg matrix is not proper, it can be split into two (or more) smaller
problems for proper Hessenberg matrices. The QR algorithm is thus applied to proper
Hessenberg matrices. In our context the solution to a HIEP is already a proper
Hessenberg matrix, the QR algorithm can be applied immediately.

A single step of the QR algorithm with shift consists of computing the QR
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decomposition of the proper Hessenberg matrix H shifted by Al for some A € C
H-XM=QR
and then recombining these factors to obtain the Hessenberg matrix

H = RQ + A

This performs a unitary similarity transformation on the matrix H, since H =
RQ + M = Q¥(H — A\I)Q + M = Q¥ HQ. Note that @ is a unitary Hessenberg
matrix. For details on the QR algorithm and the connection to Krylov subspaces, we
refer to [178].
The RQ algorithm applies the same idea, but now the RQ decomposition of the shifted
matrix is used,

H — M = RQY,

the unitary factor in the RQ decomposition is denoted by a complex conjugated matrix
Qf, this is merely convention and useful in the following discussion. The unitary
factor Q* is a unitary Hessenberg matrix. The recombination is

H=Q"R+ )

and H = Q"HQ.

The theoretical and numerical behavior of the RQ step will be described in more detail
below. Some known results are provided together with the proof if it contributes to
the understanding of the downdating procedure in finite arithmetic.

Perfect shift

When a proper, simple Hessenberg matrix H € C™*™ ig shifted by one of its
eigenvalues, it will be called a perfect shift. In exact arithmetic a single RQ step
with perfect shift, A € o(H), allows to deflate A from H = QP HQ. More precisely
Hey = Aey, where \ € o(H). Lemma 9.7 leads to a result on invariant subspaces
required to explain the deflation of the perfect shift.

Lemma 9.7 (RQ step with perfect shift [178]). Let H € C™*™ be a proper, simple
Hessenberg matriz and A € o(H). Then the triangular factor R in its shifted RQ)
decomposition H — A\ = RQY satisfies m1,1 1= elTRel =0.

Proof. The shifted Hessenberg matrix H — Al is singular. Hence, the upper triangular
matrix R € C"™*™ from the RQ decomposition

H — M = RQY
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must also be singular and therefore a diagonal element 7; ; must satisfy r; ; = 0 for
some 4. Since H — A\I is Hessenberg, its last m — 1 rows are linearly independent,
from which it follows that these rows of R are also linearly independent and therefore
11 = 0. O

From Lemma 9.7 it follows that a single RQ step with perfect shift leads to the
decomposition

0 1,2 T1,3 T1,m QH
Too T23 ... Tom (j}”
~ 2
H -\ =RQ" = 33 ... T3m , (9.24)

. 0

m,m N——

~H
_.|%

~|&]

with Q € Cm=Dxm QQH = I and QG = 0. Therefore Hj; = Ay, i.e., G, is the
eigenvector corresponding to A. The eigenvector ¢; forms an invariant subspace under
H of dimension 1. The discovery of an invariant subspace allows deflation.

Deflation

Once an invariant subspace of H is found, H will have a zero on its subdiagonal. This
allows deflation of the eigenvalue problem, H is split into two matrices at the location
of the zero. Theorem 9.5 provides the details for a normal Hessenberg matrix.

Theorem 9.5 (Isolate eigenvalue using perfect shift RQ [178]). Consider a proper,
simple, normal Hessenberg matriz H € C™*™ and one of its eigenvalues \. Let R be
an upper triangular and Q{{ a unitary matriz such that H — X = RQ®. Then for a
proper Hessenberg matriz H € Cim—1x(m=1)
A=0"R+ N =0"HO = | O
- - |0 H|
Proof. Let X, A be the factors of the eigenvalue decomposition of the normal matrix H,
ie, H=XAXH XH"X =Tand A = diag({\;}",). From Lemma 9.7, more precisely
(9.24), we have that §; = zj, for some k. Now, by relying on the orthogonality of the
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eigenvectors we obtain

(j{{X = (j{{ ry ... Tg-1 Tk Tk4+1 --- Tm
| | | | |
= [0 01 0 0] =ey,
and

T I |
Q"X =0Q" |7 Tp—1 Tk Thyl Tm

| | | | |

| \

| |
=|X ... X 0 x ... X
| |

This isolates the eigenvalue A corresponding to the eigenvector §;
Q"R+ A = QTHG = QU XAXYQ = [3 I‘H |

where H € Cm=1x(m=1) j5 o proper Hessenberg matrix with spectrum J(ﬁ[) =
o(H)\{\}. O

The isolation of the perfect shift A in H= Q" HQ is the key to downdating solutions
to HIEPs. Before proposing downdating procedures based on the perfect shift RQ
step, the computation of H in finite precision is discussed.

Numerical computation

In finite precision, blurring can occur, which obstructs deflation [129,180]. The
computed H=0YHQ might have a first column that differs significantly from Aeq,
depending on the condition number of the eigenvalue A\. The perfect shift RQ step
described above can be implemented in three different ways [129], these are stated in
Theorem 9.6. Mathematically they are equivalent, but numerically the choice matters.

Theorem 9.6 (Equivalencies for RQ step [129]). Let H € C™*™ be a proper
Hessenberg matriz and X\ € o(H). Then the following hold:

1. H has a normalized eigenvector x corresponding to A
Hx =Xz, |z|]2=1

which is unique up to unimodular scaling and e} x # 0.
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2. An essentially unique sequence of {C'q;}i”;_ll, C; € €; forming the matriz

QH = 0102 .o Cm—l

exists that transforms the pair (H,x) to a similar one

(H,2) = (Q"HQ,Q"x)
with

T=uaey, |al=1, He; = MXe; and H is a Hessenberg matriz.

3. The Hessenberg matrix H — A\I has the RQ decomposition
H — M\ = RQ¥Y,

where e] Rey = 0 and Q™ is essentially the same matriz as the one transforming
z to 2.

Ammar et al. [1] proposed to compute the matrix Q@ by one step of the shifted
RQ algorithm, corresponding to 3 in Theorem 9.6. They studied the case where the
solution to a unitary Hessenberg matrix IEP is downdated, but the idea applies to
the general HIEP as well. This method will be referred to as the matriz method.
Mastronardi and Van Dooren [129] proposed a method based on 2 in Theorem 9.6.
Their procedure leads to a more accurate isolation of the given eigenvalue, on the
condition that the eigenvector is computed with sufficient accuracy. This procedure
will be called the eigenvector method.

Assume that the given eigenvalue A is such that the smallest singular value of H — A
equals €mach||H — A2, denoted as

Smin(H — M) = €mach||H — M ||2. (9.25)

If this is not the case, the given A is not a suitable candidate to perform a perfect shift
RQ step. If the condition is satisfied, then an eigenvector & can be computed which
guarantees

QUH+Ax)Q =H, |Anls < cémaen|H||F, Ap is a Hessenberg matrix,

QU+ Az) =e1, [|Aill2 < cemach, With ¢ a constant of order 1,
(9.26)

with Q¥ := C1Cy...Cp_1, where C; € €; is exactly unitary and eliminates the
element e;rl HZ:}H Cia. This implies that (A, 4) is an exact eigenpair of H, after

setting ﬁl’l = X and IALQJ = 0, up to a Hessenberg structured perturbation A g
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satisfying HAH”F < Cfmach||HHF~

Such an eigenvector & can be computed as described below. Details about the error
analysis can be found in [129]. To obtain a suitable eigenvector &, a diagonal scaling is
applied to balance the elements in the available approximate eigenvector z, an inverse
iteration with the scaled vector Dz is applied and the obtained vector is scaled back.
This procedure is described in Algorithm 12.

Algorithm 12 Compute eigenvector for eigenvector method [129]

1: Input: An approximate eigenpair (A, z), x € C™ of Hessenberg matrix H € C™*"™,
which satisfies spin(H — M) = €mach ||H — M |2, with s$pmin(A) the smallest singular
value of matrix A.

2: Output: An approximate eigenvector & € C™ of H satisfying (9.26).

3: procedure ACCURATEEIGENVECTOR(H, A, x)

4: d := max | min [ max_ {|2i/@m_a|/m=71) . max {xi/xml/m—i}] ,1>

Round d to the nearest power of 2

5:
6: D := diag(1,d,d?,...,d™1)
7 Hp:=DHD™ ' 2p= 7”[13;'2
8: One step of inverse iteration: Xp = (Hp — AI)3p
9: Ip = LD

HﬂfDle

s D 'z .

10: T:= ﬁ > Scale eigenvector back

11: end procedure

The matrix method and eigenvector method for downdating solutions to HIEPs are
proposed in the next section.

9.6.2 Downdating HIEP

The downdating problem for HIEPs is introduced and it is shown that a RQ step with
perfect shift provides a solution to this problem. Suppose H,, € C™>*™ is the solution
to a HIEP, the downdated HIEP removes the node-weight pair z*, w*. Let z* = 2
then the downdated HIEP is Problem 9.7 with

Z1 aq

Ap—1
Zk+1 A1

Zk—1

1
I
S3
|

Zm Qm
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The available solution consists of the proper Hessenberg matrix H,, € C™*™ with
v

simple eigenvalues and Q,, € C™*™ satisfying QZQ,,, = I, Qne; = 2. The last

llv]l
property will be used in the equivalent form: Qv = ||v||e;.
The solution of the downdated HIEP, with node z* = z;, € o(H,,) and weight o* = oy,
consists of Hy,,_; € Cm=Dx(m=1) and Q,,_1 € Cm=1Dx(m=1) gatisfying

v

U(Hm—l) = U(Hm)\{Z*}a quq{@—lQm—l =1, Qm—lel = Wa (927)

- T
Wherev:[al cee Q-1 Q1 .- am] .

Mathematical solution
The solution (9.27) will be obtained by computing Q € C™*™ satisfying

ma= "y | -1 o)

O3 O

QM Qv = aey +nex = , with [&] = [a*], || = [|0]]2. (9.29)
0
The solution H,,_; € Cm~1x(m=1) i5 obtained by deflating z* from Q™ H,,Q. Clearly,
since z* is known and is an eigenvalue of H,,, the RQ step with perfect shift provides
the solution to this downdated HIEP. The conditions (9.28) are satisfied by the matrices
in the RQ step, see Theorem 9.5. Condition (9.29) reveals why a RQ step is used
instead of a QR step.

The matrix Q* is a unitary Hessenberg matrix if it is computed as H — 2*I = RQ™
and this results in

[[] &
0 Ul
QnQiy = | 0 | - |0
m bl
0 0
with &, n as in (9.29). If, on the other hand, the QR decomposition is used H — 2*I =
QR, then Q is a unitary Hessenberg matrix and Q¥ QXv = [x X ... x} T, ie., a

vector full of generic nonzeros. Thus the QR decomposition does not (immediately)
lead to an appropriate solution to the downdated HIEP.

Next the matrix and eigenvector method, discussed in Section 9.6.1, are introduced
for solving the downdated HIEP.
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Numerical procedures

Algorithm 13 provides the matrix method, since usually the QR algorithm is available,
but not the RQ algorithm, the algorithm uses matrix transformations such that the
QR algorithm can be used to apply an RQ step. Algorithm 14 is an auxiliary procedure

Algorithm 13 Downdating procedure: matrix method

1: Input: Proper Hessenberg matrix H,, € C™*™ node z* € o(H,,).
2: Output: Proper Hessenberg matrix H,,_; € C"~Dx("=1) such that o(H,,_1) =

o(Hy)\z*
3: procedure DOWNDATEHIEP _MATRIX(H,,, 2*)
1
4: J = e Ccmxm
1

5: Compute QR decomposition of J(H — z*I)TJ =: QR
: Q:=JQTJ,R:=JR"J
7: H:=QR+2*I

|

9: end procedure

o

used in the eigenvector method proposed in Algorithm 15.

Algorithm 14 Compute core transformation

: Input: a,b € C.

—_

2. Output: C' € C2%2 such that C m = m with |a| = \/]a]Z + [b]2.
3: procedure CORETRANSFORMATION(a, b)
— b

s = a4+ bl + P

5: C:= lal

n
. — ab
6: S = 140

7: end procedure

For the actual implementation of Algorithm 15, the condition on the eigenvector =z,
specified in [129, Theorem 4.2], is checked. If the given eigenvector x satisfies the
condition, no scaling is needed and the core transformations forming Q' reduce the
eigenvector z, i.e, Step 4 is skipped and & := z. If the condition for x is not satisfied,
Step 4 will compute a suitable eigenvector .
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Algorithm 15 Downdating procedure: eigenvector method

1: Input: Proper Hessenberg matrix H,, € C™*™ node z* € o(H,,), approximate
eigenvector x € C™ corresponding to z*.

2: Output: Proper Hessenberg matrix H,,_; € C~Dx0m=1) ‘such that o(H,,_1) =
o(Hpm)\z*.

3: procedure DOWNDATEHIEP _EIGENVECTOR(H,,, z*, )
4: & = accurateEigevector(H,,, z*, )
5: H:=H,,
6: fori=m:—-1:2do
7: C = CoreTransformation(&;_1, ;)
8: C:=1I_9 @é@l’m—i
9: Tt =Cz%
10: H=CHCH
11: end for
. X — H
12: |: Hmfl :

13: end procedure

9.6.3 Numerical experiments

Numerical experiments are performed for the matrix and eigenvector method. The
setup is as follows. A solution H,,, @, € C™*™ is available to a HIEP, with weights
{a;}, all equal to 1 and some nodes {z}7,. The nodes are imposed by the
experiments below. One by one nodes are downdated from H,,, resulting in H,,_;,
1=1,2,...,m/2, we will downdate half of the nodes. The error metrics err,, err,
and erry from Section 9.5 are used. For the current situation, (B,C) = (Hp—, ),
V=W =Qmu_; and r; = p; € P;. An additional metric, which quantifies how well the

first column of Q,,_; represents the weight vector ¥ := [1 . 1]T € C™ ! is used
erry = [[[[7]|2Qexr — 2.

Three choices of nodes are discussed: nodes equidistant on the unit circle, Chebyshev
nodes and random nodes inside of the unit circle. The former two are the same as
used in Section 9.5, details can be found there.

The initial solution H,,, Q,, is computed via the Arnoldi iteration. The eigenvector
method requires the eigenvector corresponding to the node that will be downdated.
This eigenvector is computed by a QR step with perfect shift and iterative refinement
is applied until a relaxed version of condition (9.25) is satisfied:

Smin(H — M) = 100€mach || H — M ||2.

A thorough analysis of the effect of this relaxation is future research.
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Nodes on the unit circle

For m nodes equidistant on the unit circle, m/2 nodes are downdated in the reverse
order as explained for updating in Section 9.5. Figure 9.16 shows the downdating of
these nodes as performed by the matrix and eigenvector method. The errors for the

—13.5

48 \ \
300 250 200 150

150

Figure 9.16: Error metrics for downdating with m = 300 nodes equidistant on the
unit circle. Blue 'x’ corresponds to the matrix method and red ’o’ to the eigenvector
method.

matrix method increase more quickly than for the eigenvector method. The eigenvector
method, as it is implemented for this experiment, is more expensive than the matrix
method.

Chebyshev nodes

Figure 9.17 shows the downdating of a Jacobi matrix H,, for Chebyshev nodes on the
interval [—1,1]. The downdating is performed in the reverse order as described for the
Chebyshev nodes for updating in Section 9.5. The error err¢ is significantly larger for
this experiment than for the first experiment. This can be explained by the condition
of polynomial evaluation for the matrices H,,_; in the nodes.



DOWNDATING PROCEDURES - INNER PRODUCT 225

300 250 200 150

m—1

y

Figure 9.17: Error metrics for downdating with m = 300 Chebyshev nodes. Blue '
corresponds to the matrix method and red o’ to the eigenvector method.

Complex plane

The final experiment tests a more general case, m nodes are generated in the complex
plane, lying inside the unit circle. Then m/2 nodes are downdated, in no particular
order. Figure 9.18 shows the metrics. Again the eigenvector method performs slightly
better. The conditioning of the corresponding polynomial evaluation is very large, we
have omitted the metric erry for this reason.

Conclusion

The eigenvector method performs better than the matrix method. The current
implementation of the eigenvector method is more expensive than the matrix method.
Both methods show promising results for these simple experiments, but a more
thorough study to their finite precision behavior is required. This is future research.
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40

Figure 9.18: Error metrics for downdating with m = 100 nodes randomly chosen
inside the unit circle. Blue '+’ corresponds to the matrix method and red ’o’ to the
eigenvector method.

9.6.4 RQZ algorithm

The RQZ algorithm is a generalization of the QR algorithm that operates on Hessenberg
pencils. This suggests that it might be suited to downdate HPIEPs. The (backward)
RQZ step [40] performs nested subspace iterations and consists of essentially 2
operations acting on Hessenberg pencils, pole swapping and pole changing. These
operations are discussed and the backward RQZ step with perfect shift is stated.

Some terminology is introduced to facilitate the discussion of the pole swapping and
changing operations that are discussed below. The pair of subdiagonal elements
(hit1,, kiv1,;) of a Hessenberg pencil (H, K) € C™*™ x C™*™ will be referred to as
pole position i. The poles Z = {¢; ;71:711 are distributed, in factored form &; = Z—j
over the pole positions. If §; = ‘Z—j appears on pole position [, then hi11; = a; and
kiy1,; = b;. Note that this is a break from the usual convention in this thesis that

& = %, i.e., that & always appears on pole position 3.
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Pole swapping

A pole swap is the interchanging of poles on two neighboring pole positions, i.e., §;
appearing on pole position ¢ and £; 41 on position ¢ + 1 are interchanged such that
& now appears on pole position ¢ 4+ 1 and ;41 on position i. Lemma 9.8 states that
swapping poles can be performed by core transformations.

Lemma 9.8 (Pole swapping [18,40]). Consider the proper Hessenberg pencil with

poles & = Zi’}fz = sz € C on pole position 1 and 2, respectively,

hl 1 hl 2 kl 1 kl 2
H=|" T2 = | 2]
R

Then core transformations C,C € C**2 can be constructed such that

CHHC — CH {hl,l hl,Q] ¢ — [ﬁm @1,2]
ha o haa|’

CHKC = CH {k‘m k‘m} O = [kim /:61,2}
koo’

;12 2 FL] 1
where =22 = and ==
koo 61 ki1

pole position 1.

= &s, t.e., &1 appears on pole position 2 and & appears on

Proof. The procedure consists of three steps
1. Compute M := kg,gﬁ - hg’zf{

M= [k2,2h1,1 - h2,2k1,1 k2,2h1,2 - h2,2k‘1,2} _ [X X}

0 0 0 0

0 x

2. Compute C such that MC = {0 0

] which implies that

rank ([fIC’el KOel]) =1,
i.e., the first column of HC and KC are colinear.

3. Compute C such that CH HC = [g], from which immediately follows that

HirA | X
CKC—{O

} , i.e., simultaneous elimination of the element on position (2,1).
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The resulting matrices H = C* HC and K = C" K satisfy the stated property. [

Note that this procedure corresponds to the structure restoring procedure that
is described in the proof of Lemma 9.3 in the context of updating a HPIEP. In
order to apply Lemma 9.8 to a Hessenberg pencil (H,K) € C™*™ x C™*™ of
size m > 2, plane rotations Cj, C’i € €, can be constructed with as its parameters
those elements appearing in C, C' obtained from Lemma 9.8 applied to the subpencil
([hi’i_l his ] , [ki’i_l Risi }) Let £ = '— appear on pole position ¢ — 1 and
h1+1 A kz+1 i

0= % on pole position i. Then the pencil (CHHCZ, CHKC ) will have 6 on pole
position i — 1 and £ on pole position i. All other poles in the pencil (H, K) remain
unaltered by the core transformations C;, C;.

Pole changing

Changing a pole is possible on the first pole position or the last, i.e., pole position 1 or
m — 1 for a pencil of size m. Lemma 9.9 states that changing a pole can be performed
by a unitary similarity transformation.

Lemma 9.9 (Changing pole - first pole position [18,40]). Let (H, K) € C™*™ xCm>™
be a proper Hessenberg pencil with poles = = {£1,€2,&3,...,&n—1}, where & € C
appears on pole position i, i.e., & = Z;i Let £ = % ¢ o(H,K) be a given pole.
Consider the core transformation Cy € & which, for an arbitrary nonzero constant
and x := y(bH — aK) (ka1 H — ho 1K) ey, satisfies

CHz = ae.

Premultiplication wiAth Ql introduces the pole é in pole position 1, removing &1 in the
process. That is, (H,K) := (C{H,CHK) is a proper Hessenberg pencil with poles
{55527537 cee 7£m—1}~

Proof. Since H and K are both Hessenberg matrices, He; = hy1e1 + ho1e2 and

Key = ki1 + ka1€2. Therefore it is not required to compute any inverses since

(kQ,lH — hQ’lK)71€1 = mel. Thus

bhyy — aky

bha, — dkg
ka1hi1 — hokin
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a —b
and clearly a core transformation C; := |b «a can be constructed such
Im—2
that CHz = ae;. The core transformation is determined by |a|? + |b|> = 1 and
—b(lA)hll + akip) + a(@ku + ahq1) = 0. The latter equation can be rewritten as

~b(bh11 + ak1) + a(bkiy + ahii) =0

~

= b(—bhu + &h271) — d(—bkll + Zlk'm) =0

—bhi1 + aha 1 a
—bky1 + akaq b
The statement follows by noting that h= —bhi1 + ahg1 = a and k= —bk11 +akay =
b. O

The pole on the last pole position can also be changed, as stated in Lemma 9.10.

Lemma 9.10 (Changing pole - last pole position [18,40]). Let (H,K) € C™*™ x
C™*™ be a proper Hessenberg pencil with poles Z = {&1,...,&m—2,&m—1}, where
& € C appears on pole position i, i.e., Em_1 = Z’”i’”: Let £ = % ¢ o(H,K) be a
given pole. Consider the core transformation Cp,_q1 € €1 which, for an arbitrary
nonzero constant v and x" = ye, (km.m—1H — hym—1K) "1 (bH — aK), satisfies

xTC’m_l = aepy,

Postmultiplication with Cy introduces the pole é in pole position m — 1, removing §m—1
in the process. That is, (H,K) := (HCp,—1, KCy—1) is a proper Hessenberg pencil

A

with poles {&1,. .., &m—3,Em—2,5}-

Proof. Similar to the proof of Lemma 9.9. O

Perfect shift RQZ

A backward RQZ step combines the pole changing and pole swapping operation
to perform nested subspace iteration [40]. Consider a proper Hessenberg pencil
(H,K) € C™*™ x C™*™ with poles E = {&1,...,&n—1}, where & appears on pole
position . For a given shift A = £ € C a backward RQZ step consists of the following
three steps

1. Introduce the shift A into the last pole position, removing &,,,_1 in the process,
see Lemma 9.10.
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2. Swap poles, via the procedure in Lemma 9.8, until A\ appears on the first pole
position.

3. Remove the shift A\, now on pole position 1, by reintroducing the removed pole
&m—1 by applying Lemma 9.9.

The backward RQZ step is described in Algorithm 16.

Algorithm 16 Backward RQZ step
1: Input: Proper Hessenberg pencil (H,,, K,,) € C™*™ x C™*™ with poles {{i}ﬁ_ll,
& = 3= and a shift A= ¢ € C.
2: Output: Hessenberg pencil (H,K) € C™*™ x C™*™  unitarily similar to
(Hpp, Ko, with & 1= 282450 for =12 . m— 2.

kit2,it1

3: procedure RQZ(H,,, Ky, \)

&  H:=H, K=K

5 C .= CoreTransformation (b, m — akm m, bhm—1.m — @km—1,m)
6: C =10 D CA’
7
8
9

H=HC,K=KC > Introduces shift
fori=m-1:-1:2do > Swap shift to top
M =kip1,H —hip1: K
10: C = CoreTransformation(mq 2, m1,1)
11: C = i— 2@0@[777177;
12: if k’“ AP F then
+1,4 ii—1
13: H=HC, K=KC
14: z:=He;_4
15: else
16: H=HC, K=KC
17: z:=Ke;_4
18: end if
19: C = CoreTransformatlon(eTx, el 1)
20: C=I,_1 C@ I
21: H=CH, K=CK
22: end for

23: C .= CoreTransformation(fchl71 — lek:Ll, l;:h2,1 — iLkQJ), with
2@ C:=C®1I, o

25: H=CH, K=CK > Remove shift
26: H=H K=K

27: end procedure

= 'fmfl

Eatpatl
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If the backward RQZ step is applied with a perfect shift, then deflation occurs in the
first column of the resulting pencil. Theorem 9.7 states this result formally.

Theorem 9.7 (Deflation for perfect shift backward RQZ [37, Theorem 3.8.1]). Let
(H,K) be a m x m proper Hessenberg pencil with poles = = {&1,&a,...,&m—_1}, where
the poles are not necessarily distinct from the eigenvalues. Let o € C be an eigenvalue
of (H,K) with A ¢ Z. Then a backward RQZ step with perfect shift A deflates the first
column.

Proof. See [37], where it is given for the forward RQZ step. O

It should be noted that in finite precision blurring can obstruct the deflation, just as
in the RQ step with perfect shift for Hessenberg matrices.

9.6.5 Downdating HPIEP

A backward RQZ step with perfect shift is suitable for downdating the solution to a
HPIEP. This follows from Theorem 9.7. The solution (H,,, K,,) € C™*™ x C™>*™
and Q,, € C"™*™ to a HPIEP will be downdated. Suppose this HPIEP is formulated
with -
] , 2={&,. . &mo1}

The downdated HPIEP is obtained by removing a node-weight pair z*, a* and a pole
&* from the HPIEP formulation. Let z* = zj, then the associated weight is o = .
The pole £* that will be removed can be chosen independently of the node-weight pair,
let £ = &;. Then the downdated HPIEP is the HPIEP for

A =diag(z1,...,2m), v= [oq Oy

- - - - T
21 ay

)

Zk+1 Ot1

=
I
3
Il

Zm Om

The downdating procedure consists of a preliminary step, bringing ¢* into the last
pole position, and a backward RQZ step with shift equal to z*. Since the shift
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A=2" =2z, € o(Hp, Kp), by Theorem 9.7, the resulting pencil (ﬁ, [N() has structure

h k
X X X ... X X X X X ... X X
X X X ... X X X X X ... X X
) )
X X X X X X
L X X L X X

where # = z*, the node to be downdated, and the set of poles of the (m — 1) x (m —1)

principal trailing submatrix equals 2 = Z\¢*. This structure implies that the eigenvalue
z* can be deflated and that the pole £* is removed from the denominator of the
rational functions. This procedure is in fact a generalization of the matrix method for
downdating HIEPs to downdating HPIEPs.

A generalization of the eigenvector method can also be devised. In this case, the left
and right eigenvectors x7, 2} of the pencil (H,,, K,,) corresponding to an eigenvalue z*
are required. The two matrices, formed by a product of core transformations, reducing
these eigenvectors to a multiple of the canonical unit vector, are mathematically the
same as those obtained by the RQZ step with perfect shift. Developing this method
further is future research.

9.7 Conclusion

Numerical procedures based on structured matrix theory are proposed to solve the
problem of generating (bi)orthogonal rational functions or polynomials. The relation
of (bi)ORFs to certain structured matrices or pencils allows the development of new
procedures to solve this problem. The rational Arnoldi iteration can be applied
to generate orthogonal rational functions and the novel rational Lanczos iteration
to generate biorthogonal rational functions. Several new updating procedures are
proposed, a parallelizable variant for orthogonal polynomials, numerically stable
updating procedures for orthogonal rational functions based on the related Hessenberg
pencil and an updating procedure for biorthogonal rational functions. For downdating
of a sequence of orthogonal polynomials, two approaches are discussed. One approach,
the eigenvector method, is new in the sense that it has not been applied in this context
yet. The first steps are taken to generalize the downdating procedures to orthogonal
rational functions.
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Conclusion and future research

In this manuscript a general biorthogonal framework is described to classify all the
structured matrices and pencils appearing in the study of rational Krylov subspaces.
These structured pencils contain the recurrence coefficients of (bi)orthogonal bases
spanning rational Krylov subspaces. We showed that a tridiagonal recurrence pencil
suffices to represent biorthogonal bases. This leads to the most efficient procedure
to compute such bases. This procedure is introduced here and is called the rational
Lanczos iteration.

The Gram matrices that appear for rational Krylov subspace exhibit certain
displacement structure. We have shown that for biorthogonal rational Krylov subspaces
the associated Gram matrix always has displacement rank at most 2. The displacement
operators which reveal the displacement structure are derived and a procedure to
construct such operators is described. Using these displacement operators, a Levinson
procedure is used to derive a coupled short recurrence relation to generate biorthogonal
bases for a specific pair of extended Krylov subspaces.

These structured matrices and pencils not only appear in the context of Krylov
subspace methods, they are also recurrence pencils for sequences of (bi)orthogonal
rational functions with prescribed poles. We identified which (bi)orthogonal rational
functions are related to (bi)orthogonal bases for rational Krylov subspaces. Using this
relation, procedures for rational Krylov subspaces can be applied to rational functions.
Most notably, the rational Lanczos iteration is suitable to compute the recurrence
coefficients of biorthogonal rational functions for a given linear functional.

The relation between structured recurrence pencils and (bi)orthogonal rational
functions can also be exploited directly. We developed several updating procedures
based on structured matrices to compute the recurrence coefficients of (bi)orthogonal

233
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rational functions, if the corresponding inner product or linear functional is given.
A parallelizable variant is derived for orthogonal polynomials. A numerically stable
procedure is designed for orthogonal rational functions. And a procedure to generate
biorthogonal rational functions is proposed.

Two procedures to compute the perfect shift QR step are applied to the problem
of downdating orthogonal polynomials. One of these procedures is generalized for
the application to downdating orthogonal rational functions. And the first step to
generalize the other procedure to the downdating of ORFs is taken as well.

10.1 Contributions

An overview of the main contributions of this manuscript is provided below.

Chapter 3 contains mostly known results, three results are new:

e Lemma 3.7 provides a recurrence relation for orthogonal basis vectors of
polynomial Krylov subspaces in terms of a rank structured matrix.

e An alternative proof is given for the structure of the recurrence matrix for
biorthogonal basis vectors of polynomial Krylov subspaces, stated in Lemma 3.8.

e Theorem 3.1 generalizes a known result from normal matrices to diagonalizable
matrices.

Chapter 4 generalizes some proofs appearing in literature and introduces the general
framework classifying all structured matrices and pencils appearing for biorthogonal
bases of rational Krylov subspaces. The contents of this chapter are published [165].

e Theorem 4.1 generalizes a known result from normal matrices to diagonalizable
matrices and the proof provides a new decomposition of rational Krylov bases.

e Section 4.4 proves the structure of recurrence matrices and pencils which generate
biorthogonal bases for rational Krylov subspaces. It also provides a short overview
of notable special cases of these results appearing in the literature.

Chapter 5 contains a new result on the displacement structure of Gram matrices
appearing in rational Krylov subspaces.

e Section 5.2 studies the displacement operators for Gram matrices arising from
rational Krylov subspaces using the decomposition of rational Krylov bases. This
leads to constructive proofs, which allows the construction of these displacement
operators.



CONTRIBUTIONS 235

e Lemma 5.6 is a new result on the displacement structure of Gram matrices
arising from rational Krylov subspaces. This lemma also implies the existence of
three term recurrence relations for the construction of biorthogonal bases.

Chapter 6 and Chapter 7 identify the inner products and linear functionals for
polynomials and rational functions that are related to the Euclidean inner product on
(rational) Krylov subspaces.

e Lemma 6.5 is a new result for biorthogonal polynomials linking a linear functional
to the Euclidean inner product on polynomial Krylov subspaces.

e Lemma 7.2 is a new result for biorthogonal rational functions, linking a linear
functional to the Euclidean inner product on rational Krylov subspaces.

Chapter 8 contains the results of two published papers [165,166].

e Section 8.1 describes the rational Lanczos iteration, whose derivation can be
found in Appendix B.1. Its validity is tested by performing some numerical
experiments.

e Section 8.2.1 derives new short recurrence relations for biorthogonal bases for
CMV-like extended Krylov subspaces.

e Section 8.2.2 provides a new Levinson procedure for Gram matrices arising from
CMV-like extended Krylov subspaces.

e Section 8.2.3 shows how the CMV decomposition can be retrieved as a special
case when the matrix generating the extended Krylov subspaces is unitary.

Chapter 9 contains several new results. The Krylov and updating procedures are
published [167]. The recursive updating procedure for polynomials is based on an
article in preparation [164], as well as the downdating procedures.

e Problem 9.6 and Problem 9.8 are new formulations for the problem of computing
(bi)orthogonal rational functions.

e Theorem 9.2 shows that the rational Lanczos iteration is suitable to construct
biorthogonal rational functions.

e Section 9.3.2 introduces a solution procedure based on unitary similarity trans-
formations that merges two Hessenberg matrices for representing polynomials
orthogonal to some inner product to obtain a Hessenberg matrix for polynomials
orthogonal with respect to the sum of these inner products.
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e Section 9.3.3 proposes a procedure to update solutions to Hessenberg pencil

inverse eigenvalue problems. This can be used to generate orthogonal rational
functions.

Section 9.4.2 proposes a procedure to update solutions to tridiagonal pencil
inverse eigenvalue problems. This can be used to generate biorthogonal rational
functions.

Section 9.6 applies results from structured matrix error analysis to the problem
of downdating polynomials and generalizes the idea to rational functions.

10.2 Future research

This manuscript answered some questions and generated new questions and possible
directions for research. We list here some possible topics for future research.

e The proposed rational Lanczos iteration is a general purpose algorithm. A

proper error analysis of this iteration is required to make it suitable for numerical
computation. Restriction to specific problems can facilitate this analysis. For
example, in moment matching for model order reduction the poles in both Krylov
spaces are chosen to be equal and this facilitates the study of the iteration. An
in-depth analysis of rational Lanczos iterations for state space equations for
general matrices is a possible avenue. Another example is the tridiagonal pencil
inverse eigenvalue problem. The Krylov subspaces are generated for a simple
diagonal matrix. Preliminary numerical tests show that the rational Lanczos
iteration performs well, considering that it has not been adapted to this specific
case. An adaptation of the iteration to this case and corresponding error analysis
is necessary to develop a robust and efficient algorithm to generate biorthogonal
rational functions.

The identification of the structure of Gram matrices appearing in rational Krylov
subspaces allow to develop Levinson procedures for these Gram matrices. A
specific instance is provided in this thesis. Does the knowledge of the displacement
operators lead to a general Levinson procedure that can be used for any Gram
matrix arising from rational Krylov subspaces?

In numerical analysis, quadrature rules for highly oscillatory integrals use kissing
polynomials. These polynomials are orthogonal with respect to a specific linear
functional, i.e., they are biorthogonal polynomials. A stable procedure to generate
these polynomials has yet to be developed. The updating procedure based on a
tridiagonal inverse eigenvalue problem might provide a good starting point.
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e The pseudo-Jacobi inverse eigenvalue problem is a specific instance of the
tridiagonal IEP. Current procedures make use of the non-Hermitian Lanczos
iteration. An adaptation of the updating procedure for tridiagonal IEPs might
provide a more stable alternative to Lanczos-based procedures.

e Throughout this manuscript the connections between the Euclidean inner product
and inner products or linear functionals for polynomials or rational functions
are derived for diagonalizable matrices. If the matrix is not diagonalizable,
its Jordan form will lead to an inner product or linear functional containing
derivatives of these polynomials or rational functions. This is related to Sobolev
orthogonality. Is it possible to develop algorithms, similar to those proposed
here, for this case?

e The matrix method for downdating procedures is generalized from the polynomial
case to the rational function case. The eigenvector method can also be generalized
from the polynomial case to the rational function case. The necessary theory
and error analysis must still be developed.

e In least squares problems sometimes new data becomes available and old data
can be forgotten. If we possess a solution to a least squares problem, new
data can be added efficiently by an updating procedure and old data can be
removed efficiently by downdating. Removing old data and adding new data
consecutively leads to a so-called sliding window scheme. Can the up-and
downdating procedures in this manuscript be combined to develop a numerically
stable sliding window scheme?

¢ Block Krylov methods are related to vector orthogonal functions. Can similar
relationships, as presented in this manuscript, be derived and exploited for the
block case?

o In this thesis the poles for the rational Krylov subspaces or rational functions are
assumed to be given. A proper choice of poles depends on the application and is
paramount to developing effective procedures. Two applications are solving least
squares problems involving rational functions using the techniques presented
here and model order reduction using the rational Lanczos iteration. Can these
be combined effectively with the AAA algorithm [131] to choose the poles of the
rational functions?






Appendix A

A collection of proofs

This appendix contains some alternative proofs, which are very similar to proofs
already included in the manuscript. And proofs which are too technical and lengthy
to be included in the manuscript itself.

A.1 Proof Hermitial RatLan

The proof to Theorem 4.7 is given here.

Proof. From the rational Arnoldi iteration, in a simplified form, we have

k—1

hi1,6qe = (A — &) Agr—1 — Z hi ki,
i=0

which expresses hg1 gk in the basis {(A—&I) " Agr—1,qr—1, .. .,qo} for the subspace
Iy,

Kr+1(A,v; E). In matrix notation, for Qg1 := [qo qk] and I, = 0l

&1

AQr+1 (Hy — I) = Qry1 | Hy,
&k
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Express ﬁk+17qu in another basis {(A — &)Y Aqx_1,dk—1,.--,d0}, Where G :=
(A—&) " (A—¢&-1)g and & # 0,

k-1
gy = (A= &) Ager = > higdi
i=0
k=1
=(A-&D) Agp1 =Y hin(A=&) A= &)
i=0
Now write it in matrix notation, use
k-1
(A= &Dhyr kqr = Agr—1 — (A — &) Z in(A=&) A= &G)a

=0

k1
= Agqi—1 — Z hi (A —&i—1)q
i=0

hl,k 50ﬁ17k
S AQk+1 | hy_yp | T Q1 | g ohi_y g
hﬁ’k -1 gk—lﬁk,k -1
hk-}-l,k fkhk—&-l,k
to obtain
€o

AQp41 (ﬁk - lk) = Qr+1

(\33

§k
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From this expression it is possible to show that the Hessenberg matrix H & is Hermitian
and, thus, tridiagonal. Assume that H k is nonsingular, postmultiply by H- % L

1 1
.. ﬁ_l
QkH+1AQk+1 : . — {O k 0} = D 1
T ce. Tk T R
1
H t. i f_j——l
(Qk+1AQk¢+1 - Df) ! 1 = Qk+1AQk+l |:0 . k? 0:|
I Tk
1
H -1 H .. ﬁfl
Qi A7 Qra1 (Q141AQk+1 — De) . , - L) k O} '
=B X1 e Tk

Clearly B = B since the product commutes and is Hermitian. From the equations

1
g—l
B =
1 0 0
X1 Ty | (A1)
1 1 0
B = ﬁ—H
1 J_Ik_ 0

we can conclude that fIk_ = H 1 and therefore H = HY. The details for this
equality follow below and conclude the proof. Let

b1 bo1 ... bka brt1,1

ba,1 bao ... brpe br+1,2
B = :

br1 b2 ... bek br+1,k

brt1,1 brt12 -0 brtik Drt1k+1
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and write out (A.1)

b1+ T1bri11 ba1 + z2bpt1,1 .. bri + Trbrt1,1
ba1 + T1bk41,2 bao 4 22bp41.2 .. br 2 + xpbri1,2
b1+ x1bpy1k br o + z2byy1 k o bi ke + Trbry1k
brt1,1 + bkt k+1 brt12 +FT2brri k1 - btk T Trbrt1 k1
bii+ Zibk+1,1 oo b FZTibktik br+11 + Tibpg k1
ba1 + Tobpr11 oo bro+ Tobrr1k  br2 + Tobrt1 k1
1bk,1 + Tbp1,r oo bk T Tebrt1e Okgik + Trbig1 byt
I r—1
Hm
0 0
p— 0
T—H
Hm
0
Note that by41,; = —Zibry1,k+1 and bgy1,; = —Z;br41, k41, which we substitute in the

second equation

bia+Zibkrin baa + Tobgyr2 oo bpa + ZTibgiak
~ bo1 + Tobpt11 bao 4+ Tobryi2 ... br2+ Tabpyik
H & =
1bk,1 + Tibrpt1,n bro + Tibrpt12 -0 brp + Trbrgi
bii — TiZibgsr k1 b2 — Tomabpii k1 oo e — TiZkbrgr ket
bo1 — Tox1bpyi k1 b2 — ToTobriik+1 - k2 — ToTrbria kit
1bk1 — TrT1bpt1,k+1 b2 — Te®obrti k41 oo bkk — TeTrbri1 k41
bia+xibeiin baa + @obryr2 oo bpa + @ebrgae
boi +x1bpt12 bao+xobpyi2 ... br2+ Trbrii2 ~
= . . . . =H_-.
[bk1 + Z1brrrn bro+T2brpik oo brk + Trbryik
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A.2 Bilinear form for Krylov subspaces

In literature on biorthogonal rational functions, instead of generating Krylov subspaces
with A, A¥ and using the Euclidean inner product (z,y)r = y"z, sometimes A, AT
and (z,y)T =y ' is used. Note that (.,.)T is a Hermitian bilinear form.

We provide two main results, which are sufficient to prove all other statements in
Chapter 3 and Chapter 4 for this alternative choice.

Biorthonormal bases for polynomial Krylov subspaces

The polynomial Krylov subspaces are, for A € C"™*" and v, w € C™,
Ki(A,v) and Kp(AT w).
Biorthonormal nested bases Vi, W), € C™** for these spaces satisfy
span{V;} = spanfvy,...,v;—1} = K;(A,v)
span{W;} = span{wo, ..., w;_1} = K;(A",w), fori=1,...,k,

and W,;'— Vi = I. These biorthonormal vectors satisfy a three term recurrence relation,
this result is stated in Lemma A.1. This lemma is a variant on Lemma 3.8.

Lemma A.1 (Biorthogonal Krylov bases recurrence relations - for (.,.)v). Let
A e C™™m pw € C™, with (v,w)T # 0. Consider the Krylov subspaces
Ki(A,v), Kp(AT,w), with k < min{g,,gw}. Then biorthonormal nested bases
Vi, Wi € C™*F for these subspaces satisfy the recurrence relations

AVy, = Vi Ty + thy1 roker
AW = Wi T, + typprwre]

where T}, € CF*F is a tridiagonal matriz.

Proof. Since the biorthonormality of the bases Vi, W}, with respect to the inner product
(., )7 implies W,/ V}, = I and vy, L span{W},}, wy, L span{V}}, we have

WAV, = W/ Vi Ty = Ty,
v, ATW = v W T =T

The columns of Vj, form a nested basis for (A, v), so there exists a nonsingular
upper triangular matrix Ry such that Vi, = B,‘(R;m where B,‘C/ is the Krylov basis. By
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substituting this into the Krylov recurrence relation, one easily finds that T} must
be a upper Hessenberg matrix. A similar argument is valid for W} and thus T; ,;'— is
upper Hessenberg and therefore T}, is lower Hessenberg. Only a tridiagonal matrix is
simultaneously upper-and lower Hessenberg. Hence, T} has tridiagonal structure. [

If A= AT, that is, A is complex symmetric, and v = w then a basis V}, orthogonal
with respect to (.,.)7 is obtained, V,' Vi, = I and T}, T = T}, [71].

Biorthonormal bases for rational Krylov subspaces

Consider rational Krylov subspaces
Ki(A,v;Z) and K(AT, w; ©).

The starting vectors must satisfy (v,w)t # 0. Then biorthonormal nested bases
Vi, Wi € C™*F for these spaces exists, i.e., fori =1,2,...,k

span{V;} = span{vg, v1,...,vi—1} = K;(A,v; E),
Spa‘n{Wi} = span{wo, Wi, .- - 7wi—1} = Ki(ATa w; 6)7

WV, =1
The pair of recurrence relations generating these bases is of the form

AVk+1K1€ = Vk+1ﬂk7

ATWk-i—lKk - Wk-i—lﬁk-
We will show that ﬂk,ﬁk,ﬁk,gk can be chosen to be tridiagonal matrices. The
following lemma, Lemma A.2, is a variant of Lemma 4.4.

Lemma A.2 (Recurrence pencil structure for biorthogonal bases of rational Krylov
subspaces- for (.,.)7). Consider A € C™*™, v,w € C™, with (v,w)T # 0 and
2,0, with &,0; € C\o(A). Let QV,Q" € C™ ™ be orthogonal nested bases
for K(A,v;Z) and K(AT,w;©), respectively, and corresponding pencils (HY , KV,
(HY , KW) satisfying
AQVHV :QVKV, AHQWHW :QWKW

Then, under the assumption that no breakdown occurs, biorthonormal nested bases
V,2W for K(A,v;Z) and K(AT,w;©), respectively, satisfy

AVK = VH,

AWK = WH,
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where the recurrence pencils can be chosen such that

e H has the lower triangular structure of HY and the upper triangular structure
equals the inverted upper triangular structure of KW,

e K has the same lower triangular structure as KV and the upper triangular
structure equals the inverted lower triangular structure of HW

e H has the lower triangular structure of HY and the upper triangular structure
equals the inverted upper triangular structure of KV,

e K has the same lower triangular structure as KW and the upper triangular
structure equals the inverted lower triangular structure of HV .

Proof. From the orthogonal bases Q" and Q" the biorthonormal bases V and W
can be constructed via Lemma 2.2, ie., V := QR and W := QW LY, with
M = (Q™)YHQV = LR. Substituting the expressions for V, W in the recurrence
relations for QV, Q"™ provides

AQVKY =QVHY AVRKY = VRHY
ATQWKW — QWHW ATWILHEKW —wLTHWY

WTAVRKY = RHY
VIATWLTKW = LTHW
Taking the transpose of the second equation and rewrite it:
WTAVRKY = RHY
WTAVLfl(HW)fT — L*l(KW)fT
Since these expressions are only unique up to right multiplication with a nonsingular
matrix B, we get
RKVB=L"YHY)"", RHB=LY(K") T.
To obtain a particular choice for the structure of H and K it suffices to represent
B in its RL-decomposition B = RpLp (assuming it exists), where Rp is an upper
triangular matrix and Lp a lower triangular matrix,
RKVB =L Y(HW) T RKYRpLp = L~Y(HY)~"
RHVB =L Y(KW)~T RHVRpLp = LY (KW)~T

RKVRp =LY (HY) L' =
RHYRp = LY (K")"TL;' =

T =

And the same reasoning as in Lemma 4.4 finishes the proof. O






Appendix B

Biorthogonal procedures

Section B.1 provides the derivation of the rational Lanczos iteration. That is,
expressions for the entries of the tridiagonal recurrence pencil are derived. In Section
B.2 a remark on the scaling of introduced weight vectors for inverse eigenvalue problems
is given.

B.1 Rational Lanczos iteration

The rational Lanczos iteration proposed in Section 8.1 is derived here. Consider two
rational Krylov subspaces, generated by A € C™*™ and its complex conjugate A

K(A,v;Z) and K(A”, w;©),

with starting vectors v, w € C™ satisfying (v, w)p # 0 and two sets of poles E = {; }4,
with £ € C and © = {Hb}z, with 6; € C.

Let § denote the index of a breakdown, this can be a lucky breakdown or a serious
breakdown. The goal is to construct bases Vi, W, € C"™** such that, for any k < §,
their columns span the rational Krylov subspaces

span{V;} = span{vg, vy ...,v5—1} = Kx(4,v; 2)

span{W,,} = span{wg,w; ..., wy_1} = Kr(A",w; O)

and are biorthogonal
W'V, = D,

where D € C™*" is a diagonal matrix whose elements depend on the chosen
normalization.

247
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By Theorem 4.6 (and also Lemma 5.6), we know that two tridiagonal pencils
(Ty,Sy), (L, S),) € CR+HDXE exigt such that

AVi18), = Vi1 Ty, and AW, 118, = W, T,

We assign variables to the elements of the recurrence pencils:

di as C1 U2
by doy Ry la e
T, =: a S = o
by dy, Ik Ck
bk+1_ L lk—i—l
51 o ] (71 e
_ Bo 02 _ A2 72
Ty, = : o S, = KN
Br Ok Ak Yk
Br+1] I Ak+1

Additional structural properties are provided by Lemma 4.5 and Lemma 4.6, namely
the ratios of the sub-and superdiagonal elements are determined by the given poles

b, .

AR Pit1 =0, i=1,2,....k,
lit1 Ait1

ai+1 :é’ifla ai+1 :g’ifla 221,2,,k—1
Ui41 Hit+1

B.1.1 Initialize

For i = 1, the equations are different than the others, therefore these will be discussed
first. The recurrence relations follow from the first columns of the recurrence pencil

c1Avy + 1o Avg = dyvy + bavs
1A w1 + Ba AT wy = yrwr 4 Aw,
(%) = —(ZQA_bQI)_l(ClA—dll)Ul
—_———
& =B .
wy = —(AA—Bod) (A — 6Ty
N

=F
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The matrices B and F' can be computed, since A and the poles are given. Now, let us
obtain expressions for the coefficients ¢, dy, 71, 1.
Consider the biorthogonality conditions

(vo,w1)p =0, (w2,v1)g =0.

Using these conditions, expressions for the ratios % and % are obtained:

BAvy,w
{<U2,UJ1>E = (-B(aiA = diDvs,w)p =0 {d e e

H
(wa,v1)p = (—F(mAH =61 Dwy,v1)p =0 o %

Only the ratios are specified, to make the coefficients unique, a normalization must be
chosen.

Example B.1. Biorthonormal bases, i.e., normalization such that (ve,ws)g = 1. Let

d 0
'lA]Q = '02/01 = 7B(A — 71[),01’ 12/2 = 'LU2/61 = 7F(AH — —1[)w1
C1 Al
Then the normalization leads to
PN 1 _ 1
(vo,wa)p =1 (U2, W2)p = — S 1M1 = -
a1 (02, 12)

Still, there is freedom in the choice of ¢1 and 1.

B.1.2 Iterate

Now the coefficients for 1 < ¢ < k < g are derived. From the ith column of the
recurrence pencils we get the pair of equations

U Avi_1 + ¢ Av; + i1 Aviy = a;V;—1 + div; + bip1vi41

wiATw; 1 + v A w; + N1 ATwi = aqwiog + Siwi + Big1wig
o Vi4+1 = —B(uzA — aiI)vi_l — B(ClA — diI>Ui

Wi+1 = —F(/J,ZAH - ozil)wi_l - F(’}%AH - 511)102 ’

with B = (lix1A—biy1 1)~ F = (A\j 1 A® — ;1 I)~1. Expressions for the coefficients
Ui, A, Ciy iy Qi 13, 05,7; can be obtained by taking the structure, orthogonality
conditions and normalization into account.
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Poles

First, the poles must appear in the recurrence pencil

Us Hi
Note the special cases
e If & _o = o0, then p; = 0.
o If gi,Q = 0, then a; = 0.
e If §;_5 = oo, then u; = 0.

e If §;_5 =0, then a; = 0.

These will be important for normalization, the variable used for normalization depends
on the pole chosen. A distinction between finite and infinite poles must be made.

Orthogonality

Second, the orthogonality conditions dictate
(Wit1, wi—1)E =0, (Vig1,wi)g =0, (Wit1,vi—1)p =0 and (wiy1,v;)p = 0.

The first two lead to
(Vit1, w;)
= <—B(uiA — aiI)Ui_l - B(CiA — diI)’Ui, wi)E

= —u; (BAv;_1,w;) g +a; (Bvi_1,w;) g —¢; (BAv;, w;) g +d; (Bv;,w;) g

T Y z q
=uT 4+ a;y — ¢z +dig =0
and
<Uz’+1,wi71>E

= <7B(’U,1A — ail)v,;_l — B(ClA — d7I)U“ w¢_1>E

—u; (BAv;_1,wi—1)E +a; (Bvi—1,wi—1)g —¢; (BAv;,w;—1) g +d; (Bvi,w;—1)E

z g z q

=uT+a;§—cZ+d;g=0
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To summarize, for v;;; we have three equations for four unknowns
a; __ n
w = Vi-2
—wr+ay—cz+dig=0 . (B.1)
—u T+ a;§—cZ+diGg=0

Some choices of poles lead to a reduction in parameters:

o If§ =o00,then B=71and y=4=0.

o If¢§; =0,then B=A"1'and 2 = 2 = 0.
The fourth equation is obtained by normalization. In order to normalize, the other
sequence is required.

Using the latter two orthogonality conditions, a similar derivation is performed for
Wi41-

(Wit1,vi)E

= —p; (FARw;_1,v) g o (Fwi—1,v:)p —vi (FARw;, v;) 5 +0; (Fwi, v;)
——

X T n 4

= —piX + T —yin+0ip =0

<wi+1vvi—1>E

= —l <FAH7~U¢71, Vi—1)E o (Fw—1,0i-1)E —7Vi <FAHwi7 Vi—1)E +0; (Fw;, vi—1)E

X T Ui p
= —piX + T — i+ 6;p = 0.
To summarize, for w;; we have
(o7 ¢
=82
—piX + 6T — i+ 6ip =0 (B-2)
—piX + T — il + 0ip =0

And for poles at zero or infinity:

o Iff;, =00, then F=Jand 7=p=0.
e If9; =0, then F = A~ and y =7 =0.



252 BIORTHOGONAL PROCEDURES

Normalization

Third, normalization will provide the fourth equation for (B.1) and (B.2), such that
the four unknowns are determined uniquely. We will define the nonnormalized vectors
0;41 and w;41, which can be computed at this point. We must make distinction
between 0;_5 # oo and 6;_o = 0.

e If 6;_5 = 00, then B;_5 = 0 and the expressions become

di _ yi-gz
a; quigZ .
¢ - y+(7iq
a; z
The nonnormalized vector is
1 C; dl
Vi+1 ‘= —Uj41 = B’Ui_l — B(fA — —I)vi
a; a; a;
and the normalizing variable is a;.
e If 6;_5 # 00, then the expressions become
s =
di  _ Oi—2(yZ—gz)—(Zz—xZ)
up rjz;q%
o 9i72y*r+7;q
Uq z
The nonnormalized vector is
. 1 = ¢ d;
Vi41 = —Vijq1 = —B(A — 07;,2[)1)1',1 — B(fA - — )'Ui.
Us Us Uy

and the normalizing variable is u;.
Similarly for ;41, a distinction is made.

o If & o =00, then I;_5 = 0 and the expressions become

pi =0

8 _ Ti—in

a; pn—pi -
THaP
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The nonnormalized vector is

. 1 Yi 0;
Wi41 = —Wig1 = F’wi,1 — F(iAH — —ZI)wi
[e7] (674 (67}
and the normalizing variable is «;.
o If & o # o0, then the expressions become
2 =g,
0 _ Eim2(Tii—Fn)—(Xn—x7)
K _ P :
noo_ §i—2T—Xx+gop
Hi n
The nonnormalized vector is
. 1 - ; 0
Wi41 ‘= —Wi41 = 7F(AH — 57;_21)101'_1 — F(EAH — i])wz
i i i

and normalization is performed by p;.

The normalization constants can be determined by using the nonnormalized vectors
D511 and Wiq1.

B.1.3 Termination

If a lucky breakdown occurs, i.e., k = min{gy, g }, then an invariant subspace is found.
Assume without loss of generality that k& = g, < g,. The restriction of A to this
subspace is then given by the pencil (T}, Sk). The recurrence relation becomes

1 U di  as
AV, o2 =V bz dy )
: . : . uk : . . : . . ak
Iy ck by, dg

i.e., there is no new basis vector introduced, since it is linearly dependent on the others
v;,0 =1,2,...,k. The columns of the basis V}, span the invariant subspace.
We will derive expressions for uyg, ¢k, ax, dr. Consider the equation

V41 = —B(ukA — akI)Uk,1 — B(CkA — de)vk,
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which must be equal to zero.
The orthogonality conditions are

(Vkt1,wk)E =0, (Vgy1, wWp—1)E = 0.
These lead to the expressions:
(Vkg1, wr) B = cr{Avg, wi) B + uk(Avg_1, wi) B — di{vr, wi)E = 0,
(Vkt1, W—1)E = ck{Avg, Wp—1)E + ug(Avk—1,Wk—1) B — @k (Vk—1, Wk—1)E = 0.
And, distinguishing finite and infinite poles:

o If 0m72 = 00, then

ar ~ ar (Vk,Wk)E
e _ (Vm—1,Wm-1)E
ar (Avg,wm—_1)E

{dk _ ck (Avk,wi) B

e If O_o # o0, then

dr  _ ck (Avk,wie)E + Om—2(Avm_1,Wk) B
ur  up (Vp,wr)E (vk,wr) B

{ck _ Om o1, wk_1)E—(Ap_1,wr_1)E
ug (Avk,wp—1)E

The parameters aj and uy can still be chosen, we set ux =1 if 0,,,_o =00 and a =1
if 0,,—2 # o0.

B.2 Scaling in Biorthogonal IEP

In Section 9.4.1 it was mentioned that in numerical computation with biorthonormal
vectors the mutual scaling is important. It might be interesting to keep the difference
in their order of magnitude as small as possible. Using the notation of Section 9.4.1,
eliminators L; € £1 and R; € fR; are constructed such that they introduce the new
weights in the first columns of V.We C(m+1) x (m+ 1). For scaling purposes, a
diagonal matrix D; € C(m + 1) x (m + 1) is introduced,

dy
D, = I
d’m—i—l

This freedom originates from the fact that in normalization, the value of (9, W)g can
be distributed over 7 and 7 in any way as long as (%, <-)p = 1. The equations are
now

VLlDlRlel = [5/77} and W(Ll)_HD;H(Rl)_Hel = [’lf)/ﬁ] .



SCALING IN BIORTHOGONAL IEP

255
The parameters 1,71 in L1, Ry are
ll Um41
-y _Bmi (B.3)
1 dy Ul W1

The resulting first columns are now scaled

VL1D1R1€1 = 1‘5

dily

. (L T 141) w 14
W (L)~ (D)™ (Ry) ey = |\dn * da ) v

nv
da

— d_l(ﬁ’/‘i‘ﬁmlemAﬂ) v

w

Wm+1

d1 (V4T m41Wmt1)

v
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