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Foreword

Georg Heing, a charming, erudite man, and a first rate mathematician died unex-
pectedly of a heart attack on May 10, 2005. Georg is survived by his wife Gerti,
his daughter Susanne, and his son Peter.

We have lost one the leading experts in the field of structured matrices, a
wonderful colleague, and a terrific friend.

Georg Heinig’s results, approaches, and his scientific taste influenced our com-
munity of researchers working on structured matrices. In fact, the community’s
focus grew to reflect his interdisciplinary vision ranging from applications (e.g.,
in systems and control theory and signal processing) through fundamental mathe-
matics (structured matrices, periodic Jacobi, Toeplitz, and Wiener-Hopf operators,
classes of singular integral operators, resultants and Bezoutians for operator-valued
polynomials and continual analogs thereof) to numerical analysis and fast algo-
rithms. The broad spectrum of Georg Heinig’s interests are represented in this
collection.

Georg served as an Associate Editor of two top journals: Integral Equations
and Operator Theory and Linear Algebra and Its Applications. This volume starts
with two eulogies published earlier by IEOT and LAA. The first one, published in
IEOT is by Albrecht Bottcher, Israel Gohberg (who was Georg’s advisor during
his Ph.D. studies), and Bernd Silbermann. The second one, published in LAA is
by Karla Rost who collaborated with Georg during last three decades until day of
his death. They have produced together more than 30 papers and a monograph.

We refer to these two eulogies for the details of Georg’s career, and here we
would like to emphasize only one point, namely the influence of his work in the area
of structured matrices. Matrices with structure (e.g., Toeplitz matrices) are en-
countered in a surprising variety of areas in sciences and mathematics. There were
many approaches to study Toeplitz structure and its generalizations, one of them
was known under the name “displacement structure method.” In their 1984 mono-
graph “Algebraic Methods for Toeplitz-like Matrices and perators” G.Heinig and
K.Rost demonstrated that this method (they called it the UV-reduction method)
can be successfully used not only for Toeplitz structure and its derivatives, but also
for many other patterns of structure, e.g., Hankel, Vandermonde, Cauchy matri-
ces, Bezoutians and their generalizations. This breakthrough discovery facilitated
a lot of interest in the community. Moreover, the new technique was immediately
picked up and it was heavily used in the work of a number of research groups in
Germany, USA, Israel, Leuven, Moscow, Hong Kong.



viii Foreword

As Georg mentioned many times, about 20 years ago he was virtually alone
delivering talks on structured matrices at such conferences as IWOTA and ILAS
meetings. Nowadays special sessions and minisymposia on structured matrices
are routinely included in programs of a number of conferences such as IWOTA,
ILAS, STAM annual meetings, SPIE, MTNS. Moreover, a number of conferences
dedicated exclusively to structured matrices has been held (two AMS meetings in
the USA, four conferences in Italy, three in Moscow, three in Hong Kong). Needless
to say, Georg’s results, ideas, his energy, and service to the community facilitated
this development and strongly influenced the research efforts of structured matrices
community.

We are happy to include in this volume a joint paper of Georg Heinig and
Karla Rost on Bezoutians. This is a subject Georg worked on since the very be-
ginning of his career, and to which he made a number of significant contributions.
The paper blends an wonderful exposition of classical results with a survey recent
development in the field.

It was a great honor and a privilege to edit this volume of papers dedicated
in Georg’s memory.

The Editors
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Georg Heinig (1947-2005)

In Memoriam

On May 10, 2005, Georg Heinig died unexpectedly of a heart attack in his apart-
ment in Kuwait. We have lost one of the top experts in the field of structured
matrices, an irreplaceable colleague, and a good friend. He was an active mem-
ber of the editorial boards of the journal Integral Equations and Operator Theory
and the book series Operator Theory: Advances and Applications since 1993. Our
heartfelt condolences go out to his wife and his family.

Originally published in Integr. equ. oper. theory 53 (2005), 297-300.



4 In Memoriam Georg Heinig

Georg Heinig was born on November 24, 1947 in the small town of Zschopau in
the Ore Mountains (Erzgebirge) in East Germany. From 1954 to 1964 he attended
the school in Zschopau and from 1964 to 1966 the elite class for mathematics at
Chemnitz University of Technology. Such elite classes were established to provide
especially gifted pupils with an extraordinary education in mathematics (but also
in the natural sciences and in languages) under the guidance of experienced uni-
versity teachers. The careers of many successful East German scientists started at
elite classes. None of these classes has survived the German reunification.

He studied mathematics at Chemnitz University of Technology from 1966
to 1970 and graduated with the diploma degree in 1970. His diploma thesis was
written under the supervision of Siegfried Prossdorf and was devoted to certain
properties of normally solvable operators in Banach spaces.

After defending his diploma thesis with the best possible grade, Georg Heinig
was given the opportunity of entering a PhD program abroad. He decided to con-
tinue his studies at Kishinev (now Chisinau) University under the supervision of
the second of us. His wife Gerti accompanied him in Kishinev and also completed
a dissertation during that period. Georg Heinig was a very talented and dedi-
cated researcher. In Kishinev he embarked on research into the theory of Toeplitz,
Wiener-Hopf, and singular integral operators with scalar and matrix-valued sym-
bols, and it was during those wonderful years that he has fallen in love with all
the exciting mathematics of structured matrices. His deep results in this area
formed the basis of his excellent PhD thesis, which he defended in Spring of 1974.
Many other mathematical insights gained by Georg during the years in Kishinev
went into his habilitation thesis, which he completed in Chemnitz. The early pa-
per Gohberg/Heinig, Inversion of finite Toeplitz matrices consisting of elements
of a non-commutative algebra (Russian), Rev. Roumaine Math. Phys. Appl. 19,
623-663 (1974) became one of his most frequently cited works.

Georg Heinig returned to Chemnitz in 1974. In the following five years the
first of us had the pleasure of attending his classes as a student, the third of us
received an outstanding member of his research group, and the second of us was
proud of Georg’s outstanding mathematical achievements. Georg Heinig integrated
several young people into his research, Karla Rost being the most prominent figure
of them. In 1979 he defended his habilitation thesis, which was on the spectral
theory of operator bundles and the algebraic theory of finite Toeplitz matrices.
His two children Peter and Susanne were born in 1974 and 1977.

The scientific outcome of the research directed by Georg Heinig in the 1970s
and early 1980s is summarized in his and Karla Rost’s book Algebraic Methods for
Toeplitz-like Matrices and Operators, which was originally published by Akademie-
Verlag, Berlin in 1984 and was republished by Birkhauser Verlag, Basel in the
same year. This book has found a warm reception and perpetual interest by a
large community for now about twenty years. Some of its basic ideas, such as
the so-called UV reduction (which later received more popularity under the name
displacement operation), have become important tools for workers in the field of
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structured matrices. Moreover, the scientific collaboration of Georg Heinig with
Karla Rost lasted three decades until the day of Georg’s death. Their joint research
resulted in more than 30 papers. The results and methods of these papers are
an essential ingredient to the present-day mathematical high-technology one is
encountering in connection with structured matrices.

In 1982, Georg Heinig was a guest professor at Aleppo University in Syria,
and from 1987 to 1989, he held a guest professorship at Addis Ababa University in
Ethiopia. In the late 1980s he was appointed full professor at Leipzig University.

After the political events in Germany at the turn to the 1990s the life for
Georg changed dramatically. All people working at East German universities were
formally dismissed and had to apply for a position anew. Those who had shown a
certain extent of political proximity to the former socialist system had no chance
of receiving a new position at a German university, neither in East Germany nor in
the subsequently reunified Germany. The situation was extremely difficult, and the
efforts of Georg’s friends to help him did not bring any positive results. Certainly
Georg was very disappointed and despaired. Some time he planned to take over
his father’s store for vegetables, but eventually he looked for a job at a foreign
university.

In 1993, Georg Heing went to Kuwait University, where he worked as a profes-
sor until his tragic death. The scientific conditions at Kuwait University were excel-
lent and Georg has always thankfully acknowledged the recognition and friendship
he received from his Kuwaiti colleagues. In 2003, he was awarded as the Scientist
of the Year by the Amir of Kuwait. Despite all these successes, his and his wife’s
dream was to endure the university job only until the age of 60 years and then sim-
ply to relish life together, including travelling around the world. His unexpected
death at the age of 57 abruptly dispersed this dream.

Georg Heinig’s scientific legacy is immense. In more than 100 publications he
made outstanding contributions to a variety of fields, including

— theory and fast algorithms for several classes of structured matrices,

— periodic Jacobi, Toeplitz, and Wiener-Hopf operators,

— classes of singular integral operators,

— resultants and Bezoutians for operator-valued polynomials,

— continual analogs of resultants and Bezoutians,

— numerical methods for convolution equations,

— applications in systems and control theory and signal processing.
Discoveries by Georg and his co-workers, such as the structure of the kernel and
of the pseudoinverse for certain classes of structured matrices, significantly shaped
the development of numerical algorithms. He also remarkably enriched various ar-

eas of operator theory, for example by deep results on the spectral theory of Jacobi
matrices and of Toeplitz and Wiener-Hopf operators. He supervised 6 dissertations.



6 In Memoriam Georg Heinig

Georg Heing was a very pleasant person and an inspiring colleague. His sense
of humor and his characteristic bright laughing will be missed by everyone who
was lucky enough to meet him. His permanent endeavor for disclosing the ab-
solute essence of a matter and his untiring aspiration for clearness and brevity
were challenges for his co-workers on the one hand and have resulted in grateful
appreciation by his students and the readers of his publications on the other.

Another dream of Georg Heinig was a joint textbook with Karla Rost on
structured matrices, ranging from the basics for beginners up to recent develop-
ments. About one year ago they started writing this book and three chapters are
already more or less complete. It is unimaginable that he will never have this
book in his hands some day. This tragedy bitterly reveals the gap that Georg
has left and painfully reminds us of the projects and ideas that passed away with
him. However, his work will endure and we will always remember this outstanding
mathematician, excellent colleague, and wonderful friend.

Albrecht Bottcher, Israel Gohberg, Bernd Silbermann
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Georg Heinig
November 24, 1947 — May 10, 2005
A Personal Memoir and Appreciation

Karla Rost

¥ 4
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Originally published in Linear Algebra and its Applications 413 (2006), 1-12.
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On May 10, 2005, Georg Heinig, an excellent mathematician died unexpect-
edly at the age of 57. He was a world leader in the field of structured matrices.
As associate editor of the journal Linear Algebra and its Applications since his
appointment in 1991 he contributed much to the journal’s success by his valuable
and extensive work. In what follows I want to try to capture some aspects of this
mathematical life and his personality.

Georg was born on November 24, 1947, in the small town of Zschopau in the
Ore Mountains (Erzgebirge) in East Germany. From 1954 to 1964 he attended the
elementary school there. Because of his good performance he was admitted to the
elite school of Karl-Marx-Stadt (now Chemnitz) University of Technology, where
he received his graduation diploma with the grade “very good”. During his time
at this school he already showed extraordinary talent for mathematics and natural
sciences, and his passion and skills for solving mathematical problems grew.

Subsequently he studied mathematics at Karl-Marx-Stadt (now Chemnitz)
University of Technology. He wrote his diploma thesis under the supervision of
Siegfried Prossdorf [SP] on some properties of normally solvable operators in Ba-
nach spaces. Some years ago S. Prossdorf told me that he liked to recall the time
he spent with the gifted and creative student Georg. In the summer of 1970 Georg
received the best possible grade for the defense of his diploma thesis.

He received a scholarship to study for the Ph.D. abroad and he decided to
go to the State University of Moldavia at Kishinev from 1971 to 1974. There he
worked on his PhD thesis on the subject of Wiener-Hopf block operators and
singular integral operators under the supervision of Israel Gohberg [IG] who even
then was internationally well known and respected.

Here is a copy of the authenticated Russian document certifying Georg’s
degree as “candidate of sciences”, which is the equivalent to a PhD:

P
‘dl M Inl A O M /f/////l /5(//&//‘/:/(?/% Hl;m“ ,Ia?}'p i
KAHAMAAINIA HAYK it o <
/Z///(/zz/z %&’/z’y )
S TTPUCVIRAEHA YUEHAE CITIENEADL KAHAWMAAITIA
EPHFRKOMAITIEMAITIMYECKMX HAYK
mmm N¢ 022174 ‘_

Mockas AT ennmijeat a1

A well-known, important and often cited work with I. Gohberg from this
time is the paper [111]. With great admiration and deep gratitude Georg always
considered I. Gohberg as his scientific father ([IG], page 63).

By this time Georg was cast irretrievably into the realm of matrix theory,
in particular the theory of structured matrices. His commitment to this field over
three decades has benefited several scientific grandchildren of Israel Gohberg’s of
whom I am one. Georg’s connection to I. Gohberg has never ceased. From 1993
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on, he was a member of the editorial board of the journal Integral Equations and
Operator Theory.

I became acquainted with Georg when he returned to Karl-Marx-Stadt in
late 1974, where he worked at the Department of Mathematics, first in the group
chaired by S. Préssdorf and then (after Préssdorf’s leave to Berlin 1975) in B.
Silbermann’s group [BS]. There he found extremely good conditions. Préssdorf
and Silbermann considered him as an equal partner, and hence he could pursue
his inclinations in research unhampered and even build a small research group.

In all honesty, I have to admit that I was not euphoric at my first encounters
with Georg. He was very young, with no experience as a supervisor, and in addition,
he appeared to me as too self-oriented. It was his ability to awake my interest in
the topics he proposed, which in 1975 led me to decide to write my diploma
thesis under his supervision despite my initial hesitations. In fact he turned out
to be an extraordinary supervisor, and I soon became aware that starting my
scientific career with him was a lucky decision. In later years we managed better
and better to get attuned to each other, and consequently I wrote a large part of
my dissertation on the method of UV-reduction for inverting structured matrices
under his supervision in 1980. Meanwhile 30 years of fruitful and intense joint
work have passed. One joint monograph and almost 40 papers in journals testify
to this.

In 1979 Georg defended his habilitation thesis (of an imposing length of 287
pages) on the spectral theory of operator bundles and the algebraic theory of finite
Toeplitz matrices with excellence.

Georg was very optimistic and in love with life. I very much miss his cheerful
and bright laughter. Certainly his stay in Kishinev intensified his wanderlust and
his curiosity for other countries. Despite the travel restrictions for citizens of the
G.D.R., the former socialist part of Germany, there was scientific cooperation with
Syria and Ethiopia, and Georg was offered a research and working visit at Aleppo
University in Syria in 1982. During a longer stay from 1985-87 at Addis Ababa
University in Ethiopia, he was accompanied by his wife Gerti and by his two
children Peter (born 1974) and Susanne (born 1977). Later on, both these stays
certainly helped him to settle down in Kuwait.

Georg was well established at Karl-Marx-Stadt (now Chemnitz) University
of Technology. He was a respected and highly recognized colleague with outstand-
ing achievements in research and teaching. Thus Georg was appointed as a full
professor for numerical mathematics at Karl Marx University of Leipzig. Since
the late seventies his international recognition has grown enormously, which is,
for example, reflected by the interest of the Birkh&user publishing house in the
joint monograph [85, 88], which was originally intended to be published by the
Akademie-Verlag only.

The “Wende” in the fall of 1989 was an incisive break and turning point in
the life of many people in East Germany, and thus also for Georg. All scientists
working at universities were formally dismissed and had to apply for a position
anew. An important criterion for a refusal of such an application was the political
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proximity to the old socialist system. Due to this, in 1993 Georg went to Kuwait
University, where he worked as a professor for more than 10 years. He died of a
heart attack on May 10, 2005, in his apartment in Kuwait.

During this long period in Kuwait he continuously maintained scientific and
personal contacts with his friends and former colleagues from Chemnitz, including
Albrecht Béttcher, Bernd Silbermann, Steffen Roch, and myself. In May 1998 we
all had the opportunity to participate in the International Conference on Fourier
Analysis and Applications in Kuwait. Georg had an especially high admiration for
Albrecht Bottcher and was therefore very glad that Albrecht agreed to enter the
scientific committee and the editorial board of the proceedings of this conference
[33]. In the course of that conference we convinced ourselves with great pleasure
of the respect in which Georg was held by his colleagues and students in Kuwait.
Thus he found very good friends and supporters in his Kuwaiti colleagues Fadhel
Al-Musallam and Mansour Al-Zanaidi as well as in his colleague Christian Gross-
mann from Dresden University of Technology, who stayed in Kuwait from 1992 to
1998. One of the highlights of his life occurred in 2002, when the Amir of Kuwait
distinguished him as the Researcher of the Year. Since 2004 he was also a member
of the editorial board of the Kuwait Journal of Science and Engineering.

My mathematical knowledge and my ability to tackle problems have bene-
fited immensely from Georg. He had an extraordinary gift to explain complicated
things in simple terms. This was also appreciated by his students. His lectures and
scientific talks were very sought after and well attended. The aesthetic component
is well to the fore in his work. He mastered with equal facility problems of extreme
generality and abstraction as well as down-to-earth questions.
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Georg is the author and coauthor of more than 100 scientific publications.
He always made high demands on himself and on his coauthors regarding not
only mathematical originality and exactness but also regarding clear and short
exposition.

His main research interests are

— structured matrices: algebraic theory and fast algorithms,

— interpolation problems,

— operator theory and integral equations,

— numerical methods for convolution equations,

— applications in systems and control theory and signal processing.

In each of these topics he achieved essential contributions which is impres-
sively shown by his list of publications. In my opinion, especially the importance of
his results concerning the algebraic theory of structured matrices are striking and
imposing. In particular, in our joint paper [74] we show that inverses of matrices
which are the sum of a Toeplitz and a Hankel matrix possess a Bezoutian structure
as inverses of Hankel or Toeplitz matrices do separately. On the basis of this struc-
ture, for example, matrix representations can be found and fast algorithms can be
designed. Thus a breakthrough for the class of Toeplitz-plus-Hankel matrices was
achieved.

Moreover, Georg’s observation of the kernel structure of (block) Toeplitz
and Toeplitz-plus-Hankel matrices turns out to be a suitable key to develop algo-
rithms without additional assumptions. His ideas how to connect the structure of
a matrix with its additional symmetries lead to more efficient inversion and solu-
tion algorithms as well as a new kind of factorization. But also his contributions
to Toeplitz least square problems, to transformation techniques for Toeplitz and
Toeplitz-plus-Hankel matrices leveraged the research in these fields.

I am proud that he has completed (and still wanted to complete) many mathe-
matical projects with me. For many years we dreamt about writing a neat textbook
on structured matrices for graduate students, ranging from the basics for begin-
ners up to recent developments. One year ago we really started writing the first
chapters of this book. Except for some interruptions, when we were very busy with
teaching, the collaboration was therefore especially intense, partly culminating in
a dozen of emails per day. I received two emails from him on May 10, 2005. I then
did not know that they were his last!

Georg’s work leaves behind a trail that points to directions for future research.
His early death leaves a loss from which we cannot recover, for it is tragic how
many plans and original ideas have passed away with him. Colleagues like me are
left behind in shock and ask themselves how we can at least partially close the gap
that he has left.

In such situations the persistent optimist Georg used to say:

“Lamenting does not help. Things are as they are.
Let us confidently continue to work. This helps!”
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Foreword

In the present paper we consider classes of matrices the entries of which are in
a given field F. These matrices have a special structure, they are Bezoutians.
Historically, Bezoutians were at first introduced in connection with the elimination
for the solution of systems of nonlinear algebraic equations and in connection
with root localization problems. Only much later their importance for Hankel and
Toeplitz matrix inversion became clear.

We will introduce three kinds of Bezoutians: Toeplitz Bezoutians, Hankel Be-
zoutians, and Toeplitz-plus-Hankel Bezoutians. The classes of Toeplitz and Han-
kel Bezoutians are related to Toeplitz and Hankel matrices in two ways. First,
the inverses of Toeplitz and Hankel matrices are Toeplitz and Hankel Bezoutians,
respectively. Furthermore, in case where F = C, Hermitian Toeplitz and Hankel
Bezoutians are congruent to Toeplitz and Hankel matrices. The class of Toeplitz-
plus-Hankel Bezoutians includes the inverses of Toeplitz-plus-Hankel matrices. In-
stead of a summary of the content we will offer the table of contents at the end of
this foreword.

The present paper is not a usual paper. It originated from the draft of one
chapter of a text-book on structured matrices planned by both authors. This
textbook for graduate students was intended to range from the basics for beginners
up to recent investigations. At the beginning of 2005 the outlines for the first three
chapters were ready and parts of the text were in an acceptable form when Georg
Heinig, the head of this project, unexpectedly died of a heart attack on May 10,
2005. We have lost one of the top experts in the field of structured matrices. His
death reveals a gap we cannot overcome. This is the tragedy of the planned book
and also of the present paper.
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In the last period of our cooperation that had lasted 30 years we mainly
worked on the third chapter of the textbook, which was dedicated to Bezoutians,
so that I think that this part of the book was perhaps the favorite “child” of Georg.

Thus I felt obliged to continue and complete this text to achieve a self-
contained, improved version which can be published separately. I started with a
preliminary section to make the presentation more selfcontained. Then I corrected
and completed the other sections. Since the Toeplitz-plus-Hankel case was not in-
cluded, I added main results concerning this case in Sections 11 and 12. Moreover,
I finished, as planned, with exercises — part of which were already discussed with
Georg — and then I make some short historical notes and provide hints to literature
pursuing and accentuating the topic in different directions.

I hope I was able to do all these things in such a way that Georg would not
be ashamed. In fact it is a hard burden of responsibility for me, in particular, since
Georg was an outstanding mathematician with excellent abilities in teaching and
in writing papers.

A further reason for this paper is that the topic of Bezoutians is very nice,
interesting and important with a lot of connections and applications. In the last
few years, one can even observe a revival of the interest in Bezoutians, mainly
motivated by their importance in many modern fields such as numerical computing
and control theory. Thus it would be very useful to have an introductional paper
into this topic, where a lot of properties and relations are systematically collected
and explained.

I neither intend to quote a huge number of relevant papers nor to mention all
corresponding generalizations and applications. What I try and do is to appreciate
Georg’s contributions, since his legacy concerning this topic is enormously.

In 1971 Georg started his PhD studies at the State University of Moldavia in
Kishinev under the supervision of Israel Gohberg. By this time he was irretrievably
cast into the realm of structured matrices, in particular of Toeplitz and Hankel
matrices as well as Bezoutians. His very early joint papers with I. Gohberg [12], [13]
dealt with the inversion of finite Toeplitz matrices, the papers [14], [15], [16], [17],
[18], [19], [20], [21] were dedicated to Bezoutians and resultant matrices mainly for
operator-valued polynomials or to continual analogs of resultants and Bezoutians.
The main results of these papers were milestones of the research in this field.

In 1975 Georg waked up my interests in the topic of Toeplitz and Hankel
matrices and their inverses. Thus, in 1981, I wrote a large part of my PhD thesis
on the method of UV-reduction for inverting structured matrices under his ex-
cellent supervision. When we started our work on the book “Algebraic Methods
for Toeplitz-like Matrices and Operators” [32], [33] he introduced me, in partic-
ular, into the wonderful world of Bezoutians. In this book, Section 2 of Part I
is dedicated to Bezoutians and resultant matrices. Some of the results presented
there are, of course, also offered here but, as the result of new thoughts about the
matter, from another point of view.

Moreover, in Subsection 2.2, Part II of [33] we present first ideas and results
concerning matrices which are the sum of a Toeplitz and a Hankel matrix (briefly
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T+H matrices). In my opinion, one of our most important joint result is that in
1986 we discovered a Bezoutian structure also for inverses of T+H matrices (see
[34]). This was the starting point of a long interesting and fruitful joint work on
these special cases of structured matrices In fact, until now I feel a motivation
given by Georg to deal with the T+H case (see [48], [64]).

Beginning with the joint paper [37] we wrote a number of papers on matrix
representations for T4+H matrices and their inverses which allow fast matrix-vector
multiplication (see, e.g., [39], [38], [40], [42], [43]).

Then we dealt with the problem how to connect the Toeplitz or T4+H struc-
ture of matrices with possibly additional symmetries in order to reduce the num-
ber of parameters involved in these formulas or in the corresponding algorithms.
Georg’s paper [22] showed that splitting ideas in the spirit of Delsarte and Genin
were very promising. The splitting approaches of our joint papers [44], [45], [46]
differ from those of [22].

(Note that in [34] the concept of w-structured matrices was introduced as a
generalization of matrices possessing a Toeplitz, Hankel, or T+H structure. This
class of and further investigated in [35], [36]. But these considerations are not
included in this paper.)

I was only one of a large number of Georg’s coauthors and pupils. In partic-
ular, Uwe Jungnickel wrote his PhD thesis under Georg’s supervision in 1986. In
their joint papers [27], [28] they considered Routh-Hurwitz or Schur-Cohn prob-
lems of counting the roots of a given polynomial in a half-plane or in a circle.
They investigated Hankel matrices generated by the Markov parameters of ratio-
nal functions and their importance for partial realization and Pade approximation
in [30], [29]. They investigated the connection of Bezoutians and resultant matrices
for the solution of matrix equations in [26], [31].

In Section 7 of Part I of [33] some first results concerning the Bezoutian
structure of generalized inverses are presented. Georg continued this investigation
together with his student Frank Hellinger. Their results published in [23], [25],
[24] have found perpetual interest by a large community. Since they go beyond the
scope of the present paper they are not included.

It is not possible to recognize the full extent and importance of Georg’s work
concerning Bezoutians. I beg your pardon for all I will forget to mention or I will
not appreciate to the due extend.

Karla Rost
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1. Preliminaries

1. Notation. Throughout the paper, F will denote an arbitrary field. In some sec-
tions we restrict ourselves to the case that F = C or R, the fields of complex or
real numbers, respectively. By {e1,...,e, } the standard basis of F" is denoted.
Furthermore, 0; will stand for a zero vector of length k. If there is no danger of
misunderstanding we will omit the subscript k.

As usual, an element of the vector space F™ will be identified with the corre-
sponding n x 1 (column) matrix. That means

x
()i = (21, ..., xn) =
In
In all what follows we denote by £,,(¢), t € F, the vector
Co(t) = (1,8, 8%, .. "), (1.1)

The Bezoutian concept is convenient introduced in polynomial language. First we
introduce “polynomial language” for vectors. For x = (x;)?; € F", we consider
the polynomial

n
x(t) = bu(t) " x = wpth Tt € F (1)
k=1
and call it gemerating polynomial of x. Polynomial language for matrices means
that we introduce the generating polynomial of an mxn matriz A = [a;; ];’;1)};1 €
Fm*" as the bivariate polynomial

A(t,s) = L ()T Al (s5) = zm: zn: ajjtrtsi L

i=1 j=1

At several places in this paper we will exploit symmetry properties of matrices.
Besides symmetry, skewsymmetry and Hermitian symmetry in the usual sense we
also deal with persymmetry and centrosymmetry. To be more precise we intro-
duce some notations. Let J, be the matrix of the flip operator in F" mapping
(X1,Z2, ..., &n) 10 (Tpy Tn—1,y. .-, 1),

Jp = . (1.2)
1 0

For a vector x € F" we denote by x”’ the vector .J,x and, in case F = C, by x*
the vector J,X, where X is the vector with the conjugate complex entries,

x/ = Jpx and x7* = JnX.
In polynomial language the latter looks like

x/(t) = x@~ ", xF(t) ==L
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A vector is called symmetric if x! = x, skewsymmetric if x’ = —x, and con-
jugate symmetric if x# = x. Let [} (F™) denote the subspace of all symmetric
(skewsymmetric) vectors of F”, and let Py be the matrices

1
2
These matrices are projections onto F7} and

P.+P =1,, Pr—P_=1J,.
For an n X n matrix A, we denote
Al = J,AJ, and A¥* = J,AJ,,
where A is the matrix with the conjugate complex entries. An n x n matrix A

is called persymmetric if A7 = AT. The matrix A is called centrosymmetric if

A7 = A. Tt is called centro-skewsymmetric if A7 = —A and centro-Hermitian if
A#* = A

2. Sylvester’s inertia law. Assume that F = C. Let A be an Hermitian n x n matrix.
The triple of integers

Pr= (I, + J,). (1.3)

InA= (p+7p*ap0)
in which p4 is the number of positive, p_ the number of negative, and pg the num-
ber of zero eigenvalues, counting multiplicities, is called the inertia of A. Clearly
P+ + p— + po = n. The integer
sgn A =pi —p-

is called the signature of A. Note that p_ 4 p4 is the rank of A, so that rank and
signature of an Hermitian matrix determine its inertia.

Two Hermitian n x n matrices A and B are called congruent if there is a
nonsingular matrix C such that B = C*AC, where C* denotes the conjugate

transpose of C. The following is Sylvester’s inertia law, which will frequently be
applied in this paper.

Theorem 1.1. Congruent matrices have the same inertia.
We will often apply the following version of Sylvester’s inertia law.

Corollary 1.2. Let A be an Hermitian m X m matriz and C' an m X n matrix with
m <n and rank C = m. Then the signatures of A and C*AC coincide.

To see that Corollary 1.2 follows from Theorem 1.1 we extend C' to a nonsin-
gular n X n matrix C by adding rows at the bottom. Then C*AC = C* A@, where
A is the extension of A by n — m zero columns and zero rows on the right and
at the bottom, respectively. This means that C* AC' is congruent to zl and thus
sgn C*AC = sgn A = sgn A.

3. Toeplitz, Hankel, and Toeplitz-plus-Hankel matrices. Let 7,,,, be the subspace
of F™*™ consisting of all m x n Toeplitz matrices

Ton(@) = [ai—; 1%y [y, a=(a;)3t, e Pl
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The subspace of all m x n Hankel matrices

Hyn(8) = [si4jo1 10 Joys 8 = (s0)[m " € Fin—?

is denoted by H,,, - The dimension of these subspaces is m+n—1. The intersection
Trun N Hopn consists of all chess-board matrices,

o S0

b
c
b

o S0

(c,beF) (1.4)

which form a two-dimensional subspace of F"**". The subspace of all m xn matrices
R, which are the sum of a Toeplitz and a Hankel matrix (briefly T+H matrices)
Rmn = Lmn (a) + Hmn(s)

is 2(m + n — 2) dimensional. Since for an m x n Hankel matrix H,,, the matrix
H,,nJ, is Toeplitz any T+H matrix can be represented in the form

R = Trun(a) + Trun(d)J,  (a,b € F™n71), (1.5)

From this another representation is derived involving the projections Py intro-
duced in (1.3),

with ¢ = a+b,d = a—b. Obviously, all these representations are not unique (see
Exercises 15 and 16).

4. Quasi-Toeplitz matrices, quasi-Hankel matrices, and quasi-T+H matrices. We
consider the transformation V in the space of n x n matrices defined by

Vi (A)=A-S,AS" (1.7)
where S, is the forward shift in F” mapping (z1,22,...,2n) to (0,21,...,&Tn_1),
0 0 0
1 0 0
0 1 0
It can easily be checked that this transformation is one-to-one. The transformation
V. is called shift displacement operator. For a Toeplitz matrix T, = [a;—; ]ijl
we have, obviously,
ag 1
a0 ah a a
_ 0 -1 1—n
Vi (Tn) = 1 0 0 |-
An—1 0

where aj = % ag. In particular, the rank of V1 (T},) equals 2, unless T), is triangular.
In the latter case the rank of V(T},) equals 1, unless T,, = O.
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Notice that if T}, is Hermitian, then V4 (7},) is also Hermitian, and the signa-
ture of V1 (T},) equals zero, unless T;, is diagonal. (Obviously, T, diagonal means
T, = aol, and sgn(V(T,)) equals the signum of ag.)

Moreover, a matrix A is Toeplitz if and only if the (n—1) x (n— 1) submatrix
in the lower right corner of V4 (A) is the zero matrix. An n x n matrix A is called
quasi- Toeplitz if rank V (A) < 2.

Clearly, Toeplitz matrices are also quasi-Toeplitz, but not vice versa. The
following proposition gives a complete description of quasi-Toeplitz matrices. Since
the proof is an elementary calculation, we leave it to the reader.

Proposition 1.3. Suppose that V,(A) = g.g’ — h h?, g, = (gii)?zl, h. =
(h;t)le Then A can be represented as the sum of 2 products of triangular Toeplitz
matrices,
a7 0 g1 - G, hi 0 hi ... h,
/AR gf‘ 0 g1 hEoo hf‘ 0 hi
(1.9)
Conversely, if A is given by (1.9), then V4 (A) = g,g” —h hT.

Analogously, we consider the transformation V* : F* — F" defined by
VT (A) =S,A— ASE. (1.10)

A matrix A is Hankel if and only if the (n — 1) x (n — 1) submatrix in the lower
right corner of VT (A) is the zero matrix. We call a matrix A quasi-Hankel if
rank VT (A) < 2. A similar representation to (1.9) can be obtained.

Let W, be the matrix W,, = S,, + SL' | and let V : F* — F" be defined by

V (A) = AW, — W, A. (1.11)

Proposition 1.4. A matriz A is a T+H matriz if and only if the (n —2) x (n —2)
submatriz in the center of V (A) is the zero matrix.

We call a matrix A quasi-T+H if rankV (A) < 4. T+H matrices are also
quasi-T+H, but not vice versa.

5. Mobius transformations. The flip operator J,, introduced in (1.2) is a special case
a ¢

b d
be a nonsingular 2 x 2 matrix with entries from F. We associate ¢ with the linear
fractional function

of a class of operators which will be described in this subsection. Let ¢ =

at+0b
Mﬂ_a+d'
Despite we use the name “function”, ¢(t) is understood here in a formal sense,
i.e., t is considered as an abstract variable. In the case where F = C, ¢(t) can be
seen as a function mapping the Riemann sphere onto itself. These linear fractional
functions form a group M with respect to composition. This group is isomorphic,
modulo multiples of I, to the group GL(F?) of nonsingular 2 x 2 matrices. The
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latter means that if ¢ = ¢1¢p2, then ¢(t) = pa(P1(t)), and ¢(t) = ¢ if and only if
¢ = als for some a € F.

We will make use of the fact that the group GL(F?) is generated by matrices
of the form

O O N A I PO O (R C

For ¢ € GL(F?) and a natural number n, let K, (¢) denote the operator defined
by

Kn(¢)x(t) = x(¢(t))(ct +d)" !
for x(t) € F™(t). An operator of this form will be called Mébius transformation.
It is easily checked that K,,(¢) maps F"™(¢) into itself and is linear. In the special
cases (1.12) we have

(a) Kn(¢)x(t) = x(at), (b) Kn(¢)x(t) = x(t +0), (c) Kn(d)x(t) =x(t~")t"~".
(1.13)
The matrix representations of these transformations (called M6bius matrices) with
respect to the standard basis in F™(t) are

(a) Kn(6) = diag(a?)1=0, (b) Kn(6) = [(k> b’”‘]nl | (€) Kn() = Ju.

J 4,k=0
(1.14)
Furthermore, the following is true.

Proposition 1.5. If ¢1, ¢2 € GL(F?) and ¢ = ¢1¢2, then K, (¢) = K, (¢1)Kn(d2).

It is sufficient to prove the proposition for the special matrices (1.12). We
leave this to the reader.

According to Proposition 1.5 the Mobius transformations are all invertible
and form a subgroup of the group of invertible linear operators on F”. Furthermore,
K, (¢)~! = K,(¢~!). Mobius matrices are mostly used in connection with matrix
transformations of the form

A Ky (9)T AR (9) (1.15)

for fixed ¢, 1) € GL(IF?). In the literature special cases of such transformations are
called Frobenius-Fischer transformations. We will use this name for all transfor-
mations of this form. Some Frobenius-Fischer transformations are mappings inside
a class of structured matrices, other build a bridge between different classes. We
discuss here the situation with Hankel and Toeplitz matrices.

Let H,, denote the class of n x n Hankel matrices H,(s) = [si+j-1]} 1,
where s = (si)le_l € F?"~1. The following proposition describes Frobenius-
Fischer transformations that map H,, into itself.

Proposition 1.6. For ¢ € GL(F?) and s € F?>"~ ! the equality

with s = Ko, 1(¢)T's is satisfied.
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Proof. Tt suffices to prove the proposition for the special cases (1.12). The cases (a)
and (c) are obvious. Let ¢ be now of the form (b), K,,(¢)” Hy,(s)Kn(6) = [ gij }fj_zlo
Then

iGN g i
¢ J it+j—k— Z+] +j—r
TEDIDD <k) <l>bﬂ EREESY < ., >b+] Sr41 -

k=0 1=0 r=0
This implies the assertion. O
Now we consider besides Hankel also Toeplitz matrices T, = [a;—; ]';_;. The

class of n x n Toeplitz matrices will be denoted by 7,. Obviously, T, is Toeplitz
if and only if J,,T, is Hankel. Remember that J,, is the special M6bius matrix
K, (J2). Thus modifications of Propositions 1.6 can be stated about Frobenius-
Fischer transformations transforming Toeplitz into Hankel, Hankel into Toeplitz
and Toeplitz into Toeplitz matrices. In particular, we have the following.

Corollary 1.7. For ¢ € GL(F?), the transformation A — K, ()T A K, (¢) maps

1.H, into Hy, if v =¢, 2.7, into H, if = J20,
3. Hy, into Ty, if ¥ = ¢Ja, 4.7, into T, if Y = JodJs.

In the case F = C we are in particular interested in congruence transfor-
mations, i.e., transformations that preserve Hermitian symmetry. For this we
have to check under which condition K, (¢)T = K} (¢). In terms of the matrix

¢ = [ Z ; ] this condition is equivalent to

l.a,b,c,dreal, 2.a=b,c=d, 3.a=¢,b=d, 4a=d,b=¢

in the cases of Corollary 1.7. In terms of the linear fractional function ¢(t) =
at+b

ct+d

1.¢(t) maps Rto R, 2.¢(t) maps T to R, 3.¢(t) maps R to T , 4. $(t) maps

TtoT,

where T denotes the unit circle. For transformations with this property the inertia
of the matrix remains invariant by Sylvester’s inertia law.

this means that

2. Definitions and properties for the Hankel and Toeplitz case

1. Hankel Bezoutians. Let u(t),v(t) € F**1(¢) be two polynomials. The Hankel
Bezoutian or briefly H-Bezoutian of u(t) and v(t) is, by definition, the n x n matrix
B = Bezgy (u, v) with the generating polynomial

Bt.s) — BOV() ~v(u(s)
t—s

We will also say that B is the H-Bezoutian of the vectors u and v. It is easily seen

that B(t,s) is really a polynomial in ¢ and s. A simple argumentation for this is

as follows. We fix s = sg. Then the numerator is a polynomial in ¢ vanishing at

t = sg. Hence we obtain a polynomial after dividing the numerator by ¢t — sqg. Thus
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B(t, sp) is a polynomial in ¢. Analogously B(tg,s) is a polynomial in s for fixed
t = ty, and so the claim is proved.
For example, if u(t) = ¢t — a and v(t) = ¢t — b, then we have
t—a)(s—b)— (t—b)(s—
By _ =0 =D = (=hs=a)

= =a-—->.
t—s

Thus Bezy(u,v) = a —b.
As a second example we consider the flip matrix J,, introduced in (1.2). The
generating function of J, is

tn — gn

In(t) =

t—s

Thus J, is the H-Bezoutian of the polynomials ¢™ and 1 or, in other words, of the
last and first unit vectors e, 41 and e;.

As a more general example, let us compute the H-Bezoutian By of a general
polynomial u(t) € F**+1(¢) and ex(t) = t*~', k = 1,...,n + 1. Suppose that
n+1 .
u(t) = > ut*" 1. Then we have
i=1

n+tl i—1 k—1 k—1 qi—1
t'" s —t" s
By(t,s) = E U;

. t—s
i=1
n+l —k i—k k-1 k—i k—
A A S s i—1 i—1
= U —————— " s — U s
) ! t—s Z ! t—s
i=k+1 =1
In matrix language this means that
_ w -
@)
—UuU1 N —Uk—-1
Bezy(u,ex) = 2.1
u(u,ex) Wkir o U (2.1)
(0]
L Un+1 i
The case £ = 1 is of particular importance. For this reason we introduce the
notation
U2 N Up+1
B(u) = Bezg(u,e1) = : . (2.2)
Un+1

H-Bezoutians are obviously symmetric matrices. They are skewsymmetric with
respect to the arguments, i.e.,

Bezy (u,v) = —Bezpy(v,u).
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Furthermore, Bezgy(u,v) is linear in each argument. That means that, for ¢,
co €T,
Bezg(ciuy 4 coua, v) = ¢1Bezgy (ug,v) + c2Bezy (ua, v) .
To present a product rule for H-Bezoutians we need the matrix of the multiplication
m
operator which is introduced as follows. Let a(t) = Y axt® € F™*1(t). For n =

k=0
1,2,..., define a linear operator M, (a) : F* — F™T" by

(M (2)x)(t) = a(t)x(t).

The matrix of this operator with respect to the standard bases is the (m +n) xn
matrix

ag
al aop
. ay .
My(a)="| o " 4 m+n. (2.3)
(029 aq
L am

m n
Moreover, we need the following matrix. Let a(t) = > axt* and b(t) = Y byt*
k=0 k=0
be two given polynomials. Then
(x(1),y(t)) = a(®)x(t) + b(t)y (), x(t) € F*(t), y(t) € F"(¢)
is a linear operator from the direct product F™(¢) @ F™(¢) to F™*"(¢). The matrix
of this operator with respect to the standard bases is given by [ My, (a) My, (b)] .
(Here we identify (x(t),y(¢)) with x(¢) + t"y(¢).) The transpose of this matrix is
called the resultant matriz (or Sylvester matriz) of a(t) and b(t) (or of the vectors
a and b) and is denoted by Res(a, b),

Res(a, b) = [ Aj‘ﬁ((i); } . (2.4)

If we assume that a,, # 0 or b, # 0 then Res(a,b) is nonsingular if and only if
a(t) and b(t) are coprime (cf. Exercise 3).

Proposition 2.1. Let u,v € F*! u(t) = ui(t)ua(t), v(t) = vi(t)va(t), where
w;,v; € Fritt (7 =1,2) and ny +ny =n— 1. Then

Bezy (u,v) = Res (ug, vy)7 { BeZH(gl’vl) BeZH(?lg,Vg) } Res (va,uy) .
(2.5)
Proof. Let B = Bezp(u,v). Then, B(t, s) has the representation
UQ(t) ul(t)vl (S) — Vi (t)ul(s) VQ(S) + Vl(t) u2(t)v2(5) — VQ(t)UQ(S) ul(s) )

t—s t—s
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In matrix language this means
B = M, (u3)Bezg (uy, vi) My, (vo)T 4+ M,,(v1)Bezy (uz, vo) M, (u)? .

From this relation the assertion is immediate. O

2. The transformation V. Next we clarify what means for a matrix to be an
H-Bezoutian in matrix language. For this we introduce the transformation Vg
transforming an n x n matrix A = [a;; ]/, into a (n + 1) x (n + 1) matrix
according to

VeA=ai1;—ai; 172
Here we set a;; = 0 if one of the integers ¢ or j is not in the set {1,2,...,n}. We
have
SpA—AST ] T x *
VHA—|: . *}—[* AS”_STQ;A], (2.6)

where S, is defined in (1.8). Comparing the coefficients it is easy to verify that
(VaA)(t,s) = (t —s)A(t, s).

Hence the Bezoutians B = Bezp(u, v) can be characterized with the help of Vg

by

VuB=[u v] { o ] [ v]T. (2.7)

In particular, the rank of V By is equal to 2, unless u and v are linearly dependent.
In the latter case the H-Bezoutian is the zero matrix. The representation (2.6)
shows that the transformation V* introduced in (1.10) is a restriction of V.
Thus, H-Bezoutians are quasi-Hankel matrices.

3. Uniqueness. Different pairs of polynomials may produce the same H-Bezoutian.
However, from (2.7) one can conclude that if Bezy(u,v) = Bezg(uy,v1) # O,
then span{u, v} = span{uy,vi}. In the latter case there is a nonsingular 2 x 2
matrix ¢ such that

[up vi]=[u v]p. (2.8)

Lemma 2.2. Let u,v,uy, vy € F* ™1 related via (2.8). Then

Bezy (ug,vy1) = (det ) Bezg (u,v) .

b d

(t —s)Bi(t,s) = (au(t) +bv(t))(cu(s) + dv(s)) — (cu(t) + dv(t))(au(s) + bv(s))
= (ad —be)(u(t)v(s) — v(t)u(s)),

which proves the lemma. O

Proof. Suppose that ¢ = { }, B; = Bezy (ug,vy). Then

Corollary 2.3. The H-Bezoutians Bezy(u,v) # O and Bezy(ui,vy) coincide if
and only if the vectors u,v and uy, vy are related via (2.8) with det = 1.
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From Corollary 2.3 we can conclude that the H-Bezoutian Bezg (u, v) is equal
to a H-Bezoutian Bezy (1, V) in which the last coefficient of v vanishes, i.e., v(t) €
F™(t).

4. Quasi-H-Bezoutians. A matrix B is called quasi-H-Bezoutian if rank Vg B < 2.
We give a general representation of quasi-H-Bezoutians that is also important for
H-Bezoutians.

Proposition 2.4. A quasi-H-Bezoutian B # O of order n admits a representation
B = M,(p) Bezg (u,v) M,(aq)", (2.9)
where u(t), v(t) € F*+1(t) are coprime and r < n. Here M,(-) is defined in (2.3).
Proof. For B is a quasi-H-Bezoutian, there exist a, b, c,d € F**! such that
(t — s)B(t,s) = a(t)d(s) — b(t)c(s) .

Since for ¢t = s the left-hand side vanishes, we have a(t)d(t) = b(t)c(t). Let p(t)
be the greatest common divisor of a(t) and b(¢) and q(t) the greatest common
divisor of ¢(¢) and d(t). Then a(t) = p(¢t)u(t) and b(t) = p(t)v(t) for some coprime
u(t),v(t) € F*+ti(t) (r < n). Furthermore, c(t) = q(t)u;(t) and d(t) = q(t)v1(t)
for some coprime uy(t), vi(t) € Fr1T1(¢) (ry < n). Since

a(t) _u(t) _ct) _ w()

b(t) v() d@t) wvi(t)’
we conclude that, for some v # 0, u; = yu, vi = yv, and r = r1. Now we have
a(t)d(s) — b(t)c(s) = yp(t)(u(t)v(s) — v(t)u(s))q(s) -

We can replace v p by p. Now it remains to translate this into matrix language to
obtain (2.9). O

The matrix on the right-hand side of (2.9) has rank r at most. Hence if r < n,
then B is singular. This leads to the following somehow surprising conclusion.

Corollary 2.5. Any nonsingular quasi-H-Bezoutian is an H-Bezoutian of two co-
prime polynomials.

Later we will show that, vice versa, the H-Bezoutian of two coprime polyno-
mials is nonsingular (cf. Corollary 3.4).

If the quasi-H-Bezoutian is symmetric, then in (2.9) we must have q = p,
since the middle factor is symmetric. This implies the following.

Corollary 2.6. Any symmetric quasi-H-Bezoutian is an H-Bezoutian
B =Bezy(a,b).
In particular, (2.9) can be written in the form
B = M,(p) Bezy (u,v) M,.(p)”, (2.10)

where p(t) is the greatest common divisor of a(t) and b(t).
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5. Frobenius-Fischer transformations. We show now that Frobenius-Fischer trans-
formations introduced in Section 1 transform the class of H-Bezoutians into itself.
In particular, the following result is the Bezoutian counterpart of Proposition 1.6.

Theorem 2.7. For any ¢ € GL(F?), the transformation
B Kn(W)BKn(SO)T

maps H-Bezoutians into H-Bezoutians. Moreover

Ko (9)Bezy (u, v)K, ()" = ﬁ Bezy(u,v), (2.11)

where 1 = Kp11(p)u and v = K, 11(p)v.
Proof. Let B = Bezy(u,v) and B = Bezy(Q,¥). It is sufficient to prove the

theorem for the matrices (1.12) that generate GL(F?). If p = [ 8 (1) } then

B(t,s) = o Mat)V(as) Zvlat)u(as) _ po oo - o (Ku(0) BE(0)T)(E 5).

at —as
Co . 10
which is equivalent to (2.11). If ¢ = [ b1 ], then
~ t+b b)—v(t+b b
Bts) = u(t+b)v(s+ 2_:( +b)u(s + )zB(t+b,s+b)

= (Ka(p)BEw(9)")(t;5),
)-

which is equivalent to (2.11). Finally, let ¢ = J5. Then

- t~ 1 v 1\.n _ t— 1 tn 1

B(t,s) — u( ) (S )St V( ) u(S )S — —B(t_l, 8_1)(758)"_1
-5

= _BJ(tv 3) )
which is again equivalent to (2.11). O

6. Splitting of H-Bezoutians. In some applications, like stability tests for real poly-
nomials, u(t) and v(t) have the special form

u(t) =a(t?*) and v(t) =tb(t?). (2.12)
That means u(t) has only even powers and v(t) only odd powers. In this case we
have for the generating polynomial of B = Bezy (u, v) after multiplying numerator
and denominator by (¢ + s)

ts(a(t?)b(s?) — b(t?)a(s?)) + a(t?)s*b(s?) — t*b(t?)a(s?)
B(t, s)
12 — g2
= tsB(t?, s%) + Bo(t?,s?) ,

where By = Bezy (a,b) and By = Bezpy (a,tb). To translate this into matrix
language we introduce the matrix ¥,, of the even-odd shuffle operator:

Yoz, = (1, 23,..., T2, Tq,...) .
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Proposition 2.8. Let u(t) € F*(t) and v(t) € F"(t) be given by (2.12). Then

Bezg (a,tb) 0

T —
¥, Bezy (u,v)¥, = @) Bezp (a,b)

7. Toeplitz Bezoutians. We introduce the Toeplitz analogue of the H-Bezoutian.
The Toeplitz Bezoutian or briefly T-Bezoutian of the two polynomials u(t) €
F7*1(t) and v(t) € F"T1(t) is, by definition, the matrix B = Bezr(u,v) with
the generating polynomial
u(t)v’(s) — v(t)u’(s)
1—ts ’
Like for H-Bezoutians, it is easily checked that B(t, s) is really a polynomial in ¢
and s. If, for example, the polynomials u(t) = t — a and v(t) = t — b of F**1(¢)
are given, then for n =1
Blt,s) = (t—a)(1—0bs)— (t—0b)(1—as) b
1—ts
Hence Bezy(u,v) =b—a. But in case n > 1 we have

Bezp(u,v) = { g baa } .

B(t,s) =

We state that the definition of a T-Bezoutian of two polynomials depends, in
contrast to the H-Bezoutian, essentially on the integer n. That means if we consider
u(t) and v(t) as elements of FNT1(¢) for N > n, then we will have a different T-
Bezoutian. Indeed, let By denote the T-Bezoutian in this sense. Then we obtain
u(t)v(s~1)sV —v(t)u(s—1)sV
1—ts
where B is the T-Bezoutian of u and v in the original sense. Thus, By is of the
form

By(t,s) = = B(t,s)s" ",

O B
Bv=| 0 ol
If t = 0 is a common zero of u(t) and v(¢), u(t) = t"ug(t), v(t) = t"vo(t) (r > 0),
then B is of the form
B { 0O O ]

By O
where By is the (n —r) x (n — r) T-Bezoutian of uy and vy.

As an example, we compute the T-Bezoutian of a polynomial and a power of
t. Let By = Bezr(u,e;) and u = (u;)74!. Then

n+l pimlgn—k+1 _ yk—1gn—i+1

Buy(ts) = D u 1—ts
i=1
— ; (ts)F—t = L (ts)R -1
— .t%J,n7k+1 ‘tkfl n—i+1 )
,Z i 5 1 —ts + Z i 5 1—ts

i=k+1
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1— (ts)k
1

We take into account that is the generating polynomial of I} and obtain

in matrix form

_ w -
0
Bezr(u, ey,) = b=t we (2.13)
—Up+1 .- —Uk+1
0
L “Un+1 _
For the special cases k =1 and kK = n + 1 we introduce the notations

Up+1 - -- ug (5%

Bi(u) = — |, Bw=] RNCRPY
Up+1 Up .. Ui

Obviously, the T-Bezoutian is, like the H-Bezoutian, linear in its arguments. Fur-
thermore, it is skewsymmetric with respect to the arguments, i.e.,

Bezr(u,v) = —Bezp(v,u).
Moreover, we have
Bezr(u,v)" = —Bezr(u’,v’) (2.15)
and
J _ou(v(s)sT" —vEmHu(s)sT" g
Bezr(u,v)’(t,s) = ey " s

u(t=Htv(s) — v(t~)t"u(s)
ts — 1 ’

which means that
Bezr(u,v)? = —Bezr(u’,v7). (2.16)
From (2.15) and (2.16) we conclude that
Bezr(u,v)T = Bezr(u,v)” .

Hence T-Bezoutians are, like Toeplitz matrices, persymmetric.

The discussion about uniqueness of H-Bezoutians in Section 2.1 can be imme-
diately transferred to T-Bezoutians. In fact, there is a Toeplitz analogue of Lemma
2.2.

Lemma 2.9. If [u; vi]|=[u v]y for some 2 x 2 matriz o, then
Bezr(uy, vy) = (det @) Bezr(u,v) .

Hence the following is true.
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Corollary 2.10. The T-Bezoutians Bezp(u,v) # O and Bezr(uy,vy) coincide if
and only if

[w vi]=[u v]gp
for some matriz ¢ with detp = 1.

8. The transformation V. The Toeplitz analogue of the transformation Vy is the
transformation Vr transforming an n x n matrix A = [a;; |}';_; into a (n+ 1) x
(n 4+ 1) matrix according to

VrA=laj —ai-1,;- ]"H

ij=1 "
Here we set a;; = 0 if one of the integers ¢ or j is not in the set {1,2,...,n}.
Obviously,
A— S, AST o *
Vrd = [ . . ] = { + STAS, — A (2.17)

In polynomial language the transformation Vp is given by
(VrA)(t,s) = (1 —ts)A(t, s).

That means the T-Bezoutian B = Bezr(u,v) is characterized by

VrB =[u v] [ 01 L } [u/ v/]T.
-1 0
Taking into account (2.16) we observe that (V7 B)’ = —VrB.

The representation (2.17) shows that the transformation V introduced in
(1.7) is a restriction of Vp. In particular, we conclude that T-Bezoutians are
quasi-Toeplitz matrices. Furthermore, if B is a T-Bezoutian, then B’ is also a
quasi-Toeplitz matrix.

9. Symmetric and skewsymmetric T-Bezoutians. We discuss now how symmet-
ric and skewsymmetric T-Bezoutians can be characterized. First we observe that
(2.16) implies that Bezy(u, v) is symmetric if one of the vectors u or v is symmetric
and the other one is skewsymmetric. Furthermore, Bezr(u,v) is skewsymmetric
if both vectors u and v are symmetric or both are skewsymmetric. We show that
the converse is also true. For simplicity of notation we write B(u,v) instead of
Bezp(u, v).

Let u,v € F"*! be any vectors,u = u; +u_ and v = v, +v_, where u;, v,
are symmetric and u_,v_ are skewsymmetric. Then B(u,v) = By + B_, where

By =B(uy,v_)+B(u_,vy), B_=DB(uy,vy)+Blu_,v_),

B, is symmetric, and B_ is skewsymmetric. Suppose that B = B(u,v) is sym-
metric. Then B_ = O. Hence

B(uy,vy) =B(v_,u_).

Since the vectors uy and v; cannot be linear combinations of u_ and v_ from
Corollary 2.10 it becomes clear that

B(ug,vy)=B(v_,u_)=0.
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Thus v = axuy for some ag € F or B(u,v) = O. We conclude that
B =B, =B((a- —ay)uy,u).

That means that B is the T-Bezoutian of a symmetric and a skewsymmetric vector.
Suppose now that B = B(u,v) # O is skewsymmetric. Then B, = O. Hence

B(uy,v_) = B(vy,u_).

From Corollary 2.10 and the symmetry properties of the vectors we conclude that
either {uy, v} as well as {u_,v_} are linearly dependent or

B(uy,v_)=B(vy,u_)=0.

In the former case we would have B_ = O, so we have the latter case. Using
again the symmetry properties of the vectors we find that either u_ = v_ =0
or uy = vy = 0. That means that B is the Bezoutian of two symmetric or two
skewsymmetric vectors. Let us summarize.

Proposition 2.11. A T-Bezoutian is symmetric if and only if it is the T-Bezoutian
of a symmetric and a skewsymmetric vector. A T-Bezoutian is skewsymmetric if
and only if it is the T-Bezoutian of two symmetric vectors or two skewsymmetric
vectors.

Note that the T-Bezoutian B(u,v) of two skewsymmetric vectors cannot
be nonsingular. In fact, in this case we have u(l) = v(1) = 0 such that u(t) =
(t — 1Dui(t) and v(t) = (¢ — 1)vi(¢). Then u; and vy are symmetric, and as in
Proposition 2.4 we obtain

B(u,v) = M,_1(t — 1)Bezr(uy,vi) M, 1 (t — 1)

Thus B(u,v) has rank n — 1 at most.

There is an alternative representation for symmetric T-Bezoutians, which
has no skewsymmetric counterpart. Suppose that B = B(ui,u_). We set v =
—% u; +u—. Then

B(v,v’)=B.
On the other hand, B(v,v”/) is symmetric for any vector v € F"*!. Thus the
following is true.

Corollary 2.12. A T-Bezoutian B is symmetric if and only if it can be represented
in the form B = Bezp(v,v”’) for some v € F*t1.

10. Hermitian T-Bezoutians. Now we characterize Hermitian T-Bezoutians. Sup-
pose that uy,u_ € C"*! are conjugate-symmetric. Then we conclude from (2.15)
that the matrix iB(u,u_) is Hermitian. Conversely, let B = B(u, v) be Hermit-
ian, u = uy +iu_ and v = vy + iv_, where uy, vy are conjugate-symmetric.
Then B(u,v) = By +1B_, where

B: =i(B(ut,v_)+ B(u_,vy)), B_=i(B(u_,v_)— B(uy,vy)).
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The matrices B4 and iB_ are Hermitian. Since B = B(u,v) is assumed to be
Hermitian, we have B_ = O, which means

B(uy,vy) =B(u_,v_).
Using Corollary 2.10 we conclude that

vl =l vl |

for some a,b,c,d with ad — bc = 1. Since all vectors under consideration are
conjugate-symmetric, these numbers must be real. We obtain after elementary
calculations

B(u,v) = iB(us, ~(a+ d)vy) = B(uy, —(a+ d)ivy) .

Thus, B is the Bezoutian of a conjugate-symmetric and a conjugate-skewsymmetric
vector. Let us summarize.

Proposition 2.13. A T-Bezoutian B is Hermitian if and only if it is of the form
B =iBezr(uy,u_)
for conjugate-symmetric vectors uy and u_.

As for symmetric T-Bezoutians, we have an alternative form. Suppose that
B =iB(uy,u_) and set v = —3uy +iu_. Then B(v,v#) = B. Since, on the
other hand, the matrix B(v,v#) is Hermitian for any vector v € F*"*1 which is
easily checked, the following is true.

Corollary 2.14. A T-Bezoutian B is Hermitian if and only if it can be represented
in the form B = Bezr(v,v#) for some v € C"*1.

11. Splitting of symmetric T-Bezoutians. It was mentioned in Section 2.7 that
T-Bezoutians are persymmetric. Hence a symmetric T-Bezoutian B is also cen-
trosymmetric. That means that the subspaces of symmetric or skewsymmetric
vectors I} are invariant under B. We show that the restrictions of a symmetric
T-Bezoutian to F7} can be characterized by another kind of Bezoutians which is
introduced next.

Let p,q € F**2 be either both symmetric or both skewsymmetric. Then

P(t)a(s) —alt)p(s)

(t—s)(ts—1)
is a polynomial in ¢t and s. The n x n matrix with the generating polynomial
Bgpiit(t, s) will be called split Bezoutian of p(t) and q(¢) and denoted by

Bsplit (ta 8) =

BeZsplit (pa q) .

Obviously, Bezgpiit (P, q) is a symmetric and centrosymmetric matrix. If p and g
are symmetric, then we will speak about a split Bezoutian of (4 )-type and if these
vectors are skewsymmetric about a split Bezoutian of (—)-type. Instead of Bgpiit
we write By or B_, respectively.
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The columns and rows of a split Bezoutian of (+)-type are all symmmetric
and of a split Bezoutian of (—)-type are all skewsymmetric, so that its rank is at
most 3(n+ 1) in the (+) case and 37 in the (—) case. As an example we consider
the case p(t) = t2¥ + 1 € F2k*1(¢) and q(t) = t* € F?**+1(¢). In this case

Bi(t = =
+(t:9) t—s)(ts—1) t—s ts—1

(2% +1)sk —tF(s?F +1)  tF—sF (ts)h -1
(

A e [ 2 E RERE AR U

For k = 3, the matrix with this generating polynomial is

1
1 1
By=|1 1 1
1 1
1

For a general symmetric p = (p;)/_; € F” and q as before, q = ey, the split
Bezoutian of p and q is given by

P1
P D2 Y41
Bi=|p1 p2 pr1+ps p2 pm1
P D2 Y41
p1

Moreover, from this special case it is clear how the split Bezoutian of a general
pPE€ Fa_k"’_l and q = e looks like.

Recall that Py = %(In + J,,) are the projections from F™ onto F7} along FZ.
Our aim is to describe BPy = Py BP+ for a symmetric T-Bezoutian B. As we
know from Proposition 2.11, a symmetric T-Bezoutian B is the T-Bezoutian of a
symmetric vector uy € Fiﬂ and a skewsymmetric vector v_ € F™!. From these
vectors we form the polynomials

palt) = (t+ 1)uy(t) and qe(t) = (tF 1)v_(1).
Clearly, p+ and q4 are symmetric, and p_ and q_ are skewsymmetric.

Proposition 2.15. The symmetric T-Bezoutian B = Bezr(ui,v_) can be repre-
sented as B = B + B_, where By = BPy and

1
Bi =¥; Bezgplit (P+, 9+ ) -
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Proof. We compute the generating polynomial By (¢, s) of By = BP, . By definition
we have

B.(t,s) — %(B(t,s)JrB(t,s*l)s"’l)
1 (ur(@®)v_(s)+v_(t)ur(s) up(t)v_(s) — v_(t)ur(s)
- _2( . 1—ts = t—s : >

1 Du @) — Dv_(s) — (6~ Dv_(5)(s + Dus(s)
(t—s)(ts—1) ’

This is just the generating polynomial of the matrix — 3 Bezgpli¢ (P-4, 94 ). The other
case is proved analogously. O

12. Relations between H- and T-Bezoutians. There is a simple relation between
H- and T-Bezoutians, namely

Bezr(u,v) = —Bezgy(u,v)J, .

More general relations can be described with the help of Frobenius-Fischer trans-
formations. Analogously to Theorem 2.7 we obtain the following.

Theorem 2.16. For any ¢ € GL(F?), the transformation
® : B K, (p)BK,(J2p)"

maps T-Bezoutians into H-Bezoutians. Moreover,

1
BezH(ﬁ, V) = T BezH(V, ﬁ) s (2.18)

Kn(go)BezT(u,v)Kn(Jgap)T Tt o

1
N det(<pJ2)
where 0 = Kp11(p)u and v = Kp11(p)v.

In the case F = C it is of particular interest to describe congruence transfor-
mations that transform Hermitian T-Bezoutians into real symmetric H-Bezoutians,
in other words to describe a coordinate transformation that transforms Hermitian
T-Bezoutian forms into real quadratic H-Bezoutian forms. The transformation ®
has this property if and only if K,,(J2p)T = K,,(¢)* (up to multiples of I3), which

is equivalent to Jop = B. Suppose that ¢ = , then this is equivalent to

a ¢
b d
a =band ¢ = d. Tt can be easily checked that ¢ has this property if and only if

at+b
the linear fractional function p(t) = t——|_|:d maps the unit circle onto the real line
c

(compare Section 1.5). Hence we have the following.

Corollary 2.17. If ©(t) maps the unit circle onto the real line, then the transforma-
tion ® : B+ K, (¢)BK,(¢)* maps Hermitian T-Bezoutians into real symmetric
H-Bezoutians. In particular, the signatures of B and ®(B) coincide.
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3. Resultant matrices and matrix representations of Bezoutians

In this section we show that Bezoutians are closely related to resultant matrices
and that the relations between these two classes can be used to derive important
matrix representations of Bezoutians. We present two kinds of relations between
resultant matrices and Bezoutians. The first is due to Kravitsky and Russakovsky,
the second an interpretation of Bezoutians as Schur complements in resultant
matrices.

The resultant matrix Res(u,v) of two polynomials u(t) € F™™ v(t) €
F**1(t) was introduced in (2.4) as the (m + n) x (m + n) matrix

M, ()" ]

Res(uv) = | e

In this section we restrict ourselves to the case m = n, which is no restriction
of generality when speaking about nonsingularity, rank and related quantities.
Recall that Res (u,v) is nonsingular if and only if the polynomials u(t) and v(t)
are coprime and at least one of the leading coefficients of u(t) or v(t) is not zero.

1. Kravitsky-Russakovsky formulas. To begin with we generalize the resultant
concept. Let u(t) and v(¢) be polynomials of degree n. The p-resultant matriz
(p=0,1,...) of u(t) and v(t) is, by definition, the (2n 4 2p) x (2n + p) matrix

v~ B2 ]

In the case p = 0 we have the resultant matrix in the former sense. For the sequel
it is important to observe that

Res,(u, v)lopyp(t) = { 353521283 ] , (3.1)

where 0, (t) = (t71)",.

Theorem 3.1. Let u(t) and v(t) be polynomials of degree n. Then

1.
o J O O —-Bpy
Res,(u,v)” [ P ] Res,(u,v)=| O O O , (3.2)
~Jntp O By O O
where By = Bezy(u,v), and
2.
7 o Br O O
Res,(u,v)” { 78” _ } Res,(v/,u’)=| O O O . (33)
A O O -Br

where By = Bezr(u,v) .
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Proof. We compare the generating polynomials of the right-hand and of the left-
hand sides. According to (3.1) we have

lontp(t)T Res,(u, v)T { JO erp ] Resp (v, 1) lon4p(s)
“Yn+p

(u(t)v(s) — V(t)u(s))@nﬂ, (t)TJner éner(S)
tntp _ gn+p

= (u(t)v(s) — v(t)u(s)) 71—

(t"FP — s"tP)Bezy (u, v)(t, s) |

which is the polynomial form of the first assertion.
To prove the second relation we observe that (3.1) implies

baniy O Res, 0 | 7P| Ry ()
— (ts) TP
= O e (5) - v’ (s)).

This leads to the second assertion. O

2. Matrix representations of Bezoutians. The Kravitsky-Russakovsky formulas
(3.2) and (3.3) provide an elegant way to obtain matrix representations of Be-
zoutians in terms of triangular Toeplitz matrices. These formulas are very impor-
tant in connection with inversion of Toeplitz and Hankel matrices. They represent
so-called “inversion formulas”. Note that from computational point of view the for-
mulas presented here are not the most efficient ones. Other, more efficient formulas
for the cases F = C or F = R can be found in [38], [40], [41], [42], [43].
We define, for u = (ui);’;ll, the lower triangular n x n Toeplitz matrix

U1
T(u) =
Up  on . Ul

Note that T'(u) is the T-Bezoutian B_(u) of u(t) and ¢", which was introduced in
(2.14). Note also that the matrix T'(u) is related to the H-Bezoutian B(u) defined
by (2.2) and the T-Bezoutian B, (u) defined by (2.14) via

B(u) = J,T(u’), Bi(u)=-Tu)".
Furthermore, let us mention that we have commutativity
T(ul)T(UQ) = T(llg)T(lll)

and the relation T'(u)” = T'(u)”’. The nonsingular matrices 7'(u) form a commu-
tative subgroup of GL(F™) . With this notation the resultant matrix Res(u, v) for
u,v € F"*! can be written in the form

Res(u,v) =
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The application of Theorem 3.1 for p = 0 leads now to the following.

Theorem 3.2. The H-Bezoutian of two polynomials u(t),v(t) € F**1 admits
1. the representations
Bezy (u,v) = T(v)J,T(u’) — T(w)J,T(v’)
and
Bezg(u,v) = T(u)T 1, T(v)' =T~ 1, T()T .
2. the representations
Bezr(u,v) = T(0)T (v = T(v)T(u’)T
and
Bezr(u,v) = T(v/)T(u)T — T(u/)T(v)T .

3. Bezoutians as Schur complements. We assume that the polynomial u(¢) has
degree n. Then the matrix 7T'(u”) is nonsingular. Now the second expression for
Bezp (u,v) in Theorem 3.2,1 can be written in the form

C =T(u') ' J,Bezy(u,v) =T¥)T = T(v))T(u”)"'T(u)”.
We see that C' is the Schur complement of the left upper block in

~ O L | _ [TW) TwT

R =Res(u,v) [ I 0 } = [ T(v') T |
Recall that the concept of Schur complement is defined in connection with the
factorization of a block matrix

a_[A B]_[ L. 0][A4 9, I, A™'B
“|lc p|T|cat I, ||O D-cA'B||O I, |°

where A is assumed to be invertible. Here D — CA™ !B is said to be the Schur
complement of A in G. Applying this factorization to our case we obtain the
following.

Proposition 3.3. Let u(t) € F*1(t) be a polynomial of degree n, v(t) € FrT1(t).
Then the resultant of u(t) and v(t) can be represented in the form

T(u’) 0 Hzn 0 HT(uJ)—lT(u)T I

Res@ V=1 p(v7) T(u!)17, || O Beu(u,v) L ©

From this proposition we see that Res(u,v) is nonsingular if and only if
Bezg (u,v) has this property. Hence Bezg (u, v) is nonsingular if and only if the
polynomials u(t) and v(t) are coprime. Taking (2.10) into account we conclude
the following.

Corollary 3.4. The nullity of Bezgy(u,v) is equal to the degree of the greatest
common dwisor of u(t) and v(t).

Clearly, the same is also true for T-Bezoutians.
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4. Inverses of Hankel and Toeplitz matrices

The most striking property of H- and T-Bezoutians is that inverses of Hankel and
Toeplitz matrices belong to these classes. In view of Theorem 3.2 a consequence
of this fact is that inverses of Toeplitz and Hankel matrices can be represented as
product sum of triangular Toeplitz matrices, which is important for fast matrix-
vector multiplication. Later, in Section 7.6 and Section 8.7 we will see that, vice
versa, inverses of H- and T-Bezoutians are Hankel or Toeplitz matrices, respec-
tively. Let us start with the Hankel case.

1. Inverses of Hankel matrices. Let H, = [s;4j—1 ]ijl be a nonsingular Hankel
matrix. Besides H,, we consider the (n — 1) x (n+ 1) Hankel matrix dH,, which is
obtained from H,, after deleting the last row and adding another column on the
right so that the Hankel structure is preserved. That means

S1 PN Sn+1
OH,, = : : . (4.1)
Spn—1 .- S2n—1

For H, is nonsingular, 0H,, has a two-dimensional nullspace. A basis {u,v} of
the nullspace of 0H,, will be called fundamental system for H,. We consider for
fixed s € F the linear system of equations

H,xs = 4,(s), (4.2)
where ¢,,(s) is introduced in (1.1). It can be checked that

0 } — sl 1 (s).

S

Xs

on, |

}:Knl(s) and aHn{

0
this means that there are constants a, and bs such that

(t — s)xs(t) = asu(t) — bsv(t).

Now we consider s as a variable. From (4.2) it is clear that x4 (¢) = £,,(t)T H,, 1£,,(s)
is a polynomial in s of degree n — 1. (It is just the generating polynomial of the
matrix H, !.) We conclude that a; = a(s) and bs = b(s) € F"T!(s). Thus, H,*
is a quasi-H-Bezoutian. According to Corollary 2.5, this implies that H,! is an
H-Bezoutian, which means that a(t) = ~v(t) and b(t) = ~u(t), and H,;! =
vBezpy (u,v) for some nonzero constant . It remains to compute ~. For this we
introduce the 2 x (n + 1) matrix

Hence { )? } -5 [ Xs ] belongs to the kernel of 0H,,. In polynomial language,

_ Sp ... S2p—1  S2n
F= 0o ... 0 1

Here sg, € F is arbitrary. A fundamental system {u, v} will be called canonical if

Flu v]=1,.
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Let {u, v} be canonical. Then, in particular, v :=e} ;u=0and v =el, ;v =1.
Furthermore, if we consider u as a vector in F™, then it is just the last column of
H-'ie,

n

Hoyu=e,. (4.3)

We compare u with the last column of Bezy (u, v), which is equal to vu—uv = —u

(cf. Theorem 3.2). Thus, v = —1. Note that v is of the form v = [ _1Z }, where
z is the solution of the system

Ho,z=g with g=(Sp4i)iq- (4.4)

Hereafter we need the following fact.

Proposition 4.1. Let the equations (4.3) and (4.4) be solvable. Then H,, is nonsin-
gular.

Proof. Assume that H, is singular, and let v = (v;)_; be a nontrivial vector such
that H,v = 0. Then applying v? from the left side to the equations (4.3) and
(4.4) leads to

viH,u=v"'e, =0and v H,z = ng =0,
which means, in particular, that v,, = 0. Taking into account
HnSn - San = engT - gez:

we conclude (S, v)T H,, = 0. Repeating the above arguments for the S, v instead of
v shows that v,_1 = 0, and so on. Finally we have v = 0 which is a contradiction.
Thus, the nonsingularity of H,, is proved. O

Now we consider a general fundamental system {u,v}. The matrix ¢ =
F[u v] is nonsingular. In fact, suppose it is singular. Then there is a nontrivial
linear combination w(t) of u(t) and v(t) such that F'w = 0. In particular the
highest-order coefficient vanishes, i.e., w € F". Since w € ker 0H,, we conclude
that H,w = 0, which means that H, is singular. The columns of [u v]go‘1 form
now a canonical fundamental system. It remains to apply Lemma 2.2 to obtain
the following.

Theorem 4.2. Let {u,v} be a fundamental system for H,. Then
1
,;1 = m :BeZ]-[(V7 u) s (45)
where ¢ = Flu v].
Since Bezg (u,v) is nonsingular, the polynomials u(¢) and v(¢) must be co-
prime (cf. Corollary 3.4). Hence the following is true.

Corollary 4.3. If {u,v} is a fundamental system for a nonsingular Hankel matriz,
then the polynomials u(t) and v(t) are coprime.
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2. Characterization of fundamental systems. There are several possibilities to char-
acterize fundamental systems via solutions of special linear systems. We are mainly
interested in characterizations by vectors that will be computed recursively us-
ing Levinson algorithms. In the Hankel case these vectors are the last columns
xi of Hy 1 or alternatively the monic solutions uy of the Yule-Walker equations
Hyuy, = prey , where py is so that e{u;€ =1.

It is convenient to consider an (n+1)x (n+1) extension Hp41 = [Si4j—1 ]szll
The matrix H, ;1 is for almost all choices of s9, and s2,+1 nonsingular. In fact,
H, ;1 is nonsingular if the Schur complement of the leading principal submatrix
H, in Hy,1 is nonsingular. This Schur complement is equal to

somi1—g H,'g.
That means, for any sq, there is only one value of s9,, 41 for which H,, 41 is singular.

Now, since the vector , which will be also denoted by u,,, and the vector

u,
0
u, 1 are linearly independent and belong both to the kernel of 0H,, they form a

1
fundamental system for H,,. To compute the factor in (4.5) we observe that
14

det

n 0
e nea1=[5 )

For the corresponding vectors x,, and x,1 we find that

1 0
F % xn+1]{0 §n+1:|’

where &, is the last component of x;, 1.

Corollary 4.4. The inverse of the Hankel matriz H,, is given by

_ 1
H, L= — Bezp (upt1,u,) = Bezp (Xp+1, Xn) -

Pn N £n+1

3. Christoffel-Darboux formula. We compare the first Bezoutian formula for Hankel
matrix inversion of Corollary 4.4 with the UL-factorization of H ! (see, e.g., [33])
which can be written in polynomial language as
H 't s) = Z iuk.(t)uk(s) .
k=1 FF
We conclude

n

> un(u(s) = ot Ol g

k=1
This relation is called Christoffel-Darboux formula. It is important in the theory
of orthogonal polynomials.

4. Inverses of Toeplitz matrices. The proof of the fact that inverses of Toeplitz
matrices are T-Bezoutians follows the same lines as that for Hankel matrices. We
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introduce the (n—1) x (n+1) Toeplitz matrix 9T}, obtained from T}, = [a;—; |/;—;
after deleting the first row and adding another column to the right by preserving
the Toeplitz structure,

ay ap e as—pn A1—n
ap—-1 Apn—2 ... ag a—1

If T, is nonsingular, then 0T;, has a two-dimensional nullspace. Each basis of this
subspace is called fundamental system for T,. The role of the matrix F' is taken
by

ag ... a1—p Q_p

F=1Y9 .. 0 1 |

where a_,, is arbitrary.

Theorem 4.5. Let {u,v} be a fundamental system for T,,. Then
1
W= dot Bezr(u,v) ,
where ¢ = Flu v|.
The Toeplitz analogue of Proposition 4.1 is now as follows.

Proposition 4.6. Let the equations
T,y =e1 and T,z= £/
with £ = (a—;)?_, be solvable. Then T, is nonsingular.

Taking into account that
TSy — Sy Ty, = e fT —fel
the proof of this proposition is analogous to that one of Proposition 4.1.
5. Characterization of fundamental systems. In the Toeplitz case the Levinson
algorithm computes recursively the first and last columns x, and xz of Ty, Lor
alternatively the solutions u,f of the Yule-Walker equations
Tyu, = p; €1, and Tkuz = p:ek , (4.8)

where pf € [ are so that

T

Tu, =1 and ekuﬁzl.

eju, =

(In other words u; (¢) is assumed to be monic and uy, (t) comonic, which means
that (u;,)”(¢) is monic.) So it is reasonable to describe the fundamental system
with these vectors.

It can easily be seen that [ XO’; } and [ XO+ } belong to the nullspace of

0T, and in the case where T,_; is nonsingular they are linearly independent.
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Thus, they form a fundamental system. Likewise [ UO’_L ] and [ u0+ } form a
fundamental system. We find that

u, 0 | | pn =* x, 0 | |1 =
S e B ey e

where &, is the first component of x;, which equals the last component of x; .
Consequently, p;" = p,, = py, .

We will have a problem with these systems, if the submatrix T}, _1 is singular.
For example, in this case the solution u;l does not exist and &, = 0. For this reason
we also consider, like in the Hankel case, an (n + 1) x (n + 1) Toeplitz extension
Trt1 = [ai—; ]7;;11 This extension is nonsingular for almost all choices of a4.,,.
The proof of this fact is, however, less trivial than in the Hankel case.

The Schur complement of T}, in T}, is given by
o =ay— (g +ane1)" T, '(g— + a_ne1),
where g+ = [0 ay(n_1) - a+1]”. Hence
—0 =EanG—pn + N-0n + N40—n +C, (4.9)
where { = el T, 'e; = elx,,, ( =g¥T,'g- — ao, and
n-=elT,'g-=glxt, 1 =gl 'e1=glx,.

If € # 0, which is equivalent to the nonsingularity of T},_1 , the set of pairs (an,a_p)
for which T,41 is singular is a quadratic curve in F2. (Choosing, for example,
an = a_p there are at most 2 values of a,, for which 7,11 is singular.)

We show that if £ = 0, then n+ # 0. In fact, in the case where £ = 0 we
have T,,SI'x; = nie,. Since T}, is assumed to be nonsingular, we have 7, # 0.
Analogously, n7— # 0. That means in the case £ = 0 the pairs (a,, a—y,) for which
Th+1 is singular are on the graph of a polynomial of first degree. (Choose, for
example, a_, = 0, then T}, is nonsingular with the exception of one value of
ap -)

Let now T}, 41 be a nonsingular Toeplitz extension of T}, x,,,; the first and
x;',  the last column of Tnjrll. Furthermore, let ufﬂ be the solutions of the cor-
responding Yule-Walker equations(4.8) for k = n + 1. Then {x,,,,x} ,} and
{u,,,,ul } are fundamental systems for T}, and

- 1 0 - . 0
Flx4 X ]= [ % Enin } , Flugy wly, = [ ,OL*+1 1 } :
(4.10)

Corollary 4.7. The inverse of the Toeplitz matriz T, is given by

1
- ety
- BeZT(XnJrl’ Xn+1) -
En+1 Pr+1

Tt = BezT(u;H,u:{H).

n
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6. Inverses of symmetric Toeplitz matrices. We discuss now the case of a symmetric
Toeplitz matrix T,,. Let T},4+1 be a symmetric Toeplitz extension of T,,. Since in
this case gy = g_ we have in (4.9) ny = n—. From this we conclude that T, ; is
nonsingular with the exception of at most two values of a,. Thus, we may assume
that T),41 is nonsingular.

Since we have x,41 = x,f,; = (x,,,)7, the vectors W, | = X1 + x4,
and W, | = Xp41 — x/ 41 form a fundamental system consisting of a symmetric
and a skewsymmetric vector. The vectors w 1 are the solutions of Tpaws 1=
€n41 + (S5 and

-1 1
F| w_ w = _
v Y L= o) wha o)
Corollary 4.8. The inverse of a nonsingular symmetric Toeplitz matrix T, is given

by

_ 1 _
Tn t= ; BeZT(Wn+17 W'r—:—&-l) s

where v = w, 1(0) — w,’(0).

One can shovv that for solving a system 7T,z = b it is sufficient to compute
the vectors wk So it is reasonable to ask whether it is possible to describe w,, |
in terms of wk . The following proposition gives an answer to this question. Let
Ty+2 be a nonsingular (n+2) x (n+ 2) symmetric Toeplitz extension of T}, 11 and
Wf_m the solutions of Tn+2wf+2 =en42 te;g.

Proposition 4.9. The polynomials wf L1 are given by

twii (1) — cxw, (1)

+
t) = 4.11
Wn+1< ) 1+¢ ’ ( )
where wit, 5(1) # 0 and c— = w;i(1)/w, (1) If n is odd, then w,  5(—1) # 0
and cy = —wi(=1)/w; (- ) If n is even, then w}, ,(—1) = 0 and c is not
determined by w;i and w,\,, alone.
Proof. We have
+1 +ay b1
wt 0 0 +£1 0 10
Trio [ %+1 wh } =| 0 0 , Ty | Wi wi, |=]00
n+l 1 0 0 1 0
a4+ 1 b 1
for some a1,b € F. Consequently,
1 0
W7L+1 :| + |: 0 :| _ + _ +
+ = W, c+w
{ 0 Wi, 0 nt2

for some cy € F. Writing this in polynomial language, we see that erﬂ(t) +
twf+1(t) = tw,[(t) — c+ W, ,(t) and obtain (4.11).



Introduction to Bezoutians 57

To prove the rest of the proposition we recall that the polynomials w (1)
and w, ,(t) form a fundamental system. Therefore, they are coprime. Suppose
that w,, (1) = 0. Then (4.11) implies w;’; (1) = 0. But we have also w, (1) =
0, since w;, ; is skewsymmetric. This contradicts the coprimeness of w;' , (t) and
w1 (t). Consequently, ;' ,(1) # 0. Analogously, if n is odd and w;', ,(—1) =0,
then (4.11) implies w,,,;(—1) = 0. But we have also w; (1) = 0, since w;f,; is
symmetric and has an even length. This contradiction shows that w;t 4o(=1) #0.
If n is even, then T, is not completely determined by its restriction to symmetric
vectors. That means w,' | is not completely given by w, and wl . O

If n is even, then the constant c; can be obtained by applying a test func-
tional, which could be the multiplication by any row of T}, 1.

7. Inverses of skewsymmetric Toeplitz matrices. In the case of a nonsingular
skewsymmetric Toeplitz matrix T,, n = 2m, the Levinson-type algorithm can
be used to compute vectors spanning the nullspace of o1 for k =1,...,m. So it
is reasonable to ask for a fundamental system {u, v} consisting of vectors of this
kind.

Let x be any vector spanning the nullspace of T},_;. From the relation T/ ;| =
—T,,_1 follows that also the vector x”’ belongs to the nullspace of T),,—1. Thus x is
either symmetric or skewsymmetric. We show that the latter is not possible.

Lemma 4.10. The vector X is symmetric.

Proof. Let f; denote the jth row of T,,_1, n = 2m. State that the row f,, in the
middle of T;,— is skewsymmetric. We introduce vectors fji =f;5f,_; for j =
1

,m— 1. Then the fj+ are symmetric, the fj_ are skewsymmetric, fji € Fi‘l ,
and the system T,,_1v = O is equivalent to fjiv =0forj=1,...,m —1 and

P

f,,v = 0. Since dim ]F’j__1 = 5, there exists a symmetric vector v # O such that
fj'v =0for j=1,...,m—1. Since, obviously, f; v = O and f,,v = 0 we have
T,—1v = O. Taking into account that dimker7T,,_; = 1 we conclude that x = ¢v
for some ¢ € F. Thus, x € IE‘:L__l . O

Now, by Lemma 4.10, x is symmetric and

0
u=| x | €ker 97,,.
0

(Since we do not want to assume that T,,_o is nonsingular, we cannot assume that
x is monic.) Furthermore, let T},11 be any (n+1) x (n+1) skewsymmetric Toeplitz
extension of T}, and v a (symmetric) vector spanning the nullspace of T}, ;1. Since
T, is nonsingular, we may assume that v is monic. Now {u, v} is a fundamental
system, and

Flu V]ZH H v =[ar.. an Jx.
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(Here 7 # 0 since otherwise { 2 } belongs to the kernel of T;,.) Thus we obtain
the following.

Corollary 4.11. The inverse of the nonsingular skewsymmetric Toeplitz matriz T,
is given by

1
T,' = = Bezr(u,v).
Y
8. Inverses of Hermitian Toeplitz matrices. Finally we discuss the case of a non-
singular Hermitian Toeplitz matrix 7),. Besides T}, we consider an (n+1) x (n+1)
Hermitian Toeplitz extension 7)1 of T),,. With similar arguments as above one
can show that for almost all values of a, the matrix T),,; is nonsingular, so we
may assume this. In the Hermitian case we have for the first and last columns
X;+17X;r+1 of Tn;ll that
Xnt1 1= Xp g = (X:-H)#

and for the solutions uf 41 of the Yule-Walker equations

Up+1 = u;Jrl = (urerJrl)#'

Taking Corollary 4.7 into account we obtain

T—l _

n

1
Bezp(Xp+41, xfﬂ) = Bezp(upn41, ufﬂ) , (4.12)

Sn-‘rl Pn+1
where &,41 is the first component of x,,11 and p,,+1 is so that u,41(¢) is comonic.
In the Levinson-type algorithm described in [53], [47] not the vectors x;, are
computed but the solutions of the equations Txqr = e, where e is the vector all
components of which are equal to 1. For an inversion formula we need the vectors
dn and gp41. Since g,+1 and q,, are conjugate-symmetric, gy+1(t) — tq, (t) is not
identically equal to zero. Hence

Xn+1(t) = b(dn+1(t) — tan(t)) (4.13)
for some nonzero b € C.
Besides q,, we consider the coefficient vector w of w(t) =i (¢ —1)qy(¢), which
is obviously conjugate-symmetric.

Proposition 4.12. The inverse of a nonsingular Hermitian Toeplitz matriz T, is
given by )

T, ! = éBezT(w,an) - %qan ) (4.14)
where ¢ is the real constant qp4+1(1) — g, (1).
Proof. We insert (4.13) into (4.12) and obtain, after an elementary calculation,

formula (4.14) with ¢ = gﬁ)r; # 0. Taking into account that q,(t) = (), te)(t) =

1

T, (t,1) and that, due to (4.14), T, '(t,1) = = gn(t)(@p41(1) — G,(1)) we find
¢

that ¢ =¢ = qn+1(1) _qn(l)' U
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9. Solution of systems. The formulas for the inverses of Toeplitz and Hankel matri-
ces presented in this section can be used in combination with the matrix represen-
tations of Bezoutians to solve Toeplitz and Hankel systems. This is in particular
convenient if systems have to be solved with different right-hand sides and one and
the same coefficient matrix. The advantage compared with factorization methods
is that only O(n) parameters have to be stored.

The application of the formulas requires 4 matrix-vector multiplications by
triangular Toeplitz matrices. If these multiplications are carried out in the classical
way, then 2n? multiplications and 2n? additions are needed, which is more than,
for example, if back substitution in the LU-factorization is applied. However, due
to the Toeplitz structure of the matrices there are faster methods, actually methods
with a complexity less than O(n?), to do this. In the cases F = C and F = R the
Fast Fourier and related real trigonometric transformations with a computational
complexity of O(nlogn) can be applied.

5. Generalized triangular factorizations of Bezoutians

In this section we describe algorithms that lead to a generalized UL-factorization
of Bezoutians. In the case of H-Bezoutians the algorithm is just the Euclidian

algorithm.

1. Division with remainder. Suppose that u = (u;)1}' € F*tlv = (v)4!' €
F™t1 m < n, and that the last components of u and v are not zero. Division
with remainder means to find polynomials q(t) € F*~™"1(¢) and r(t) € F™(t)
such

u(t) = qt)v(t) +r(t). (5.1)
In matrix language this means that we first solve the (n —m + 1) x (n —m + 1)
triangular Toeplitz system
Umtl -+ Un—2m-+1 Um+1
: q= : )
Um41 Un41
where we put v; =0 for i ¢ {1,...,m + 1}. With the notation (2.3) we find r via

{ 3 ] =u— M, mi1(v)q.

2. Factorization step for H-Bezoutians. We clarify what means division with re-
mainder in terms of the H-Bezoutian. From (5.1) we obtain for B = Bezy (u,v)

_ a(t) —afs) r(t)v(s) — v(t)r(s)
B(t,s) =v(t) = —— v(s) + pa— )
which can be written in the form

Bezy (u,v) = My, (V)B(Q)M,,_n(v)T + Bezp (r,v),
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where B(q) is defined in (2.2). This is equivalent to
T
I, Bezg (r,v) O I,
0 My (V) } [ 0 B(q) } [ 0 My_m(v) | .
(5.2)

Note that in this equation the left factor is upper triangular and the right factor
is lower triangular.

Bezg(u,v)=

3. Euclidian algorithm. The Euclidian algorithm is the successive application of
division with remainder. We set uo(t) = u(t) and uy(t) = v(t). Then, for i =
1,2,... we find —u;41(t) as remainder of the division of u;_1(t) by u;(t), i.e.,

w1 (1) = qi(t)us(t) — ui—1(t) . (5.3)
We take the minus sign with u;11(¢) for convenience. With this definition one
factorization step (5.2) reduces Bezpy(u;—1,u;) to Bezy(u;,u;41), without the
minus to Bezg (u;4+1,u;). If for some i = [ we have u;41(¢t) = 0, then the algorithm
is terminated and w,(¢) is the greatest common divisor of u(t) and v(t).

There are modifications of the Euclidian algorithm with different normaliza-
tions. One could assume, for example, that the polynomials u;(¢) are monic or
that the polynomials q;(t) are monic. For these two possibilities one has to admit
a constant factor at u;_.

4. Generalized UL-factorization of H-Bezoutians. Applying (5.2) successively to
the polynomials u,(¢) appearing in the Euclidian algorithm (5.3) we arrive at the
following.

Theorem 5.1. Let u(t), v(t) € F*"*1(t) where u(t) has a nonzero leading coefficient.
Then Bezg (u,v) admits the factorization

Bezy (u,v) = UDUT (5.4)
where () ()
_ Id Mnl u; e Mn17n2 U
U= 0 0 19) Mn—n1 (ul) ,

n; = degu;(t), d is the degree of the greatest common divisor of u(t) and v(t),
and

D = diag (Oq, B(ay), --. , B(a1)). (5.5)

Note that U is a nonsingular upper triangular matrix, B(q;) are nonsingular
upper triangular Hankel matrices defined by (2.2). From the theorem we can again
conclude that the nullity of Bezy (u,v) is equal to d (cf. Corollary 3.4).

Let us discuss the case, in which u(t) and v(t) are coprime and all polynomials
q;(t) have degree 1. This is called the generic case. Suppose that q;(t) = p;t +
d;. Then (5.4) turns into an UL-factorization of the H-Bezoutian in which, U is
the upper triangular matrix the kth row of which is equal to the transpose of
[ ug:tk } and D = diag (pn+1-i)j—; - The UL-factorization of the H-Bezoutian

exists if and only if the matrix Bezg (u,v)”

is strongly nonsingular. That means
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in the generic case the matrix has this property. The converse is also true, since
in the non-generic case the matrix Bezy(u,v)’ has singular leading principal
submatrices.

5. Inertia computation. It is an important consequence of Theorem 5.1 that the
signature of a real H-Bezoutian can be computed via running the Euclidian algo-
rithm. In fact, in the case of real polynomials u(t) and v(¢) the matrix Bezg (u, v)
is congruent to the block diagonal matrix D given by (5.5). It remains to compute
the signature of B(q;).

Let p; denote the leading coefficient of q;(t). Then the signature of B(q;)
is equal to the signature of p;J,,, m; = n;—1 — n;. This can be shown using
a homotopy argument. Let H(t) = tpiJm, + (1 — t)B(q;) for 0 < t < 1. Then
H(0) = B(q;) and H(1) = p;Jpm,. Furthermore, H(t) is nonsingular for all ¢ and
depends continuously on ¢. Hence sgn H (t) is constant for 0 < ¢ < 1. The signature
of p;Jn, is obviously equal to zero if m; is even and is equal to the sign of p; if m;
is odd. Applying Sylvester’s inertia law we conclude the following.

Corollary 5.2. The signature of the real H-Bezoutian Bezy(u,v) is given by

sgn Bezy (u,v) = Z sgn p; ,

MNi—1—Nj odd
where p; are the antidiagonal entries of B(q;).

Since the Euclidian algorithm computes besides the signature s also the rank
r of the H-Bezoutian, it gives a complete picture about the inertia of Bezy (u, v),

InBezg(u,v) = (s4,s_,d),

n—d+ts
2

where s+ = andd=n—r.

6. Factorization step for T-Bezoutians in the generic case. We consider the problem
of triangular factorization of a T-Bezoutian B = Bezr(u, v), where u,v € F**1,
This problem is more complicated than for H-Bezoutians, unless the matrix is
strongly nonsingular. We introduce the 2 x 2 matrix

T T
=T(u,v)= (;111 Y

T
en+1u en+1v

The case of nonsingular I' is referred to as generic case, the case of singular I
as non-generic case. In this subsection we consider the generic case. Observe that
v := B(0,0) = detT". That means that ~ is the entry in the left upper corner of B.
Thus, we have the generic case if B is strongly nonsingular. Note that - is also the
entry in the right lower corner of B, due to the persymmetry of B. In the generic
case, [u v | =[ u v |I!is of the form

[ﬁ V]:[L(l)l ‘91:|, up, vy € F*.
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According to Lemma 2.9 we have

~ ~ 1
Bezr(u,v) = — Bezr(u,v).
v

Furthermore, for B = Bezy (11, V) we obtain

~ w () vi(s s —tsvi(Hug (s 1)sm 1
Bl - WONETY G

= Bi(t,s) +vi(thu (s Hs" 7,
where B; = Bezp(u,vy). We also have
B(t,s) = ts Bi(t,s) +uy (t)vi(s~)s" L.

In matrix language this can be written as

T
Bezr(u,v) = [ In_1 vy } [WBGZT(uth) 0} [ Iy u/ ]

OT OT v OT
or
T
_ In—l Y OT J In—l
Bezp(u,v) = { u; of ] { 0 ~Bezr(ur,vy) } [ vy of . (5.6)

7. LU-factorization of T-Bezoutians. Let B = Bezr(u, v) be strongly nonsingular,
which is equivalent to the strongly nonsingularity of B/, due to persymmetry. We
can apply now the factorization step of the previous subsection, since the property
of strongly nonsingularity is inherited after a factorization step. If we carry out
the factorization step successively, then we obtain the following algorithm. We set
u; = u and v; = v and find recursively polynomials ug(t) and vi(t) via

[ () vin(®) ] = [ wlt) vi() T3 { o } XS

where Ty, = I'(ug, vg). This algorithm has the same structure as the Schur al-
gorithm for Toeplitz matrices. We call it also Schur algorithm. Like for Toeplitz
matrices, it can be slightly modified by replacing the matrix F,:l by a matrix of

the form [ i 1( ] . This will reduce the number of operations.

n

: j=1
with w; € F"1=J by L(w;)}_; will be denoted the lower triangular matrix the
kth column of which is equal to

Lw))jren = |

Now we conclude the following from (5.6).

To simplify the notation we agree upon the following. For a sequence (w)

Ok—1
Wik ’

Theorem 5.3. Let B = Bezp(u,v) be strongly nonsingular, and let ug(t) and vi(t)
be the polynomials obtained by the Schur algorithm (5.7). Then B admits an LU-
factorization

B=LDU,
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where
L=L(w),, U= (L(Vi)?:l)T

and

D = diag (7171)?:1 s Y= H’)/ja v; =detT’; .

j=1

8. Non-generic case for T-Bezoutians. Now we consider the case where the matrix
I' = T'(u,v) is singular. If T has a zero row, then u(t) and v(t) or u’(t) and
v’ (t) have a common factor t. Suppose that u(t) = t#-ug(t), v(t) = t*=vo(t),
u’/(t) = t*+ud(t), and v’/ (t) = t*+v{J(t) such that T'(ug,vo) has no zero row.
Then B(t, s) = t"~ s+ By(t, s), where By = Bezr(ug, vo) or, in matrix language

0O 0 O
B=|0 By O],
O 0 O

where the zero matrix in the left upper corner is p— x py.

Now we assume that I' is singular but has no zero row. Then there is a 2 x 2
matrix ® with det ® = 1 such that the last column of I'® is zero, but the first
column consists of nonzero elements. We set

[u(t) v(t) |=[ul) v(t)]e.
Then, according to Lemma 2.9, we have B = Bezr(u, V) = Bezr(u, v). Further-
more, let us write v in the form

0,
v=| w
0.,
with some vector w = (w;)7" € F™"+ m + v, + v_ = n, with nonzero first

and last components. We apply now a two-sided division with remainder to find
polynomials q_(t) € F~(t), q+(t) € F*+T1(¢), and r(t) € F™(¢) such that

u(t) = (" q(t) +q-(0)w(t) + " r(t).

The vectors g+ can be found by solving the triangular Toeplitz systems

w1 1 [
q- = ;
Wy_ ... wp | Uy
Wm41 - wm7u++1 un7u++1
a+ =
Wm+1 i L Un+4+1

Then we have

uJ(t) (tu++1q{ (t) =+ qi(t))wJ(t) + tu++1r,](t)
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and
—tv-q” (s)s s¥+ —ql (s
Bt = win) (A e GO B0
o rt)w/(s) —wt)r’(s)s .
+ 1—ts iy

w(t) (Bezr(q_,e,_11)(t, s)s"* +t" Bezr(qy,e1)(t,s)) w’(s)
+t"~Bezp(r, w)(t, s)s"t .

In matrix form this can be written as

O  B-(q-)

B | 50y 76

O O O
M, (WwHT+] 0 B O],

O O O
where By = Bezr(r,w) is of order m, B (q+) = Bezr(q4,e1) and B_(q-) =

Bezr(q,e,_41) are of order vy (cf. (2.14)), and the zero matrix in the left upper
corner of the last term has size v_ x v .

9. Hermitian T-Bezoutians. We discuss now the specifics of the case of an Her-
mitian T-Bezoutian B. Our main attention is dedicated to the question how to
compute the signature, because this is the most important application of the pro-
cedure. First we remember that there are two possibilities to represent Hermitian
T-Bezoutian. The first is B = Bezy(u, u?) for a general vector u € C"*!, the sec-
ond is B = iBezp(us,u_) for two conjugate-symmetric vectors uy (see Section
2.10).

In the generic case we use the first representation. In the representation (5.6)
we have v{ =1y, and 7 is real. Thus, for a strongly nonsingular B, Theorem 5.3
provides a factorization B = LDL*. Consequently,

n
sgn B = ngn% .
i=1
That means that the signature of B can be computed via the Schur algorithm in
O(n?) operations.
In the non-generic case, i.e., in the case where I' is singular, we switch from
the first representation of B to the second one. This is done as follows. Suppose B
is given as B = Bezz(u,u?). Then T is centro-Hermitian. Hence the homogeneous

equation
«a 0
o5]-[0]

has a nontrivial conjugate-symmetric solution, which is a solution with = @. We
can assume that |a] = 1. We set

@:[ a 3]
—Ql [0
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and
[uy(t) u_(t) |=[ ut) u*() |®.

Then uy are conjugate-symmetric and according to Lemma 2.9 we obtain

B = l Bezr(uy,u_).
2i
We can now apply the reduction step described in Section 5.8 for 1 = u; and
v = u_. Due to the Hermitian symmetry we have v_ = vy =: v. The vector qi%
is just the vector q4 after cancelling its first component. The vectors w and r,
both considered as elements of F™*! | are conjugate-symmetric. This leads to

0O 0 O

. 0 B_(q_ )

2B =Mau(w) | (5 (o))" (()q) My,(w)*+| O By O |,
—\9- O 0 O

where B; = Bezr(r,w) is m x m. Taking into account that B_(q) and the zero
matrices in the corners of the last term are v X v matrices, the sum of the ranks
of the two terms on the right-hand side is equal to the rank of B. This is also true
for the signature. The signature of the first term is equal to zero. Hence

sgn B =sgn By .

If Bezr(r, w) is singular, then we carry out another non-generic step. If Bezy (r, w)
is nonsingular we go over to the first Bezoutian representation by introducing
v = %(r — iw) and obtain B; = Bezz(v,v#). Now we can apply a generic step.
Summing up, we have described a procedure that computes the signature of an

arbitrary Hermitian T-Bezoutian in O(n?) operations.

6. Bezoutians and companion matrices

In this section we show that Bezoutians are related to functions of companion
matrices.

1. Factorization of the companion. The companion matrix of the monic polynomial

u(t) = S5t wgth—t € TP+ s, by definition, the n x n matrix
0 1
C(u) =
1
—UuUy —u2 ... —Unp

It is easy to show that the characteristic polynomial of C'(u), det(tI, — C(u)), is
equal to u(t). This is also a consequence of the following useful relation.
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Lemma 6.1. We have

0 -1 1
. -t 1
)= L O
—1 In—l T .
1 up (t) N 'Lln_l(t) —t 1
(6.1)
where Uy (t) = Upy1 + Upgot + -+ Up i t"F.
Proof. Tt is immediately checked that
1 0 —1
t 1
(L, —Cc)| * 1 =
: . . . -1
tnml o2t 1 u(t) ui(t) ... u,_1(t)
This equality can be rearranged to (6.1). O

The polynomials uy(¢) appearing in the first factor of the right side of (6.1)

are the Horner polynomials of u”(t) . They satisfy the recursion
ug(t) = tugi1(t) + up+1
and can be represented as
[ui(t) ... up(t)] = £n(t)" B(u) .
where B(u) is introduced in (2.2). For tg € F, the matrix tol,, — C(u) is a special
case of a resultant matrix (cf. (2.4)). In fact,
tol, — C(u) = Res(to — t,u(t) +t" " (tog — t)) .

Since the resultant matrix is nonsingular if and only if the polynomials are coprime,
we conclude again that tgl, — C(u) is singular if and only if ¢ — ¢ is a divisor of
u(t), i.e., u(typ) =0.

2. Functional calculus. Before we continue with companions and Bezoutians we

recall some general definitions and facts concerning functions of a matrix. Let A
m

be an n x n matrix and u(t) = > ut*~! a polynomial. Then u(A) denotes the

) k=1
matrix

m
u(A) = Z ukAk_l
k=1

in which we set AY = I,,. The matrices of the form u(A) form a commutative
matrix algebra and the transformation u(t) — u(A) is a linear operator and a ring
homomorphism. In particular, if u(t) = ui(t)uz(t), then u(4) = ui(4A)uz(A4). If
u(t) is the characteristic polynomial of A, then, according to the Cayley-Hamilton
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theorem, u(A) = O. Let a polynomial v(¢) and the characteristic polynomial u(t)
of A be coprime. Then the Bezout equation

v(t)x(t) +ut)y(t) = 1 (6.2)

has a solution (x(t),y(t)). Replacing t by A we obtain that v(A4)x(A) = I,,. That
means v(A) is nonsingular and x(A) is its inverse.

3. Barnett’s formula. The following remarkable formula is due to S. Barnett.
Theorem 6.2. Let u(t), v(t) € F*"T(¢) and u(t) be monic. Then

Bezy(u,v) = B(u)v(C(u)) , (6.3)
where B(u) is introduced in (2.2).

Proof. Due to linearity, it is sufficient to prove the formula for v(t) = ey (t) = t*~1.
We set By = Bezy(u,ey). Since By = B(u)C(u)*~! is true for k = 1 we still have
to show that Bii1 = BrC(u). Taking into account that

C(u)ln(s) = sln(s) —u(s)e,,
we obtain
0 ()T BrC(0)l,,(s) = sBi(t,s) — u(s)l,(t)T Bre, = sBi(t,s) —t*tu(s). (6.4)
On the other hand,

(u(t)sk_lt—_tsk_lu(s))s . tk_lu(s) — SBk(t, 5) _ tk_lu(s) . (6.5)

Comparing (6.4) and (6.5) we obtain the recursion By1; = BC(u). O

BkJrl(tv S) =

From this theorem we can conclude again (cf. Corollary 3.4) that the H-
Bezoutian of u(t) and v(t) is nonsingular if u(t) and v(¢) (u(t) € F**1(¢) monic)
are coprime and that its inverse is given by

Bezy(u,v)™' = x(C(u))B(u)~*, (6.6)

where x(t) is from the solution of the Bezout equation (6.2). In the next subsection
we will show that x(C(u)) is actually a Hankel matrix.

4. Barnett’s formula for T-Bezoutians. Now we consider T-Bezoutians. Let u(t)
be a comonic polynomial of degree < n and By = Bezr(u, ex). Then

By(t,s) = Bryi(t,s)s —tF"1u’(s).
This can be written as
Bk = Bk+1C(uJ) .
With the notation of (2.14) we obtain the Toeplitz analogue of Barnett’s formula.
Theorem 6.3. Let u(t), v(t) € F"*1(t), where u(t) is comonic. Then

Bezr(u,v) = B_(u)v’(C(u’)).



68 G. Heinig and K. Rost

In particular, for v(t) = 1 we obtain the equality
By (u) = B_(w)C(u’)", (6.7)

which yields an LU-factorization of C'(u’)" and will be applied below to prove an
inversion formula for T-Bezoutions.

7. Hankel matrices generated by rational functions

In this section we consider Hankel matrices generated by rational functions and
show that they are closely related to H-Bezoutians. We understand “rational func-
tions” in an abstract sense as elements of the quotient field of the ring of polyno-
mials. But occasionally, in particular if we restrict ourselves to the case F = C, we
interpret them in the analytic sense as functions defined in F.

By a proper rational function we mean a rational function for which the degree
of the numerator polynomial is not greater than the degree of the denominator
polynomial. We say that the representation f(t) = % is in reduced form if u(t)
and p(¢) are coprime and u(t) is monic. This representation is unique. The degree
of a proper rational function is the degree of the denominator polynomial in the
reduced representation.

1. Generating functions of Hankel matrices. A proper rational function f(¢) can
be represented as

f(t) = ho+hit ™t + hot ™2 4. (7.1)

If F = C, then (7.1) can be interpreted as the Laurent series expansion of f(t) at
infinity converging outside a disk with center 0. For a general field F (7.1) has a
meaning as quotient of two formal power series. The coefficients h; can be obtained
recursively by an obvious formula. For f(¢) having a Laurent expansion (7.1), we
set f(o00) = ho and write f(t) = Ot ™) if hg=-+- = hpyp—1 = 0.

Note that if f£(¢) is given by (7.1), then we have

f(t) —f(s) < t=k — sk - P
T Tl T = M s (72)
k=1 i,7=1
This relation suggests the following definition. For n = 1,2,..., the n x n Hankel

matriz generated by £(t) is, by definition, the matrix
Hy(f) = [Rivj—1]i =1

Let us point out that the entry ho does not enter the definition of H,(f). If for
some n x n Hankel matrix H,, there is a function f so that H,, = H,(f), then f(¢)
will be called generating function of Hy,.
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Example 7.1. As an example, let us compute the Hankel matrices generated by a

1
ﬁ (ceF,m=1,2,...,2n—1). We denote
_Cm
1

Ly(c,m) = (m — 1) Hy ((t —1c)m)

and write Ly, (c) instead of Ly(c,1). In view of

partial fraction

t—:t*1+ct*2+02t*3+~-- (7.3)
—c
we have

Ln(c) = [¢72)0 5, (7.4)

Differentiating the equality (7.3) we obtain
Ln(e,2) = [(i+j —2)c 2]

i,j=1
and in general, form=1,...,2n —1,
i+5-2\ si1m]”
Ln(cm)—[( )clﬁ
’ m—1 A

It is obvious that the rank of L, (c,m) is equal to m.
The matrices L, (¢, m) are called elementary Hankel matrices.

Example 7.2. For our second example we assume that F is algebraically closed. Let
u(t) be a polynomial of degree n and let ty,...,t, be the zeros of u(t). The Newton
sums s; (i =1,2,...) are given by
n
S; = Zt']ic_l .
k=1
We form the Hankel matriz Hy, = [siyj—1]7;_. Then we have

e (35)

This follows from the obuvious relation

u(t) =~ 1
u(t) _;t—tk'

1

The transformation
H : f(t) — Hy(f)
is clearly a linear operator from the vector space of all proper rational functions
to the space of n x n Hankel matrices. The kernel of this operator consists of all
proper rational function f(¢) for which f(t) — f(co) = O(t~2"). We show that this
transformation is onto. That means any k x k Hankel matrix can be regarded as
generated by a proper rational function.
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Proposition 7.3. Let u(t) be a fized monic polynomial of degree 2n — 1. Then any
n X n Hankel matriz H,, can be represented uniquely in the form

H, = H, (E) (7.5)

for some p € F?"~1,

Proof. Clearly, a matrix of the form (7.5) with p € F?"~! does not belong to
the kernel of the transformation H. That means that the mapping of the vector
p € F?"~1 to the Hankel matrix H, (%) is one-to-one. Hence the dimension of
its range equals 2n — 1. This is just the dimension of the space of n x n Hankel
matrices. Thus the mapping is onto. ([

Since in an algebraically closed field F any proper rational function has a
partial fraction decomposition we conclude that in this case any Hankel matrix
can be represented as a linear combination of elementary Hankel matrices. The
reader may observe that the problem to find the generating function of a Hankel
matrix is closely related to the Padé approximation problem at infinity and the
partial realization problem.

In connection with these and other problems the question about a generating
function of minimal degree arises. We will see later that the degree of the generating
function is at least equal to the rank of H,. But it can be bigger. For example,
the rank-one Hankel matrix H, = e,el has no generating function of degree less
than 2n — 1. Here we restrict ourselves to the nonsingular case. For a nonsingular
n X n Hankel matrix, a generating function of degree n always exists, as the next
proposition shows. Let us use the notation of Section 4.1.

Theorem 7.4. Let Hy, = [si1j—1];' ;=1 be a nonsingular Hankel matriz, {u(t),v(t)}
be a fundamental system of Hy,, where u(t) is monic and degv(t) < n. Then, for
any o € F | there is a vector p € F™ such that

H,=H, (¢> .

u(t) — av(t)

Proof. We consider the (n — 1) x (n + 1) matrix 0H,, which was introduced in
(4.1). The vector w = u— av is a monic vector belonging to the nullspace of 0H,,.

We set
0 S1 . Sn

p= Lo W
0 S1

From this definition and from w € ker 0H,, we can see that in the expansion

p(t) -1 -2
=72 — h.t hot
W(t) 1 + ho +

Wehavehi:si,izl,...,Qn—l.Hence,Hn:Hn(%). O
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Example 7.5. Let us find generating functions of degree n of the matrix H, = J,,.
For this matriz {e,11,e1} is a fundamental system. Furthermore, p = e1. Thus,

for any o € T,
1
Jn=H,| —| .
= (7)

Let us present a special case of Theorem 7.4 involving the solutions of the
equations

Hkuk = pPke , efuk =1 (76)
for k =n,n+1. Here H,41 is a nonsingular extension of H,, . As we already know

from Section 4.2 these monic solutions form a fundamental system for H,,. Thus,
the following is immediately clear.

Corollary 7.6. Let H,, and H,+1 be as above and u,,, u,11 be the solutions of (7.6)
for k =n,n+1. Then, for an o € F, there are vectors pny1 € F" and p, € F*~!

such that
Pnt1(t) — apn (f)>
U, i1(t) —au,(t) ) -

Han<

2. Vandermonde factorization of Hankel matrices. In this subsection we assume
that F = C. Let H, be an n x n nonsingular Hankel matrix. Then, by Theorem
7.4, it has a generating function of degree n. We can assume that the denominator
polynomial of this function has only simple roots, which follows from the following
lemma. Recall from Corollary 4.3 that the polynomials forming a fundamental
system of a nonsingular Hankel matrix are coprime.

Lemma 7.7. Let u(t) and v(t) be coprime. Then for all « € C, with the exception
of a finite number of points, the polynomial w(t) = u(t) — av(t) has only simple
T001S.

Proof. Suppose that 79 is a multiple root of w(t). Then u(ry) = av(mn) and
u'(79) = av’(19). Since u(t) and v(¢) are coprime, v(79) # 0. Hence 79 is a root of
the nonzero polynomial z(t) = u(¢)v’'(t) — v(¢)u’(¢). Now we choose a such that
u(7) # av(r) for all roots 7 of z(t). Then none of the 7 is a root of w(t), so w(t)
has no multiple roots. O

Let f(t) = % with (0c0) = 0 be a proper rational function in reduced

form such that w(t) has simple roots t1,...,t,. Then f(¢) has a partial fraction

decomposition
n 6
B0 =2 ;=
t—t;

, -1
5= va’,((tgj) = ((%) (m) : (7.7)

where
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Hence Hj(f) can be represented as a linear combination of elementary Hankel
matrices Ly(t;) defined by (7.4)

Hy(f) = diLi(t:). (78)
i=1

This relation can be stated as a matrix factorization. In fact, observe that Ly (¢;)

equals £ (t;)0,(t;)T , where £(t;) = i1 k. We form the n x k Vandermonde
[ Jj=1

matrix Vi (t), t = (t;)™, with the rows ¢4 ()T (i=1,...,n,)
Vi(t) = [tg_l ]?:1,]'111 :
Now (7.8) is equivalent to the following.

Proposition 7.8. Let f(t) and t be as above. Then for k > n, the Hankel matriz
Hy, = H(f) admits a representation

Hy, = Vi(t)T DVi(t), (7.9)
where D = diag (6;)"_, and the §; are given by (7.7).

Example 7.9. For the Hankel matriz of Fxample 7.2 we obtain the following fac-
torization,

H, (%) — Vi () ding (1)), Vi (D) (7.10)

where t is the vector of different zeros t; (i = 1,...,r) of u(t), and v; are their
multiplicities.

A consequence of this Proposition 7.8 is that rank Hy(f) = n for all k& > n.
In Section 7.5 we will show that this is true for a general field F. Combining
Proposition 7.8 with Proposition 7.4 we obtain the following.

Corollary 7.10. Let H,, be a nonsingular nxn Hankel matriz, {u,v} a fundamental
system of Hy, , and o € C such that w(t) = u(t) —av(t) has simple roots t1, ..., ty.
Then H, admits a representation

H, = V,(t)T DV, (t)
with a diagonal matriz D.

Let us find the Vandermonde factorization for Example 7.5, i.e., for H,, = J,,.
The polynomial t* — « has simple roots for all a # 0, and these roots ¢; are the
nth complex roots of a. The diagonal matrix is given by

1
D= —diag (t;™",...,t}7").
n
3. Real Hankel matrices. We consider the special case of a real, nonsingular Hankel

matrix H,. In this case the fundamental system of H,, is also real. We choose a € R,
since then the non-real roots of w(t) = u(t) — av(t) appear in conjugate complex
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pairs. Let t1,...,t,. be the real roots and t,41,tr10 = tra1,...,tn_1,tn = tn_1 be
the non-real roots of w(t). Then

Vo(t)T =V, (t)*diag(I,, Ja, ..., Ja),
——
l
where r + 2] = n. Thus, we obtain from Proposition 7.8 the following.

Corollary 7.11. If the Hankel matriz Hy (k > n) in Proposition 7.8 is real, then
it admits a representation

Hy, = Vi.(t)"D1Vi(t),

s 0 Opp1 0 dn1
D, = diag (517""6r’|:5r+1 0 :|7.”7|:5n—1 0 :|>

In particular, the matrices Hy, and Dy are congruent.

where

Combining this with Sylvester’s inertia law, with (7.9), and with the fact that

the signature of a matrix [ g g } equals 0, we conclude the following.
Corollary 7.12. Let f(t) be a real rational function of degree n with simple poles
t1,...,tn, where ti,...,t. are real and the other poles non-real. Then for k > n
the signature of the Hankel matriz Hy, = Hy(f) is given by

sgn Hy, = ngn&i ,
i=1
where 6; is defined by (7.7). In particular, H, is positive definite if and only if all
roots of w(t) are real and §; > 0 for all i.

Let us specify the criterion of positive definiteness further.

4. The Cauchy index. Let C be an oriented closed curve in the extended complex
plane CU{ oo } and f(¢) a rational function with real values on C with the exception
of poles. A pole ¢ of £(t) on C is said to be of positive type if

lim f(t) = —c0 and lim f(t) =oc0.

t—c— t—c+
teC teC

It is said to be of negative type if ¢ is of positive type for —f(¢). If a pole is not of
positive or negative type, then it is called neutral. The Cauchy index of £(t) along
C is, by definition, the integer

inde £(¢) =py —p—
where p is the number of poles of positive and p_ the number of poles of negative
type. The pole ¢ is of positive (negative) type if and only if the function Tlt) is
increasing (decreasing) in a neighborhood of ¢.

It is clear that if ¢ is a pole of positive or negative type on C, then a small
perturbation of the coefficients of f(t) leads only to a small change of the pole on
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C by preserving its type (which is not true for neutral poles). Now we are in the
position to relate the signature of Hankel matrices generated by a rational function
with the Cauchy index of this function along R.

Proposition 7.13. Let £(t) be a real proper rational function of degree n.. Then
sgn H, (f) = indg £(¢) .

Proof. Suppose that f(t) = % is the reduced representation as quotient of poly-
nomials. Let us first assume that u(¢) has simple roots t1,...,t,, i.e., f(¢) has
simple poles. Simple poles cannot be neutral. If ¢; is a simple pole of positive type,
then (%)'(tz) > 0. Comparing this with (7.7) we conclude that 6; > 0. Analogously,
we have §; < 0 for a pole t; of negative type. Now it remains to apply Corollary
7.12.

Now let u(t) have multiple roots. Neutral poles of f(¢) correspond to roots
of u(t) of even order and do not contribute to the Cauchy index of f(¢) . It is easy
to see that we can disturb u(t) additively with an o € R as small as we want
such that the disturbed roots of even order disappear or become simple roots of
u(t) + «a, so that the respective pairs of poles do not contribute to the Cauchy

index of £, (t) = uggia . The other poles remain simple and of the same type. So
the first part of the proof applies to f,(¢). Due to Proposition 7.17 below H,(f)
is nonsingular. Taking into account that the signature of a nonsingular Hankel

matrix is invariant with respect to small perturbations the assertion follows. [

Some readers might be unsatisfied with the analytic argument in the proof of
the algebraic Proposition 7.13. For those readers we note that a purely algebraic
proof of this proposition is possible if more general Vandermonde representations
of Hankel matrices are considered.

Let us discuss the question how positive definiteness of H, (f) can be charac-
terized in terms of f(¢). According to Proposition 7.13, H,, (f) is positive definite
if and only if the Cauchy index of f(¢) along R is equal to n. That means that
f(t) must have n poles of positive type. Between two poles of positive type there
must be a zero of f(t), i.e., a root of the numerator polynomial. In other words,
the poles and zeros of f(t) must interlace.

We say that the real roots of two polynomials u(t) and p(t) interlace if be-
tween two roots of u(t) there is exactly one root of p(t). Polynomials with roots
that interlace are coprime. Let us summarize our discussion.

Corollary 7.14. Let £(t) be a real rational function of degree n, and let £(t) = %
be its reduced representation. Then H,(f) is positive definite if and only if the
polynomials u(t) and p(t) have only real simple roots that interlace.

5. Congruence to H-Bezoutians. In Section 4 we showed that inverses of Hankel
matrices are H-Bezoutians. Now we are going to explain another relation between
Hankel matrices and H-Bezoutians. In the real case this relation just means that
Hankel matrices and H-Bezoutians are congruent.
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Throughout this subsection, let u(t) be a polynomial of degree n, v(t) €
F7*1(t), and f(t) = % Then B = Bezy(u,v) is an n X n matrix. For k > n,
we identify this matrix with the k x k matrix obtained from B by adding k — n
zero rows and zero columns at the bottom and on the right. The same we do for

B(u) = Bezp(u, e;) introduced in (2.2).

Proposition 7.15. For k > n, the k x k Hankel matriz generated by £(t) = % is

related to the H-Bezoutian of u(t) and v(t) via
Bezg(u,v) = B(u) Hy (f) B(u) . (7.11)
Proof. For B = Bezg(u,v) and u = (u;)!4! we have in view of (7.2)

B(t,s) = fu(t)wms)

n+l oo

= Z Z g hp+q_1 Uj tiipilsjiqil

4,j=1p,q=1

n o0
E § —1.1-1
= Um+p hp+q71 Ug+1 t" s s

m,l=1p,q=1

where we set u; = 0 for j > n + 1. The coefficient matrix of this polynomial can
be written as a product of three matrices, as it is claimed. O

Recall from Corollary 3.4 that the nullity of Bezy (u, v) is equal to the degree
of the greatest common divisor of u(t) and v(¢). This implies that the rank of
Bezp (u,v) is equal to the degree of the rational function f(¢).

Corollary 7.16. In the real case the matrices Bezy (u,v) and H, (%) are congruent.

Proposition 7.17. Let f(t) be a rational function of degree n. Then, for k > n, the
rank of Hy(f) is equal to n. In particular, Hy(f) is nonsingular.

Proof. Let f(t) = % be in reduced form and degu(t) = n. Since the matrix
B(u) in (7.11) as an k x k matrix is singular for £ > n, the assertion cannot be
concluded directly from Proposition 7.15. Thus, for £ > n, define ug and vi by
ui(t) = t*u(t) and vi(t) = t*v(t), respectively. The f(t) = z:%g and, due to
Proposition 7.15,

Bezpg (uk, vi) = B(uk) Hy(f) B(ux) , (7.12)
where B(uy) is nonsingular. Since the nullity of Bezy (ug, vi) equals k, we have
that rank Bezy (uk, vi) = n = rank Hy(f) . O

Note that under the assumptions of Proposition 7.8 the assertion of Propo-
sition 7.17 follows already from the Vandermonde factorization of Hy(f) given in
(7.9).

In the real case, (7.12) is a congruence relation. Applying Sylvester’s inertia
law we can conclude the following for the case F = R.
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Proposition 7.18. If u(t) € R""(¢) with degu(t) = n and v(t) € R"T1(t), then
the matrices Bezy (u,v) (considered as k x k matriz) and Hy, (¥) have the same
mertia.

Proof. Due to formula (7.12), which is also true if % is not in reduced form, and

since Bezy(u,v) and Bezy(uy, vi) have the same rank it remains to show that
these two Bezoutians have the same signature. But, this follows from

Bezy (ug, vi) = M, (egt+1)Bezy (u, V)Mn(ekH)T
and from Corollary 1.2. O

6. Inverses of H-Bezoutians. Comparing (7.11) with Barnett’s formula (6.3) we
obtain that the Hankel matrix H, (2) admits a representation

Py _ -1
H, (2) = p(Cu)Ba)~. (7.13)
Together with (6.6) this immediately leads to the following.

Theorem 7.19. Let u(t) and v(t) be coprime and (q(t), p(t)), be the (unique) so-
lution of the Bezout equation

u(alt) + v(Op(t) = 1 (7.14)
with q(t), p(t) € F*(t). Then

Bezy(u,v)™' = H, <B) .
u
An immediate consequence of this theorem is the converse of Theorem 4.2.

Corollary 7.20. The inverse of a nonsingular H-Bezoutian is a Hankel matriz.

Furthermore, Theorem 7.19 tells us that the inverse of a Bezoutian or the
inverse of a Hankel matrix generated by a rational function can be computed with
an algorithm which solves the Bezout equation (7.14). We show next that this
equation can be solved with the help of the Euclidian algorithm.

7. Solving the Bezout equation. Let u;(¢) be the polynomials computed by the
Euclidian algorithm, as described in Section 5.3, then with the help of the data of
the Euclidian algorithm we can recursively solve the Bezout equations

u(t)x;(t) + v(t)y:(t) =w(t) (i=0,1,...), (7.15)
where, for initialization, we have
xo(t) = 1 x1(t) = 0
yvo(t) = 0 yi(t) = 1
The recursion is given by
xi+1(t) = xi—1(t) — @i (t)x(t) (7.16)

yir1(t) = yi-1(t) —aqi(t)yi(t) -
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In fact,
u(t)xi11(t) + v(t)yir1(t) = a)(xi-1 — @it)xi(t)) + v()(yi-1(t) — @)y (t))
= wi—1(t) — qi(O)wi(t) =i (t) -

Introducing the 2 x 2 matrix polynomials

xo=[500 3 | e[V ]

we can write the recursion (7.16) as
Xit1(t) = X;(6)®i(¢) X1(t) =1 .

If u(t) and v(t) are coprime, then we have for some ¢ = [ that w;(t) = ¢ = const.
Thus, the solution of (7.14) is obtained from (x;(t),y:(¢)) by dividing by c.

As mentioned in Section 5.3 the Euclidian algorithm for finding the greatest
common divisor of two polynomials is closely related to a Schur-type algorithm
for Hankel matrices. The Euclidian algorithm for solving the Bezout equation is
related to a mixed Levinson-Schur-type algorithm for Hankel matrices. It is also
possible to design a pure Levinson-type algorithm for the solution of the Bezout
equation.

8. Toeplitz matrices generated by rational functions

This section is the Toeplitz counterpart of the previous one. We define and study
Toeplitz matrices generated by rational functions and show that they are closely
related to T-Bezoutians. Some features are completely analogous to the Hankel
case, but there are also some significant differences.

_ p()
u(t)

function with u(0) # 0. Then f(¢) admits series expansions in powers of ¢ and as
well as in powers of t~ 1,

f(t) =af +art +agt’ +---, f(t)=—ag —a_it ' —a_ot™>—--- . (81)

1. Generating functions of Toeplitz matrices. Let f(¢) be a proper rational

If F = C, then (8.1) can be understood as the Laurent series expansion at ¢t = 0
and at t = oo, respectively. For a general IF, (8.1) makes sense as the quotient of
two formal Laurent series. The coefficients can be obtained recursively by obvious
relations. Note that, in a formal sense,

f(t) — f(s71) >
AL/ 1 G A i tisT 2
T 15 i]Z:Oa jt's (8.2)

where ag = aa' + a; . The latter follows from the obvious relation
(1—ts)T(t,s) =ao+ Zaiti + Za,jsj ,
i=1 =1

where T' = [a;—; |75_;. This relation makes the following definition natural.
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For n=1,2,... the n x n Toeplitz matriz generated by £(t) with the expan-
sions (8.1) is, by definition, the matrix T, (f) = [a;—; ]ijl, where ag = af +ag . If
T, = T, (f), then the function f(¢) is called generating function of T,,. Obviously,
T, (f) is the zero matrix if f is a constant function. Note that finding the generating
function of a given Toeplitz matrix is a two-point Padé approximation problem
for the points 0 and oco.

Example 8.1. Since for ¢ # 0

1 1
kik —k,—k
= t d = t

we have

Tn( ! ): (912 = La(@n (V)T (8.3)

1—ct
where £, (c) is defined in (1.1).

Example 8.2. Our second example is the Toeplitz analogue of Example 7.2. Let F
be algebraically closed and u(t) a polynomial of degree n with the roots t1, ..., t,
and u(0) # 0. We define

ci=Y t, (i=0,£1,42, )
k=1

and form the Toeplitz matriz T,, = [¢i—; |} ;—1. Then T, = T, (f) for

') =25 jtkt '

k=1
Taking u’ (t) = [[p_,(1 — txt) into account we find that

-0,

Here u’ has to be considered as a vector in ™, that means (0')’(t) = " 1u/(¢t71).

Like for Hankel matrices, it can be shown that, for any given polynomial u(t)
of degree 2n—2 with u(0) # 0, any n x n Toeplitz matrix has a generating function
with denominator polynomial u(t). More important is the following Toeplitz ana-
logue of Theorem 7.4 about generating functions of nonsingular Hankel matrices.
Note that its proof is somehow different to the Hankel case.

Theorem 8.3. Let T), = [a;—;|}';_; be a nonsingular Toeplitz matriz, {u(t),v(t)}
be a fundamental system of T,. Furthermore, let o, € F be such that w(t) =
au(t) + pv(t) is of degree n and w(0) # 0. Then there is a p € F*"*! such that

T, =T, (B) .
A%
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Proof. Let 0T, be the matrix defined in (4.7). Then w belongs to the nullspace of
dT,. We find a,, and a_,, via the equations

[ ap QAp—1 ... Qg ] w = [ ag ... Qi—p Q—n ] w=0
and form the (n+ 1) x (n 4 1) Toeplitz matrix T,y = [a;—; |72 "i—1- Then we have

Ty+1w = 0. Now we represent Ty, 41 as Try1 = T)f, 1 + T, 1, where T," | is a lower

triangular and T, ; is an upper triangular Toeplitz matrix and define

=T \w. (8.4)
We have also p = —T,,, ;w. A comparison of coefficients reveals that
p(t) n p(t) _ -1 -
—L = at ant «+ and —% = —ap—a_1tT ——a_pt” " —---
w(t) ao—i- i+ tapt +- W(t) ag 1 n ,

where af are the diagonal entries of 717 +1, respectively. Thus T,, = T,(f) for
f(t) = 2. O

w(t)
Example 8.4. Let us compute generating functions for the identity matriz I,. We
observe first that {e1,ent1} is a fundamental system. To meet the conditions of
the theorem we choose o # 0,0 #£ 0. Then we find that a, = —g and a_, = —%.

B
We can choose now

p T
T n+1 — ’VI7L+1 - E en+lel y

where v is arbitrary. For v = 0 this leads to p = —Pen+1. Thus generating func-
tions for I, are given by
—Btn
fit) = ———.
a+ [t

If we choose a different v, then the resulting function differs from that function
only by a constant.

2. Matrices with symmetry properties. It is a little bit surprising that if f(¢) is
symmetric in the sense that

£t = f(t), (8.5)
then the matrix T,,(f) becomes skewsymmetric. Symmetric matrices T,,(f) are
obtained if f(t) satisfies

£t = —f(t). (8.6)
In the case F = C the matrices T),(f) are Hermitian if
(7 ) = —f(0). (8.7)

This is equivalent to saying that f(¢) takes purely imaginary values on the unit
circle. We show that the converse is, in a sense, also true.

Proposition 8.5. If T}, is a nonsingular symmetric, skewsymmetric or Hermitian
Toeplitz matriz, then there exists a generating function £(t) for T, of degree n that
satisfies the conditions (8.6), (8.5), (8.7), respectively.
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Proof. If T,, is symmetric, then the fundamental system consists of a symmetric
vector u and a skewsymmetric vector v. If the last component of u does not vanish,
then we can choose w = u to satisfy the conditions of Theorem 8.3. Further, we

obtain a_, = a,, thus Tj,41 is symmetric, and the choice 7, , = (T;‘_H)T is
possible. Hence we have
T J
=T u=—(T}) u=-TF u' =-p’.

That means that p is skewsymmetric, which implies that f(t) = Egg satisfies (8.6).
If the last component of u vanishes, then the last component of v must be

nonzero and we can choose w = v. Again we obtain a_,, = a,, so that T, is

symmetric. With the choice T, = (T,f, ;)" we have
=Thwv=—(T7 )" 'v=-T v =p’
Thus, p is symmetric and f(t) = pEt% satisfies (8.6). The proof of the other cases is

analogous. We have to take into account that a fundamental system of a nonsin-
gular skewsymmetric Toeplitz matrix consists of two symmetric vectors and the
fundamental system of a nonsingular Hermitian Toeplitz matrix of two conjugate-
symmetric vectors. O

To discuss this proposition we consider the Examples 8.1, 8.4. The Toeplitz

matrix T,, = [¢'~7 ]}*,_; in Example 8.1 is Hermitian if ¢ is on the unit circle, but its
generating function 1= does not satisfy (8.7). However, since 1_10t = % (ﬁi; + 1)

we have also

1 1+ct
Tn=Tu (2 1ct)

and this generating function satisfies (8.7). Generating functions for the identity
matrix I, satisfying (8.6) and so reflecting its symmetry are
11-—-t" 1 141"

f(t):§ H——If" and f(t):§ 1_¢n .

3. Vandermonde factorization of nonsingular Toeplitz matrices. Let T,, be a non-
singular nxn Toeplitz matrix with complex entries and f(¢) = % be a generating
function of degree n with f(co) = 0. According to Theorem 8.3 and Lemma 7.7
such a function exists and, due to the freedom in the choice of w(t) we can assume
that w(t) has only simple roots t1, ..., t,. Using the partial fraction decomposition

of f(¢) in the form

n

1 Vi
B®) = th? 1—t 4

i=1
as well as (8.3) we can conclude, in analogy to the Hankel case, the following.

Proposition 8.6. Let T,, be a nonsingular n x n Toeplitz matriz, {u,v} a funda-
mental system of T,, and o, 8 € C such that w(t) = au(t) + Bv(t) is of degree n,
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satisfies w(0) # 0, and has simple roots t,...,t,. Then T, admits a representa-
tion
T, =V, ™ HT DV, (t) (8.8)

where t = (t;)7_, and t=' = (t;1)"_,, and D is diagonal, D = diag (—tlzl’yk)zzl .

The diagonal matrix can be expressed in terms of the generating function. If
D = diag (6;)1, then

K2

1 p(t) 1 1\’

Note that, like for Hankel matrices, the Vandermonde factorization for a nonsin-
gular Toeplitz matrix T, (f) extends to all Toeplitz matrices Tj(f) with k& > n
as

Ti(f) = Vi(t )T DVi(t) . (8.10)

4. Hermitian Toeplitz matrices. Let the assumptions of Proposition 8.6 be satisfied.
We consider the special case of an Hermitian Toeplitz matrix T},. In this case T,
has a fundamental system consisting of two conjugate-symmetric vectors. If we
choose o and ( as reals, then the vector w in Proposition 8.6 is also conjugate-
symmetric. For a polynomial with a conjugate-symmetric coefficient vector the
roots are symmetric with respect to the unit circle T. That means if ¢y is a root,
then %, !is also a root. In particular, the roots not on T appear in pairs that are
symmetric with respect to T.

Let t1,...,t. be the roots of w(t) on T and t,41,tr12 = eru v tp_1,ty =
f;il be the roots of w(t) which are not on T. Note that for the coefficients v; in
the partial fraction decomposition of f(¢), which are the residuals at ¢;, we have
8pi2 =0r41,...,0n = 0,_1. Furthermore,

Vo (t™HT =V, (t)*diag(I,, Jo, . .., Jo)
——
l
where r + 2] = n. Now Proposition 8.6 leads to the following.
Corollary 8.7. If the Toeplitz matrix in Proposition 8.6 is Hermitian, then it admits
a representation
T, = Vo(t)* D1V, (t),

where

s 0 Ort1 0 g"_l
D, = diag (517""5T’[5r+1 0 ]7“.’{5711 0 })

In particular, the matrices T, and D1 are congruent.

5. Signature and Cauchy index. Corollary 8.7 allows us to express the signature
of T,, in terms of the signs of the diagonal elements d; (i = 1,...,7) of Dy (cf.
Corollary 7.12). Our aim is now to express it in terms of the Cauchy index.
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Let f(¢) be a rational function of degree n satisfying (8.7). Then the function
2 £(t) takes real values on the unit circle, thus the Cauchy index (see Section 7.4)
indy 1 £(¢) is well defined. It is the difference of the number of poles on T of positive
type and the number of poles of negative type. Let t; = e'% be a pole on T. Then
t; is of positive (negative) type if and only if the (real-valued) function
i
o(0) = ()

is increasing (decreasing) in a neighborhood of 6;. For a simple pole this is equiv-
alent to ¢'(6;) > 0 (¢’'(#;) < 0). We have

1 !
¢'(0;) = —t; (f) (t)-

Comparing this with (8.9) we conclude that p(6;) = (5]71. We arrive at the following
statement for the case of simple poles. It can be generalized to multiple poles by
using the continuity arguments from the proof of Proposition 7.13.

Proposition 8.8. Let f(t) be a proper rational function with degree m that takes
imaginary values on the unit circle. Then

1
sgn T, (f) = indy —£(2).
i
We also obtain a criterion of positive definiteness.

Corollary 8.9. Let f(t) be a proper rational function of degree n, and let

ip(t
£(t) = ip(t)
u(t)
be its reduced representation in which u and p are conjugate-symmetric. Then
T (f) is positive definite if and only if the polynomials u(t) and p(t) have only
roots on the unit circle, these roots are simple and interlaced.

6. Congruence to T-Bezoutians. The Toeplitz analogue of Proposition 7.15 is as
follows. (Concerning the order of Bezr(u,v) and of By(u) compare the remarks
before Proposition 7.15.)

Proposition 8.10. Let u,v € F**! where u has nonvanishing first and last com-
ponents. Then, for k > n, the T-Bezoutian of u(t) and v(t) is related to the k x k
(t)

Toeplitz matriz Ty (f) generated by £(t) = % via

Bezr (u,v) = B_(u) Ty (f) B4+ (u) ,
where By (u) are introduced in (2.14).

Proof. For B = Bezp(u, v) we have

£(t) — £(s™")

B(t,s) = u(t) ="

(—u’(s)).
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Applying (8.2) we obtain

uy —Up+1 PN — U2
B = . O T T . ,
Up ... UL 0 T Unt1
where u = (u;)"! and T = [a,_; 17921 Hence B = B_(u)Ty(f) B (u) . O

Corollary 8.11. If T, (ﬁ) is Hermitian and if u is a conjugate-symmetric (or con-
Jugate-skewsymmetric) polynomial of degree n+1 then Bezr(v,u) (or Bezr(u,v))
and T, (f) are congruent.

Corollary 8.12. For k > n the rank of Ti(f) is equal to the degree of £(t). In
particular, if £(t) has degree n, then T, (f) is nonsingular.

If we combine Proposition 8.10 with Barnett’s formula in Theorem 6.3, then
we obtain the representation
v

T, (E) = v/ (C(u”))By ()L, (8.11)

where we assume that u(t) is comonic.

7. Inverses of T-Bezoutians. Now we show that relation (8.11) leads to an inversion
formula for T-Bezoutians.

Theorem 8.13. Let u,v € F"" be such that u(t) and v(t) are coprime and the
first and last components of u do not vanish. If (q(t),p(t)), a,p € F*1, is the
solution of the Diophantine equation

u(®)a(t) + v(H)p(t) = 1", (8.12)

then Bezr(u, v) is invertible and the inverse is given by

Bezr(u,v)™' =T, (%) .

Proof. First we note that (8.12) is equivalent to
u’()a’(t) + v/ (Hp’ (1) = t".

Thus, v/ (t)p”’ (t) = t" modulo u”’(¢). From Theorem 6.3, the representation (8.11),
and the Cayley-Hamilton theorem, now we obtain

Bezr(uv)T (2) = Bo(uv/ (Clu”))p’ (Ca”) By (w) !
= B_(w)C(u”)"By(u)™*t.
Taking (6.7) into account this leads to
Bezr (u,v)T, (5) =By(w)Bi(w)*t=1,,

and the theorem is proved. [
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8. Relations between Toeplitz and Hankel matrices. We know that if Ty is a k x k
Toeplitz matrix, then J; T} is Hankel, and vice versa. We show how the generating
functions are related.

Proposition 8.14. Let u,q € F*"*!, where u has nonvanishing first and last com-

ponents, and let % be a generating function of Ty. Fork > n, let p € F™ be such

that —p(t) € F™(t) is the remainder polynomial of t*q”’ (t) divided by u’(t). Then

s (8) = (2).

Proof. According to the definition of p we have
thq’ (t) = —p’(t) + r(t)u’(t)

for some r(t) € F¥*+1(¢). This is equivalent to q(t) = —t*p(t) + t*r(t~)u(t), and
we obtain

u(t) u(t)

thr(t™!) = af +art + - +apt® .

alt) _ —tk p(®) + thr(t71).

Thus

On the other hand,

t t
p(t) O q(t) .
u(t) u(t)
Consequently,
t
p(t) _ ap 4+ g1t 4 Fagt Fa_t TR 4
u(t)

where ag = ag + ay . This means that

Q-1 Gg—2 e ao
k-2
= () -
u
ap al—k
Thus Hk:Jka (%) . O

9. Vandermonde reduction of Bezoutians

In this section the underlying field is the field of complex numbers, F = C. Some
of the results can be extended to general algebraically closed fields.

In Sections 7 and 8 we showed that nonsingular Hankel and Toeplitz matrices
can be represented as a product of the transpose of a Vandermonde matrix V,I,
a diagonal matrix, and the Vandermonde matrix V,,, and we called this Vander-
monde factorization. Since inverses of Hankel and Toeplitz matrices are H- and T-
Bezoutians, respectively, this is equivalent to the fact that nonsingular Bezoutians
can be reduced to diagonal form by multiplying them by V,, from the left and by
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VI from the right. We call this kind of factorization Vandermonde reduction of
Bezoutians. In this section we give a direct derivation of Vandermonde reduction
of Bezoutians and generalize it to general, not necessarily nonsingular Bezoutians.

Hereafter, the notations confluent and non-confluent are used in connection
with confluent and non-confluent Vandermonde matrices, respectively.

1. Non-confluent Hankel case. To begin with, let us recall that, for t = (¢;)7_,, the
(non-confluent) Vandermonde matrix V;,(t) is defined by

1ty ...ttt
1ty ... ty !
Vin(t) = .
1 t, ... tml
If m = n and the ¢; are distinct, then V,,(t) is nonsingular.
Obviously, for x € C™, V;,, (t)x = (x(¢;))"_;. Furthermore, for an n x n matrix
B and s = (s;)}_,
Va(6)BV(s)" = [B(ti, s5) 17 j=1 - (9.1)

We specify this for t = s with pairwise distinct components and an H-Bezoutian
B = Bezg(u,v), where u(t), v(t) € C"*1(¢) and u(t) has degree n. In this case
the off diagonal entries ¢;; of C = V,,(t)BV,,(t)” are given by

u(ti)v(t;) — v(t)u(t;)

i = . 9.2
Cij ti—t; (9.2)

Our aim is to find t such that C' is diagonal. One possibility is to choose the
zeros of u(t). This is possible if u(¢) has only simple zeros. A more general case is
presented next.

Proposition 9.1. Let o € C be such that w(t) = u(t) — av(t) has simple roots
ti,....tn, and let t = (t;)7_,. Then

Vi, (t)Bezg (0, v)V,, ()T = diag(y:)1, , (9.3)

where
Yi = u'(ti)v(ti) — u(ti)v/(ti) . (94)

Proof. According to Lemma 2.2 we have Bezy (u, v) = Bezy(w, v). From (9.2) we
t)"

see that the off diagonal elements of the matrix V,,(t)Bezg (u,v)V, vanish.
u(t)v(ts)—v(t u(ti) 0

The expression (9.4) follows from (9.2), v; = tlirg .
Remark 9.2. If u(t) and v(t) are coprime, which is the same as saying that
Bezy(u,v) is nonsingular, then according to Lemma 7.7 for almost all values
of « the polynomial w(t) has simple roots.

Remarkably the special case v(t) = 1 of (9.3) leads to a conclusion concerning
the inverse of a Vandermonde matrix.
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Corollary 9.3. Let t = (¢;)7_, have pairwise distinct components, and let u(t) be
defined by u(t) = [, (t —t

). Then the inverse of V,(t) is given by
_ . 1\
Va(t) ™ = B(w)V (t) diag (u,(m) , (9.5)

i=1

where B(u) is the upper triangular Hankel matriz introduced in (2.2).

Now we consider the H-Bezoutian of real polynomials u(t) and v(¢), which is
an Hermitian matrix. Similarly to Corollary 7.11, Proposition 9.1 leads to a matrix
congruence.

Corollary 9.4. Let in Proposition 9.1 the polynomials u(t) and v(t) be real and o €
R. Furthermore, let ty, ..., t. be the (simple) real and (try1,tr11)s .-+, (tn—1,tn_1)
the (simple) non-real roots of w(t). Then

. 0 5 0 7,
Vo (t)B V)V (t)*=d vy s L n 1D
OBz u, )V (0 =ding (0.0 0 T 0T

In particular,

T
sgnBezy(u,v) = Z sgny; .
i=1

Note that it follows from the Hermitian symmetry of the matrix that the
numbers 71, ...,7, are real.
2. Non-confluent Toeplitz case. Let t = (¢;)_; have distinct nonzero components,
t1 = (tl)j_l . If we specify (9.1) for a T-Bezoutian Bezr(u,v), then we obtain
for the off diagonal entries ¢;; of C = V,,(t)Bezy(u,v)V,, (t71)7 the relation

_u(t)v(t) — v(tiu(t))
ti — tj

1-n
tj .

For the diagonal entries we obtain using 'Hospital’s rule
Cii = (V/(ti)u(ti) — u’(ti)v(ti))tzl_" .
In the same way as in Proposition 9.1 we derive the following.

Proposition 9.5. Let o € C be such that w(t) = u(t) — av(t) has simple nonzero
T00tS t1,. .., by, and let t = (¢;)1_,. Then

Vi (t)Bezr(u, v)V, (t )T = diag(y:)™, ,
where

vi = (V' (to)u(ts) — ' (t)v ()t ™.

Let u be conjugate-symmetric and v conjugate-skewsymmetric. Then the
matrix Bezr(u,v) is Hermitian. For purely imaginary «, the roots of w(t) =
u(t) — av(t) are located symmetrically with respect to the unit circle T.
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Corollary 9.6. Let in Proposition 9.5 the polynomial u be conjugate-symmetric and
v(t) be conjugate-skewsymmetric, and let o € iR. Furthermore, letty, ... t, be the

(simple) roots of w(t) on T and ty41,tr42 = fr_il, ctaettn =11 the (simple)
roots of w(t) outside T. Then

V,,(t)Bezp(u, v)V, (t)* =diag <71,...,'yr,[ 0 Tro ] e { 0 Tn ])
Yr+1 0

In particular,
T
sgn Bezr(u,v) = ngn Vi -
i=1
3. Confluent case. Here we need the following generalization of a Vandermonde

matrix. Let t = (¢;)7, and r = (r;)1; € N™. We denote by V,,(¢;,7;) the r; x n
matrix

1ot ot
0 1 2t B (R )
Vi (ti,r) = ) )
i ) n—1 ‘ n—r;
0 ... 0 1 ... (M)t
and introduce the matrix
Vn(tla 7'1)
Vn(t7r) = ;

Vo (tmu rm)

which is called confluent Vandermonde matriz.

Now we show that in case that u(¢) has multiple roots Bezoutians can be
reduced to block diagonal form with the help of confluent Vandermonde matri-
ces V,(t,r). We restrict ourselves to the case of H-Bezoutians. The case of T-
Bezoutians is analogous.

First we consider the special single node case t = 0, r = r. Suppose that
u = (u;)}4}! and u(t) has the root ¢ = 0 with multiplicity 7, i.e., u = ug = - =
u, = 0. Obviously, V;,(0,7) = [ I O |. Hence V,,(0,7)BV,,(0,7)" is the r x r
leading principal submatrix of B = Bezg(u,v). We denote this matrix by I'(0)
and observe, taking Theorem 3.2 into account, that

U1 Ur41 w1

Ur ... V1 Ur41 - U2r+1 wp, ... Wy

2n—r—+1

Z wit™t = a(t)v(t)".
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Taylor expansion gives us

and an analogous expression for v;.

Suppose now that ¢y is a root of u(t) with multiplicity r. We consider the
polynomials t(t) = u(t—to) and v(t) = v(t—to) and B = [E] I7j=1 = Bezp(u,v).
Then, for £ =0,1,...,

u®(0) =u®(to), " (0) =v*(to)

and

~ 1 i+j—2 _

i = GG oD 8t?—1831—1 B(t,9) lo.)

itj—2
T - 1)!1(j —1)! at?*lé)sj*1 Bt 8) lao.t0) -

Hence

U1 17T+1 w1

I(to) = = 7

Up .. U1 Upgpl  --n Upgl wr ... Wy
where u; = i 11)' uY(ty), analogously for ¥;, and 2n§+lwi(t .

et i=1

u(t)v(t)(t —to)~". We arrive at the following.

Proposition 9.7. Let t1,...,t,, be the (different) roots of u(t) and ri,...,7rm the
corresponding multiplicities, t = (t;)72, and r = (r;)2,. Then

Vi (6, 1) Bezgs (w, V)V (6,1)7 = ding(D)2L,

where
Wiy 2n—r;+1
r; = PR and Y wy(t—t) T =u)v()(t—t) "
wi1 N Wir, J=l1

The case v(t) = 1 provides a formula for the inverse of confluent Vander-
monde matrices.

Corollary 9.8. Let t = (t1,...,tq) have distinct components, and let
q

u(t) = [t —t)",

i=1
where n = r1 + -+ + rq. Then the inverse of the confluent Vandermonde matriz
Vo(t,r), r=(r ...,7q), is given by

Va(t,r)™! = B(w)V,(t, 1) diag (17 1)Ly
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W41
w0+ (¢,)

W;1 . Wir;

We leave it to the reader to state the analogous properties of T-Bezoutians.

10. Root localization problems

In this section we show the importance of Bezoutians, Hankel and Toeplitz matrices
for root localization problems. Throughout the section, let F = C.

1. Inertia of polynomials. Let C be a simple oriented closed curve in the extended
complex plane C* = C U {oco} dividing it into an “interior” part 4 and an
“exterior” part (_. We assume that the domain €2 is situated left from C if a point
moves along C in positive direction. The inertia of the polynomial u(t) € C"*1(t)
with respect to C is, by definition, a triple of nonnegative integers

in¢(u) = (74 (u), 7 (u), 7 (u)),
where 74 (u) is the number of zeros of u(t) in Q4, respectively, and my(u) is
the number of zeros on C. In all cases multiplicities are counted. We say that
u(t) € C"*1(t) has a zero at oo with multiplicity r if the r leading coefficients
of u(t) are zero. By a root localization problem we mean the problem to find the
inertia of a given polynomial with respect to a curve C.

In the sequel we deal only with the cases that C is the real line R, the imagi-
nary line iR, or the unit circle T. We relate the inertia of polynomials to inertias of
Hermitian matrices, namely to Bezoutians. Recall that the inertia of an Hermitian
matrix A is the triple

InA= (pir(A),p_(A4),p0(4)),

where p (A) is the number of positive, p_(A) the number of negative eigenvalues
(counting multiplicities), and po(A) the nullity of A. Clearly, the inertia of A is
completely determined by the rank and the signature of A. The importance of the
relation consists in the fact that the inertia of Bezoutians can be computed via
recursive algorithms for triangular factorization, which were described in Section 5.

2. Inertia with respect to the real line. Let u(t) be a given monic polynomial of
degree n, q(t) its real and p(t) its imaginary part, i.e., u(t) = q(t) + ip(t). We
consider the matrix

1
B= gBezH(u,ﬁ). (10.1)
i

For example, if u(t) = ¢ — ¢, then B = % (¢ —¢) = Imec. Hence c¢ is in the upper
half-plane if and only if B > 0. In general, we have

(t—s)B(t,s) = %(Q(tﬂip(t))(q(S)—ip(S))—(q(t)—ip(t))(Q(8)+ip(8))

p(t)a(s) —a(t)p(s) .
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Hence,
B = Bezu(p,q) . (10.2)

In particular, we see that B is a real symmetric matrix. The following is usually
referred to as Hermite’s theorem.

Theorem 10.1. Let u(t) be a monic polynomial of degree n,
i () = (¢ (), m_(w), 7 (w),
and B be defined by (10.1) or (10.2). Then the signature of B is given by
sgnB =74 (u) —7_(u).

In particular, B is positive definite if and only if u(t) has all its roots in the upper
half-plane. Furthermore, if u(t) and u(t) are coprime, then In B = ing(u).

Proof. Let d(t) be the greatest common divisor of u(t) and T(t) and ¢ its degree.
Then d(t) is also the greatest common divisor of p(¢) and q(t), and let u(t) =
d(t)ug(t). Then (t) = d(t)up(t), since d(¢) is real. According to (2.5) we have

By, O

B =Res(d,ug)” { 0 O

} Res(d, up),
where By = 5 Bezy (ug, o). Since d(t) and ug(t) are coprime, Res(d, up) is non-
singular. By Sylvester’s inertia law we have sgn B = sgn By. We find now sgn By.
Let z1 be a root of ug(¢) and ug(t) = (¢—2z1)ui(t). Then Ty(t) = (t—21)w1(t).
Taking into account that
1(t—21)(s—7Z1)— (t—Z1)(s — 21)

— =Imz
2i t—s

we obtain using (2.5)

By 0

BO = Res (t —51,U1)* |: OT Ile

} Res (t —z1,u1),

where B; = % Bezp(ug,d;) . Repeating these arguments for the other roots z of
ug(t) (k=2,...,n—9) we conclude that there is a matrix R such that

By = R*diag (Im z1,...,Imz,_5) R.
Thus, By is congruent to the diagonal matrix of the Im z;. Applying Sylvester’s
inertia law we obtain

n—a

sgn B = sgn By = Z sgn (Im z;) = 4 (u) — 7—(u),
i=1

which proves the main part of the theorem.
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If u(t) and u(t) are coprime, then B is nonsingular, thus po(B) = 0, and
mo(u) = 0. Hence 7y (u) + m_(u) = n. Consequently 74 (u) = p+(B), and the
theorem is proved. O

If u(t) is a real polynomial, then the Bezoutian B is zero, so all information
about the polynomial is lost. It is remarkable that in the other cases information
about the polynomial is still contained in B.

Example 10.2. Let u(t) = (t — 20)d(t), where d(t) is real and zg is in the upper
half-plane. Then B = Im zo dd*. This matriz has signature 1 saying that 7 (u) —
m_(u) = 1 but not specifying the location of the roots of d(t). Nevertheless, the
polynomial d(t) and so information about u(t) can be recovered from B.

Recall that according to the results in Section 5 the Euclidian algorithm ap-
plied to the polynomials p(t) and q(t) provides a method to compute the signature
of B in O(n?) operations.

We know from Proposition 7.18 that the Bezoutian B = Bezy(p, q) and the

Hankel matrix H,, = H, < ) have the same inertia. Hence we can conclude the

following.

Corollary 10.3. Let p(t), q(t) € R*T1(t) be two coprime polynomials, where q(t)
is monic with degree n and u(t) = q(t) + ip(t). Then

ing(u) = In H, (-Z) .

Theorem 10.1, gives a complete answer to the problem to find the inertia of
a polynomial only if u(t) has no real and conjugate complex roots. In the other
cases we have only partial information. More precisely, if § denotes the number of
real roots of u(t), then

1

5(]90(3 ) =)

Note that $(po(B) — 6) is the number of conjugate complex pairs of roots of u(t).
The number § is also the number of real roots of the greatest common divisor
d(t) of u(t) and T(t). Clearly, d(t) is a real polynomial. Thus we are led to the
problem to count the number of real roots of a real polynomial. This problem will
be discussed next.

71 (u) = p+(B) +

3. Real roots of real polynomials. Let p(¢) be a real polynomial of degree n. We

consider the rational function ‘;(( )) and the Hankel matrix H, ( ((t))) This is just
our Example 7.2. According to Proposition 7.17 the rank of this matrix is equal
to the number of different roots of p(t) and, due to Corollaries 7.11 and 1.2, the
signature is the number of different real roots of p(t). Let m((p) denote the number
of different real roots of p(¢). Taking also into account Proposition 7.18, we have

now the following Theorem of Jacobi-Borchardt.
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Theorem 10.4. The number of different real roots w,(p) of the real polynomial p
is given by

7o (p) = sgnBezy (p,p’) = sgn Hy, (I[))/((;))) .

Example 10.5. Let p(t) =t* — 1. Then

1000 0010

p/(t) . 0 0 0 1 . 010 0
H4(p(t) =4 00 1 0|l Bezy(p,p’) =4 L0 0o
0100 0 0 0 1

Both matrices have signature 2, which confirms Theorem 10.4.

Theorem 10.4 completely solves the root localization problem for real polyno-
mials in case of simple roots. The multiple roots are just the roots of the greatest
common divisor p1(¢) of p(¢) and p’(t). If we find the numbers of different real
roots of pi(t) by Theorem 10.4, then we can obtain the number of real roots with
multiplicity of at least two. If we continue we obtain the number of different real
roots with multiplicity of at least 3, and so on.

From the algorithmic view point we have to apply the Euclidian algorithm
again and again. If it terminates at a certain polynomial d(¢), then we continue
with d(¢) and d’(¢) until the remainder is a constant. It is remarkable that all
together there are not more than n steps.

This also concerns the general root localization problem for a complex polyno-
mial u(t) which was discussed above in Section 10.2. First we apply the Euclidian
algorithm to the real and imaginary parts of u(t), and when it terminates at a
non-constant d(¢), then we continue with the Euclidian algorithm for d(¢) and
d’(t). Again we have at most n steps if the degree of the original polynomial is n .

4. Inertia with respect to the imaginary axis. To find the inertia of a real poly-
nomial with respect to the imaginary axis iR is a very important task in many
applications, because it is related to the question of stability of systems. In or-
der to avoid confusion, let us point out that if ing(u) = (74 (u), 7—(u), mo(u)),
then according to the definition above 74 (u) is the number of roots of u(t) with
negative real part and m_(u) those with positive real part.

Clearly, the imaginary axis case can easily be transformed into the real line
case by a transformation of the variable. It remains to study the specifics that
arises from the fact that the polynomial under investigation is real. Suppose that
p(t) is a real polynomial of degree n. We set u(t) = p(it). Then

iniR(p) = inR(u) .
Furthermore, if p(t) = Z;Lill p;t771, then u(t) admits a representation

u(t) = a(t?) +itb(t?),
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where, for odd n =2m + 1,

a(t) =p1 —pst +-+ (=1)"pams1t™, b(t) =pa2 —pat + -+ (=1)"pam2t™,
(10.3)
and for even n = 2m,,

a(t) = p1—pst+- -+ (=1)"pami1t™, b(t) = pa—pat+--- 4 (=1)" "pout™ .

(10.4)
From (10.2) and Proposition 2.8 we conclude that the matrix B = - Bezy (u, )
is congruent to the direct sum of the matrices

By = Bezy(tb,a) and B; = Bezy(b,a). (10.5)
Using Theorem 10.1 we arrive at the following.

Theorem 10.6. Let p(t) be a real polynomial of degree n and let a(t) and b(t) be
defined by (10.3) or (10.4), depending on whether n is odd or even, and let By and
By be given by (10.5). Then

sgn By + sgn By = 74 (p) — 7—(p),

where w1 (p) denotes the number of roots of p(t) in the left and m_(p) the number
of roots in the right half-plane. In particular, the roots of p(t) lie entirely in the left
half-plane if and only both matrices By and B are positive definite. Furthermore,
if a(t) and b(t) are coprime, then

inﬂR(p) =1In By + In B;.

5. Roots on the imaginary axis and positive real roots of real polynomials. In order
to get a full picture about the location of the roots of the real polynomial p(t)
with respect to the imaginary axis we have to find the number 7y of all roots on
the imaginary axis, counting multiplicities. As a first step we find the number 7},
of different roots on iR. This number is equal to the number of different real roots
of the greatest common divisor of a(t?) and tb(t?), where a(t) and b(t) are defined
by (10.3) or (10.4). Let p(0) # 0 and d(¢) be the greatest common divisor of a(t)
and b(t). Then the greatest common divisor of a(t?) and tb(¢?) equals d(¢?). The
number of real roots of the polynomial d(#?) equals twice the number of positive
real roots of d(t). Thus, we are led to the problem to count the roots of a real
polynomial on the positive real half-axis.

Let p(t) be a real polynomial of degree n and p(0) # 0. We consider the

function f; (¢) = tg;g’;). This function has a partial fraction decomposition

fl(t)zzt—tt- :n+ztft-’
(3 Z:1 1

i=1

where ¢1,...,t, are the roots of p(t). This leads to a Vandermonde factoriza-
tion similar to the factorization (7.10) in Example 7.9. From this factorization we
conclude that

sen H,(f1) =64 — 0,
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where 01 denotes the number of different positive and §_ the number of different
negative real roots of p(t). Using Proposition 7.18 and the result of Theorem 10.4,
which is sgnBezy (p, p’) = 0+ + d_, we conclude the following.

Theorem 10.7. Let p(t) be as in Theorem 10.6 with p(0) # 0. The number of
positive real Toots 01 of p(t) is given by

1
51 = 5 (sgnBezys (b, ) + sgn Bezn (p, 1))

Furthermore, all roots of p(t) are real and positive if and only if Bezy (p,tp’) is
positive definite.

Example 10.8. For p(t) = t* — 1 we obtain
Bezgy(p,tp’) =4 Jy.

This matriz has a signature equal to zero. Thus (c¢f. Example 10.5),

1
5 (sgnBez (p, p’) +sgnBezy(p,tp’)) =1

which confirms Theorem 10.7.

6. Inertia with respect to the unit circle. Now we discuss the problem how to find
the inertia iny(u) = (74 (u),7—(u),m(u)) of a complex monic polynomial u(t)
of degree n with respect to the unit circle T. According to the definition in Section
10.1, 74 (u) is the number of roots inside the unit circle, 7_(u) is the number of
roots outside the unit circle, and m(u) the number of roots on the unit circle. We
consider the matrix

B = Bezp(u?, u). (10.6)

For example, if n = 1 and u(t) = t — ¢, then B = 1 — |c|?. Thus ¢ belongs to
the open unit disk if and only if B > 0. A general u(t) can be represented as
u(t) = uy(t) +iu_(¢), where uy are conjugate symmetric. We have now that the
polynomial (1 — ¢s)B(t, s) is equal to

(s (8) — i (6)) (@ (5) + 0 (5)) — (s () + i ())(3s (5) — 1 (s)).
Thus (1 — ts)B(t, s) = 2i(us (t)u—(s) —u_(t)uy(s)), which means
B =2iBezr(us,u_). (10.7)

The following is usually referred to as the Schur-Cohn theorem. It can be proved
with the same arguments as Hermite’s theorem (Theorem 10.1).

Theorem 10.9. Let u(t) be a monic polynomial of degree n and B be defined by
(10.6) or (10.7). Then the signature of B is given by

sen B =74 (u) —7_(u).

In particular, B is positive definite if and only if u(t) has all its Toots in the open
unit disk. Furthermore, if u(t) and u”(t) are coprime, then In B = int(u).
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Theorem 10.9 provides full information about the inertia of u(t) only if u(t)
has no roots on the unit circle and symmetric with respect to the unit circle or,
what is the same if u(t) and u#(¢) are coprime. To complete the picture we still
have to find the inertia of the greatest common divisor of u(t) and u”(¢), which
is a conjugate-symmetric polynomial.

7. Roots of conjugate-symmetric polynomials. Let w(¢) be a monic conjugate-

symmetric polynomial of degree n and t1,...,t, its roots. Then
n n
w(t)=[[t—t) = H (1 —1txt),
k=1 k=1
<1 - e 7L _ (w)#(t)
which implies %, ty, k =1,...,n. We consider the function f(¢) = TR

where (w')# = J,w’ This function has a partial fraction decomposition (cf. Ex-
ample 8.2)

1
f(t)zzlf%kt'

k=1

From this representation we can see that the Toeplitz matrix T,,(f) is Hermitian
and its signature is equal to the number of different roots of w(t) on T (cf. Corollary
8.7, (8.10), and Corollary 1.2).

Theorem 10.10. For a conjugate-symmetric polynomial w(t), Bezr((w')#, w#) is
Hermitian, and its signature is equal to the number of different roots of w(t) on
the unit circle.

11. Toeplitz-plus-Hankel Bezoutians

Some important results for the Toeplitz and Hankel case can be generalized to
matrices which are the sum of such structured matrices. In particular, we will
show that the inverse of a (nonsingular) matrix which is the sum of a Toeplitz
plus a Hankel matrix possesses again a (generalized) Bezoutian structure. To be
more precise we define the following.

1. Definition. An n x n matrix B is called Toeplitz-plus-Hankel Bezoutian, briefly
T+H-Bezoutian, if there are eight polynomials g;(t), f;(t) (i = 1,2, 3,4) of F"+2(¢)
such that

4
2 &i(t)fi(s)

(t—s)(1—ts)"

In analogy to the Hankel or Toeplitz case we use here the notation

B = BezT+H((gi7 fi)All)'

B(t,s) = (11.1)
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H-Bezoutians or T-Bezoutians are also T+H-Bezoutians. For example, the flip
matrix J, introduced in (1.2) is an H-Bezoutian, J, (¢, s) can be written as
tm _— gn tn o — gn _ thrls tsn+1
JIn (t7 S) = = ha )
t—s (t—s)(1—ts)

which shows that J,, is the T+H-Bezoutian (11.1), where

gir=-fh=ey, g2=fi=1 g==e,2 gu=-f=e.
The shift matrix (1.8) is a T-Bezoutian and a T+H-Bezoutian,
t_tnsnfl t2 _thrlsnfl _ts+tnsn
Sn(t,s) = =
1—ts (t—s)(1—ts)
For these examples the sum S,, + J,, is also a T+H-Bezoutian,
(tn + t2) _ thrl(S + Snfl) + (tn _ I)Sn + t(5n+1 _ S)
(t—s)(1—ts) '
But for any vectors u,v,g,h € F**1 n > 3, the rank of the matrix with the
generating polynomial

(1 —ts)(u(t)v(s) — v(tyu(s)) + (t — s)(g(t)h”(s) — h(t)g”(s))

is not expected to be less or equal to 4. This means that the sum of a T- and an
H-Bezoutian Bezy (u,v) 4+ Bezr(g, f) is, in general, not a T+H-Bezoutian.

(Sn + Jn)(ta 5) =

2. The transformation V1 . The T+H analogue of the transformations Vg or
Vr (introduced in Section 2.2 and in Section 2.8) is the transformation Vg
mapping a matrix A = [a;; ]ijl of order n onto a matrix of order n+ 2 according

to

n+2

ij=1 "

Here we put a;; = 0ifi ¢ {1,2,...,n}orj ¢ {1,2,...,n}. Denoting W,, = S, +S7
we have

A=[ai1j—aij1+ai-1j-2—i-2;1]

0 —el'A 0
VrygA=| Aex AW, —W,A Ae, | . (11.2)
0 —el'A 0
The generating polynomial of VA is
(VreuA)(t,s) = (t —s)(1 —ts)A(t,s). (11.3)

Hence a matrix B is a T+H-Bezoutian if and only if
rankVT+HB S 4.

Recall that the n x n matrix in the center of (11.2) is the matrix V(A) introduced
in (1.11). In other words, the transformation V is a restriction of Vg, and it is
clear that T+H-Bezoutians are quasi-T+H matrices, but not vice versa.

3. Uniqueness. Different vector systems {g;, £}, , {§i7ﬁ}?:1 may produce the
same T+H-Bezoutian.
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Note that B = Bezpyp (g, £)?) is equal to B = Bezy gy ((g;, f;)?) if and
only if VpygB = VpygB. To answer the questions under which conditions this
happens we use the following lemma.

Lemma 11.1. Let G;,F; (j = 1,2) be full rank matrices of order m x r,n x r,
respectively, v = rank G; = rank F;. Then

G Fl = GoFy (11.4)
if and only if there is a nonsingular r X r matriz ¢ such that
Gy =Gip, Fy = Bl . (11.5)

Proof. Assume there is a nonsingular ¢ so that Go = G1p and FJ = ¢ ' F[, then
G1FT' = GoF]. Now let (11.4) be satisfied and A = G1F{. The image of A is
spanned by the columns of G; as well as of G3. Thus there exists a nonsingular
matrix ¢ so that Gy = Gip. With the same arguments for AT we obtain that
there is a nonsingular matrix v so that Fy = Fj1. Hence
G\F' = GoFy = Gipy  FE. (11.6)
Since G1, F; are of full rank they are one-sided invertible, and we conclude from
(11.6) that ¢ - T =1I,.. O
Let B, B be n x n T+H-Bezoutians and G, é, F, F be full rank matrices with
r=rankG =rank FF < 4,7 = rank G = rank F <4

such that the matrices Vo, B and VT+H§ allow the following rank decomposi-
tions

VrisnB = GFT | VoyuuB = GFT .

Proposition 11.2. The T+H-Bezoutians B and B coincide if and only if r =T,
and there is a nonsingular r X r matrix ¢ so that

G = Gy, F = ﬁgoT .
To specify this for nonsingular Bezoutians we make the following observation.

Proposition 11.3. Let B be an n x n matriz (n > 2) with rank VoyuB < 4. Then
B is a singular matriz.

Proof. Let us prove this by contradiction. Assume B is nonsingular and Vg B <
4. Taking (11.2) into account elementary considerations show that VrpnB allows
the following decomposition

0 0 1 0
VriuB=| Be; |[1+0]+| Be, |[0x1]—| x| [0elB0]—]| x| [0elB 0],
0 0 0 1

(11.7)
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where * stands for some vector of F™. Due to the nonsingularity of B its first and
last rows as well as its first and last columns are linearly independent. Thus,

0 0 1 0 b0
0 * 1
rank | Be; Be, * % | =rank 0 e{B 0 =4,
0 0 01
0 ef'B 0
which contradicts rank VoyyB < 4. ]

Corollary 11.4. If rank VriuB < 4 then the first and the last rows (or the first
and the last columns) of B are linearly dependent.

For T-(or H-)Bezoutians B, the condition rank VB < 2 (or rank Vg B < 2)
leads to B = 0. But in the T+H case nontrivial T4+H-Bezoutians B with rank
VriuB < 4 exist. Examples are B = I, + J, (n > 2) and split Bezoutians
introduced in Section 2.11. In these cases rank VB < 2. Now we present the
result for the nonsingular case.

Proposition 11.5. The nonsingular T+ H-Bezoutians
B = Bezrynu((gi,fi)1) and B = Bezryu (&, £)1)
coincide if and only if there is a nonsingular 4 x 4 matriz ¢ such that
(g1 82 83 81] ¢ =[81 82 83 84]
and

(£ £ £ £1]7 = [fi £o f3 £u].

4. Inverses of T+H-Bezoutians. Recall that in the Hankel and Toeplitz cases we
proved that a nonsingular matrix is an H- or a T-Bezoutian if and only if it is the
inverse of a Hankel or of a Toeplitz matrix, respectively (see Sections 4.1, 4.4, 7.6,
8.7). Such an assertion is also true in the T+H case. We start with proving the
following part of it.

Theorem 11.6. Let B be a nonsingular T+H-Bezoutian. Then B~' is a T+H
matriz.

Proof. Taking Proposition 11.3 into account we have rank VyygB = 4, and a
rank decomposition of VrygB is of the form (11.7). In particular, this means
that there are vectors z; € F", ¢ = 1,2, 3,4, such that

BW, —W,B = Be,z! + Be,zl +2z3el B+z4e’B.
Applying B~! from both sides this equality leads to
B™'W, -W,B ' = —(e1z] B! +e,zs B! + B 'z3el + B 'z,¢€l).

Thus, the matrix of order n — 2 in the center of V(B~1!) is the zero matrix. By
Proposition 1.4 this proves that B! is a T+H matrix. (]
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In the next section we will show that the converse is also true, i.e., the inverse
of a (nonsingular) T4+H matrix is a T+H-Bezoutian.

12. Inverses of T+H-matrices

We consider now n X n matrices R,, which are the sum of a Toeplitz matrix Tj,
and a Hankel matrix H,,. For our purposes it is convenient to use a representation
(1.5) for m = n,

Tn = Tn(a) ) a = (ai)nil H’Vl = Tn(b)‘]n ) b = (bi)nil

i=1—n> i=1—n>
ag ... Ql—n bi_p ... bo
R, =T,(a)+T,(b)J, = ; : + : : . (12.1)
Ap_1 - ag bo ... bn_1

We want to prove that the inverse of a T+H matrix R, is a T+H-Bezoutian and
even more, we want to present inversion formulas

R, =Bezrim((gi,£)1)-
Thus, we have to answer the question how to obtain the vectors g;,f;, i = 1,2, 3, 4.
Note that representations of inverses of T+H matrices as T+H-Bezoutians allow

fast matrix-vector multiplication by these matrices (in case F = C see [38], in case
F =R [40], [42]).

1. Fundamental systems. Besides the nonsingular T+H matrix R, of (12.1) we
consider the (n—2) x (n+2) T+H matrices R,,, 0RL obtained from R,,, R after
deleting the first and last rows and adding one column to the right and to the left
by preserving the T+H structure,

a9 ay . as_p QA1—n bl—n bg_n . b1 bg
as as . as—p, 0a2_np bg_n bg_n . bQ b3
OR, = ) ) . . + . ) . . .
ap—-1 ap—2 ... a_q a2 | L b,2 b,1 ce bn,Q bn,1 i
(12.2)
a_9 a_q ce An—2 0ap-—1 1T blfn bQ,n e bl bg i
a_3 a_o ce an—3 0ap—2 bgfn b3,n e b2 b3
ORY = ) . . . |F . .
a1—n G2-pn ... Q1 az | | b2 b1 ... bp2 bp1 |
(12.3)

Since R, is nonsingular both matrices dR,, and ORI are of full rank, which means
dimker OR,, = dimker OR! = 4.

Any system of eight vectors {u;}?_;, {vi}i 1, where {u;}} ; is a basis of ker OR,,
and {v;}1_; is a basis of ker ORZ, is called fundamental system for R,. The reason
for this notation is that these vectors completely determine the inverse R, 1. In
order to understand this we consider first a special fundamental system.
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Hereafter we use the following notation. For a given vector a = (a;)"}'

j=1—-n we
define

ax = (axj)j1, (12.4)

where a4, can be arbitrarily chosen. The matrix V(R,,) = R,W,, — W, R,, allows
a rank decomposition of the form,

V(R,) = —(ay +b’)el —(a’ +bi)el +ei(a_ +b7) +e,(al +by)". (12.5)

Multiplying (12.5) from both sides by R, ! we obtain a rank decomposition of
V(RY).

Proposition 12.1. We have
V (R,') =xu1yi +Xays —X3y; — Xayi (12.6)
where x; (i =1,2,3,4) are the solutions of
R,xi=a,+b’ R,xo=a’ +b,, Ryxs=e;, Ryxy =e,, (12.7)
and y; (i =1,2,3,4) are the solutions of
Rlyi=ei, Rlys=e,, Rlys=a_+b’ Rly,=al +b,. (12.8)
According to (12.2), (12.3) we obtain the following fundamental system for R,,.

Proposition 12.2. Let x;,y; € F™ be defined by (12.7), (12.8). The vector system

1 0 0 0
u; = —X1 , U2 = —X9 , U3 = X3 , Uy = X4 (12.9)
0 1 0 0

s a basis of ker OR,,, the vector system

0 0 1 0
Vi=|Y1 |,V2=]|Y2 |,V3=| —Y¥y3 |, Va=| —Y4 (12.10)
0 0 0 1

is a basis of ker ORY .

2. Inversion of T+H matrices. The special fundamental system of Proposition 12.2
deliver the parameters needed in a Bezoutian formula for R,;'. This is the initial
point for our further considerations.

Theorem 12.3. Let R,, be the nonsingular T+H matriz (12.1) and {w;}{_,, {vi}r,
be the fundamental system for R, given by (12.9), (12.7), (12.10), (12.8). Then
R ! is the T+H-Bezoutian defined by its generating polynomial as follows,

uz(t)vs(s) +usa(t)va(s) — wm(t)vi(s) — uz(t)va(s)
(t—s)(1 —ts) '

Rt s) =

n

(12.11)
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Proof. Since x3 is the first, x4 the last column, y{ is the first, y2 the last row of
R we conclude from (11.2)

0o —-yI o0
VTJFHR;l = X3 V(R;l) X4
0 —y¥ 0

Taking (12.6) into account this leads to

VTJFHRT:l:[—ul — Uz Uus U4HV1 Vo V3 V4}T,

where the vectors u; and v; are defined in (12.9), (12.10). The inversion formula
follows now from (11.3). O

In particular, this theorem shows that if we want to use the vectors of any
fundamental system in a Bezoutian formula for R;;! a “normalization” of them is
necessary. For this purpose we introduce the following (n 4 2) x 4 matrices

F=leiefif], G=[g1 g2 el en2],
where o "
fi = (01— +bimn)i o , f2 = (an—i +biz1); "y ,

g1 = (aim1 +bin) ), g2 = (aimn + i)y,

with a4, by, arbitrarily chosen. We call a fundamental system {u;};_;, {vi}1 ,
for R, canonical if

FT[u1 us us u4]:GT[V1 Vo vy vy =14. (12.12)

Proposition 12.4. A fundamental system {w;}}_, ,{vi}t, for R, is canonical if
and only if u; s of the form (12.9), (12.7) and v; is of the form (12.10), (12.8)
fori=1,2,3,4.

Proof. If {u;}?_; and {v;}}_; are canonical then (12.12) means, in particular, that
the first component of u; and vs as well as the last components of us and v, are
one. The first and last components of the other vectors are zero. Hence there are
vectors x;,y; € F” such that u;, v; are of the form (12.9), (12.10). Now by (12.12)
we have

1 0
[T f I _£]"[x3 x4] = { 01 } . (12.13)
Here, for a given vector h = (h;)"; € F*+2 the vector I, _h € F" is defined by
I._h=(h)},. (12.14)
Since
(I, )T =elR,, (I, _£,)" =el'R,
0 0
and since | x3 | , | x4 | arein ker OR,, equality (12.13) leads to
0 0

Rnx3 = €1, Rnx4 =€n.
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1 0
Moreover, —X1 € ker OR,, means that R,x; = a4 + b7 and —Xo S
0 1

ker OR,, means that R,x; = a’ + b,. Similar arguments show that y;, i =
1,2,3, 4, are the solutions of (12.8), and the necessity part of the proof is complete.

If {w;}%_,,{vi}i, are of the form (12.9), (12.7), and (12.10), (12.8) then,
obviously, (12.12) is satisfied. O

Given an arbitrary fundamental system {u;}?_; ,{V;}{_; we define two 4 x 4
nonsingular matrices I'p, ',

FT[1~11 ﬁ2ﬁ3ﬁ4]:FF, GT[61$2V3/\74]:FG-
We conclude that by
[u1 U2 Uus U4] = [ﬁl ﬁg ﬁg ﬁ4]F;~1 (12.15)

and
[Vl Vo V3 V4] = [Vl % Vg /\74]Fal (1216)

a canonical fundamental system {u;}i ,,{v;}i; is given. Note that for fixed
Q4n, b4y, the canonical fundamental system is unique. The following becomes clear.

Theorem 12.5. Let R, be the nonsingular T+H matriz (12.1) and {0 }_; , {Vi}i_;
be a fundamental system of R,. Then the inverse R, is the T+H-Bezoutian
(12.11), where {w;}i,,{vi}t, are given by (12.15), (12.16).

Let R, be given by (12.1). Hereafter we use also a representation of R,
which involves the projections Py = 1 (I,, + J,,) onto F% introduced in (1.3) and
the vectors

c=(c¢;)}Z)_,=a+b,d=(d)}-/_ , =a—b,

1-n
namely

R, =T,(c)P; +T,(d)P-. (12.17)
Instead of the solutions x; of (12.7) and the solutions y; of (12.8) we consider now

the solutions of the following equations the right-hand sides of which depend on
c,dand¢=a’ +b,d=a’ — b,

1 1
R,wi = §(c+ + c{) , Rywo = §(d+ — df), R,w3s=Pie;, Ryawy=P_e;

(12.18)
and

L~ 1~ =
Rl'z, =P,e;,R'zy =P e, Rlz3 = ~(¢c;, +¢’), Rz, = §(d+ —d’).

(12.19)

N =
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1 1 0 0
= | —2w; D) —2ws |, U3=| w3 ay wy |,
! -1 0 | 0
[ [0 1 [ 1
\71 = Zq \vfg Zo \7‘3 = —2Z3 \7’4 —2Z4
0 0 1 -1
(12.20)

Now an inversion formula which involves these vectors follows from formula (12.11).

Proposition 12.6. Let R,, be the nonsingular T+H matriz (12.17). Then the inverse
R is given by

lvlg(t)\v/g(S) + ﬁ4(t)\74(8) - fll(t){ll(s) — lvlg(t)\ulg (S)
(t—s)(1 —ts) ’

where {; }1_1 ,{V;}1_; are defined in (12.20).

Rt s) = (12.21)

Proof. Since
[fl1 Uy U3 fl4] = [111 ugz us U-4]<P
and
[Vi Vo V3 V4] =[V1 Vo vz vyl !,

where ¢ is the block diagonal matrix

e=ans([} ]3]0 a])

the proposition follows from Proposition 11.5 and (12.11). O

3. Inversion of symmetric T+H matrices. It is easy to see that a T+H matrix is
symmetric if and only if the Toeplitz part has this property. Let R, be a non-
singular, symmetric T+H matrix (12.1). Then the solutions of (12.7) and (12.8)
coincide,
Y1 =2X3,Y¥Y2=X4,YyY3=X1,y4=2X2.

Using the inversion formula (12.11) R, ! is given by the vectors {u;}_, of (12.9),
us(f)ui(s) — ui(f)us(s) + ua(t)us(s) — ua(t)uy(s)

(t—s)(1—ts) '

Rt s) = (12.22)

Since a = a’ we have ¢ = ¢, d = d, and the inversion formula (12.21) can be

simplified as well,

az(t)ug(s) — ay(t)us(s) + wa(t)ag(s) — va(t)us(s)
(t—s)(1—ts) '

If we have any basis {U;}} ; of ker OR,,, it remains to compute I'r, and {u;}}_,

is given by (12.15).

R (t,s) = (12.23)
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We will not consider the skewsymmetric case, since a skewsymmetric T+H
matrix is always a pure Toeplitz matrix. (For the skewsymmetric Toeplitz case see
Section 4.7.)

4. Inversion of centrosymmetric T+H matrices. If R,, from (12.1) is centrosym-
metric, i.e., R = R, , then in view of J,,T},(a)J,, = T,(a”),

R, = %(Rn +R)H =T, (%(a—&-aJ)) +T, (%(b +bJ)> T

Together with Exercises 15, 16 we conclude the following.

Proposition 12.7. Let R,, be an n x n T+H matriz. Then the following assertions
are equivalent.

1. R, is centrosymmetric.

2. In the representation (12.1) (resp. (12.17)) the Toeplitz matrices T, (a) and
T,.(b) (resp. Tn(c) and T, (d)) are symmetric.

3. In the representation (12.1) (resp. 12.17)) a and b (resp. ¢ and d) are sym-
metric vectors.

Corollary 12.8. A centrosymmetric T+H matriz R, is also symmetric.

Moreover, in the centrosymmetric case the representation (12.17) can be writ-
ten in the form
R, =P;T,(c)Py + P_T,(d)P-. (12.24)
Now we specify the results for general T+H matrices to centrosymmetric T+H
matrices R,. Since R,, is symmetric we can use the simplifications of the previous
subsection. To begin with we observe that the right-hand sides of the first and
the third equations of (12.18) are symmetric and of the second and the fourth
equations are skewsymmetric if we choose

Cp=C_p,d, =d_,.

Since centrosymmetric matrices map symmetric (skewsymmetric) vectors into sym-
metric (skewsymmetric) vectors, we conclude that the solutions wy, ws of (12.18)
as well as their extensions 11, u3 of (12.20) are symmetric, whereas wy, wy and
Uy, Uy are skewsymmetric vectors. This leads to further simplifications of the in-
version formula (12.23). But before presenting this formula let us introduce a more
unified notation, where the subscript + designates symmetric, — skewsymmetric
vectors in the fundamental system,

0 0 1 1
up=| w3 [ ,u_=|wy | ,vyi=| 2wy | ,v_=| 2wy | . (12.25)
0 0 1 -1

Here w; are the solutions of (12.18) which turn obviously into pure Toeplitz equa-
tions,
To.(c)wy = Pycy, Th(d)wy = P_dy, T,(c)ws = Prey, Typ(d)wy = P_e; .
(12.26)
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Note that these equations have unique symmetric or skewsymmetric solutions.
Thus, the inversion formula (12.23) can be rewritten as a sum of a split Bezoutian
of (+)-type and a split Bezoutian of (—)-type. These special Bezoutians were
introduced in Section 2.11. Let us use the notations adopted there.

Theorem 12.9. Let R, be a nonsingular, centrosymmetric T+H matriz given by
(12.17) and u, vy be the vectors of F'y™2 defined in (12.25), where the w; are the
unique symmetric or skewsymmetric solutions of (12.26). Then

REI = B+ + B_ )
where By are the split Bezoutians of (£)-type
B:t - Bezsplit (V:|:7 u:l:) .

Similar ideas as those of Section 4.5 lead to a slight modification of the last
theorem. We extend the nonsingular centrosymmetric T+H matrix R,, given by
(12.17) to a nonsingular centrosymmetric T+H matrix R, 42, such that R, is its
central submatrix of order n.

Ruys = Tnia(€) Py + Thia(d)P_ . (12.27)

Here ¢ and d are extensions of the original vectors ¢ and d by corresponding
components c_, =¢p, d—p =dp, Copn—1 = Cnt+1, d—p—1 = dp41. Let xf“,xﬁf be
the unique symmetric or skewsymmetric solutions of

Toy2(c)x) g = Prer, T,(c)x = Pyer,

Tn+2(d)xg+2 = P_el s Tn(d)x’r_l — P_el . (1228)

(Note that x;7 = w3, x,, = wy. The solutions xfﬁ are up to a constant factor
equal to the vectors vi.)

Corollary 12.10. Let R, 12 be a nonsingular, centrosymmetric extension (12.27) of
R,,. Then the equations (12.28) have unique symmetric or skewsymmetric solutions
and
_1 1 " 1 _
Rn = EBeZSplit (Xn+27 u+) + T_Bezsplit (x71,+2? 11_) ’

0
where r+ are the first components of Xf_m and ux = | xF
0

If T,(c) and T, (d) are nonsingular then R, is nonsingular. Indeed, taking
(12.24) into account R,u = 0 leads to

P.T,(c)Pyu=—P_T,(d)P-u.

Hence Pyu =0 and P_u = 0 which means u = 0. The converse is not true. Take,
for example, ¢ = (1, 1, 1) and d = (-1, 1, —1), then T5(c) and T5(d) are singular,
whereas Ry = 215 is nonsingular. One might conjecture that for a nonsingular R,
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there is always a representation (12.17) with nonsingular 7, (c) and T,,(d). For
n = 2 this is true. But this fails to be true for n = 3. Consider, for example,

c=(1,0,1,0,1) and d = (0,0,1,0,0).
Then

([3 01
Ry=Ty(c)P + T5(d)P-. == | 0 2 0
211 0 3

is nonsingular. But T3(c) is a chess-board matrix (1.4) with ¢ = 1,b = 0 which is
singular and uniquely determined in the representation of Rg (cf. Exercise 16).
Let us consider besides R,, = T,(a) + T5,(b)J, the matrix R, = T(a) —
T(b)Jy,. If R, is represented in the form (12.24) then the corresponding represen-
tation of R, is
R, = P,T,(d)Py + P_-T,(c)P_,
which means that the roles of ¢ and d are interchanged. We conclude the following

Proposition 12.11. The (symmetric) Toeplitz matrices T, (c) and Ty,(d) are non-
singular if and only if both R, and R, are nonsingular.

Proof. We have already shown that the nonsingularity of T, (c) and T3, (d) implies
the nonsingularity of R,,. The nonsingularity of R, follows with the same argu-
ments. It remains to show that the singularity of T,,(c) (or T,(d)) leads to the
singularity of R,, or R,,. Let u be a nontrivial vector such that T,,(c)u = 0. We
split u into its symmetric and skewsymmetric parts

u=u; +u_ (ug €FL).

Clearly, at least one of the vectors us or u_ is nonzero, and T,,(c)uy =Ty (c)u_ =
0. Since

Ryuy =Th(c)uy, Ryu_ =T,(c)u_
we obtain that R, or R;, is singular. This is also obtained if we assume that 7, (d)
is singular. (Il

5. Inversion of centro-skewsymmetric T+H matrices. In this subsection let us
consider T+H matrices R, which are centro-skewsymmetric, R,, = —R;!. Since
for an n X n centro-skewsymmetric matrix A, det A = (—1)"det A4, all centro-
skewsymmetric matrices of odd order are singular. Hence we consider here mainly
matrices of even order. The centro-skewsymmetric counterpart of Proposition 12.7
is as follows.

Proposition 12.12. Let R,, be an n xn T+H matriz. Then the following assertions
are equivalent.

1. R, is centro-skewsymmetric.

2. There is a representation (12.1) (resp. (12.17)) such that the Toeplitz matrices
Tn(a) and T,,(b) (resp. Ty (c) and Ty, (d)) are skewsymmetric.

3. There is a representation (12.1) (resp. (12.17)) such that a and b (resp. c
and d) are skewsymmetric vectors.
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In the remaining part of this subsection we only use such representations. In
this case (12.17) can be rewritten as

R, =P_T,(c)Py + P.T,(d)P-.
Its transposed matrix is given by
Rl = (P_T,(d)P; + P, T,(c)P_).

In the equations (12.19) we have ¢ = —d and d=—c.

In general, R, is neither symmetric nor skewsymmetric, thus a connection
between the solutions of (12.18) and (12.19) is not obvious. If we choose ¢, = —c_,,
and d, = —d_,, than c_. = —c;, d_ = —d;. Hence the right-hand sides of the
equations (12.18), (12.19) are either symmetric or skewsymmetric. Since R, as
a centro-skewsymmetric matrix maps F} to FZ, we obtain that the solutions are
also either symmetric or skewsymmetric. Let us indicate these symmetry properties
again by denoting

Wi =W, W = W2,X_ = W3,X1 = Wy,
X =21, X4 =2Z2,W4 =Z3,W_ =17Z4.

Since these symmetries pass to the augmented vectors u; , v; of (12.20) we set

V+:ﬁ17v—:ﬁ27u—:ﬁ37u+:ﬁ4v (1229)

V+:{’3,V_:\v’4,ﬁ_:\u/1,ﬁ+:\v72.
The equations (12.18), (12.19) turn into Toeplitz equations,
Tn(C)X+ = P,el y Tn(C)W+ = P70+ y Tn(d)X, = P+e1 s Tn(d)Wf = P+d+

(12.30)
and
Tn(C))FE_ = —P+e1 5 Tn(C)VF{’_ = P+C+ 5 Tn(d)§+ = —P_el s T,L(d)W+ = P_d+ .
(12.31)

According to Proposition 12.6 and (11.3) R, ! given by the augmented vectors
(12.29) of these solutions via

VesuR) ' =u_v] —viul —v_ul +u vt (12.32)

Now we show how the solutions of (12.30) and (12.31) are related. First we com-
pare the equations T}, (c)X_ = Pye; and T, (c)x, = P_e; for any ¢ € F?"~!. The
following lemma shows that there is an essential difference between the centrosym-
metric and centro-skewsymmetric cases.

Lemma 12.13. Let T, (c) be skewsymmetric. If the equation T, (c)X_— = —Pye; is
solvable, then equation T, (c)x4 = P_ej is also solvable, and if n is even, then the
converse is also true. If X_ is a skewsymmetric solution of the first equation, then
a solution of the second equation is given by

o () = g %_(t). (12.33)
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Proof. If T, (c)Xx_ = — P, ey is solvable, then there exists a skewsymmetric solution
X_. Since X_ is skewsymmetric, we have X_(1) = 0. Hence (12.33) defines a
polynomial x4 (t). Moreover, the coefficient vector x is symmetric.

Let z € F" be defined by z(t) = ;25 X_(t) and z'(t) = tz(t). If now T),(c)z =
(rg)P_y, then Ty, (c)z' = (rr—1)}_,, where rq is some number. In view of T}, (c)(z! —
z) = —Pyeq, we have

1
57 rH=ro=-:"="Tp-1, "'pn—1 —Tn = _§~
Since the (n — 1) X (n — 1) principal submatrix T,,—1 of T, (c) is skewsymmetric
and the vector z' € F"~! obtained from z by deleting the last (zero) component
is symmetric, the vector Tj,_12z’ = (r)}_] is skewsymmetric. Hence

1 1
7’0:—5, ri=ry=--=rp_1 =0, =735

We conclude that T),(c)(z + z!) = —P_e;. This means that x; =z + z*.

The proof of the converse direction follows the same lines. One has to take
into account that if n is even and x4 is symmetric, then x;(—1) = 0. Hence
z(t) = H_lir(t) is a polynomial. O

To —T1 = —

Note that the converse direction of Lemma 12.13 is not true if n is odd. If,
for example,

0 -1 0
Ts(c)=|1 0 -1
0 1 0

then T5(c)xy = P_e; is solvable but T, (c)X_- = Pye; is not.
The relation between the solutions x; and X_ extends to the augmented
vectors uy and u_. We have

u(t) = 1 - (1)
Replacing ¢ by d we obtain
~ 1+t
uy(t) = 7 u-().
Now we compare the equations T, (c)wy = P_c4 and Ty, (c)w_ = Prcy. More

precisely, we compare the augmented vectors vy and v_.

Lemma 12.14. Let T),(c) be skewsymmetric. If the equation T, (c)W_ = Picy is
solvable, then the equation T, (c)w4 = P_cy is also solvable, and the augmented
vectors of these solutions are related via

v (t). (12.34)

vi(t) = T

If n is even, then the solvability of Ty (c )W+ = P_cy implies the solvability of
Tn(C)W_ = P_|_C+.
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Proof. Let T denote the n x (n + 2) matrix T = [¢;_j41]" ;Lil with ¢c_,, = ¢, .

If T,(c)W_ = Picy, then Tv_ =0. Furthermore, if w_ is skewsymmetric, then
v_ is skewsymmetric. Hence v_(1) = 0 and z(t) = £& V_(t) is a polynomial.
We consider the coefficient vector z of z(t) as a vector in F"*2 and denote the
coefficient vector of tz(t) by z'.

Suppose that Tz = (r)?, then Tz' = (r;_1)?, where ro is some number.
Since z — z' =v_ and Tv_ = 0, we conclude that rg = --- = r,,.

Let T41(c) denote the (n+1) x (n+ 1) matrix [¢;—;],"%_, and 2" € F+1 the
vector obtained from z deleting the last (zero) component. Then T,,1(c)z’ =
(re)j_o- Here Thiq(c) is skewsymmetric and z’ is symmetric, thus the vector
(rk)}_o is skewsymmetric. Since all components are equal, it must be the zero
vector. We obtain T'(z + z!) = 0. Observe that z + z! is symmetric and that
its first component is equal to 1. Therefore, z +z' = v4 = [1 —2w7 1]7 for
some symmetric vector w € F". This vector is now a solution of the equation
To(c)wy = P_cy .

The converse direction is proved analogously taking into account that if n
is even, then the length of vy, which is n + 2, is even. Hence v;(—1) = 0 and

z(t) = 1%4"4- (t) is well defined. O
Replacing ¢ by d we obtain
~ 1+1¢
Taking (12.32), Lemma 12.13 and Lemma 12.14 together we arrive at
_ 1+s 1+s
Vria(RH(,s) = u_(t)1 — Sv_(s) - v_(t)1 — Su_(s)

(12.35)

Vo] (s) b () v (s)

— s s

+0) +) T v+ )

which finally leads to the following theorem taking (11.3) into account.

Theorem 12.15. Let the centro-skewsymmetric T+H matriz R, be nonsingular
and given by (12.17). Then the equations (12.30) are solvable and the generating
function of the inverse matriz is given by the augmented vectors of the solutions
of these equations via

s+1
s—1

_ s—1
Rnl(tvs) = B.i(t,s) s+1 + B_(t,s)

and
By = Bezgpiit(us, vy) .

Note that for a nonsingular matrix R,, all equations (12.30) and (12.31)
are uniquely solvable. Moreover, we observe that x = x; — X_ is a solution of
T,(c)x = e; and w = w, — W_ is a solution of T},(c)w = ¢’ . Taking Proposition
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4.6 into account we obtain the nonsingularity of T),(c). Analogously, T, (d) is
nonsingular. This leads to the following surprising conclusion.

Corollary 12.16. For a centro-skewsymmetric T+H matriz
R,=T(a)+T(b)J,=T(c)Py + T(d)P-
with skewsymmetric vectors a, b, c,d, the following assertions are equivalent:

1. R, is nonsingular.
2. R, =T(a) — T(b)J, is nonsingular.
3. T'(c) and T'(d) are nonsingular.

To present the counterpart of Corollary 12.10 let us extend the nonsingular
centro-skewsymmetric T+H matrix R,, given by (12.17) to a nonsingular centro-
skewsymmetric T4+H matrix R, 2, such that R,, is its central submatrix of order n.

Ry = Thpa(e) Py + Tgo(d) P, (12.36)

where ¢ and d are extensions of the original vectors ¢ and d by corresponding
components c_,, = —¢,,d_p, = —dyp,C_p-1 = —Cpnt1,d—p—1 = —dp41. Let

xf iy x* be the unique symmetric or skewsymmetric solutions of

Thi2(c)x, o = Prer, Tu(c)x

Tpia(d)x) p = Per, To(d)x} = P_e;. (12.37)

Note that x> = —X4 , (solutions of (12.31)), thus —uy are the augmented vectors
defined by uy () = tx;5(t). The solutions x;-, , are up to a constant factor equal
to the vectors vi.

Corollary 12.17. Let R, 12 be a nonsingular and centro-skewsymmetric extension
(12.36) of Ry,,. Then the equations (12.37) have unique symmetric or skewsymmet-
ric solutions and

s—1 1 s+1

1
R7'= —Bezepis(x.,,u + —Bezgplit (X o, u_)——
n ry spl( n+2> +)s+1 r spl( n+2> )s—l’

where r4 are the first components of xff 12

13. Exercises

1. An n x n matrix B is called quasi-T-Bezoutian if VB introduced in (2.17)
has rank 2 at most.
(a) Show that B is a quasi-T-Bezoutian if and only if BJ, is a quasi-H-
Bezoutian (introduced in Section 2.4).
(b) State and prove a proposition about the representation of a quasi-T-
Bezoutian that is analogous to Proposition 2.4.
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. The special Toeplitz matrix

ao alp—1 e aal
Zo@)y=| “ ?0 - ' (a € F)
: ’ Qlp—1
Ap—1 PN al ap

is called a-circulant.

(a) Show that the T-Bezoutian of a polynomial u(t) € F*™! and t" — « is
an a-circulant and each a-circulant is of this form.

(b) Show that a T-Bezoutian is a Toeplitz matrix if and only if it is an
a-circulant for some « or an upper triangular Toeplitz matrix.

. Let u(t) be a polynomial of degree n and v(t) a polynomial of degree < n.
Describe the nullspace of the transpose of Res,(u,v) (introduced in Section
3.1) in terms of the greatest common divisor of u(t) and v(¢). Use this to
show that the nullity of Res,(u, v) is, independently of p, equal to the degree
of the greatest common divisor of u(t) and v(t).

(a) Show that an n x n matrix A is Toeplitz if and only if IV (A)IT_
is the zero matrix, where I _ is introduced in (12.14).

(b) Show that the product of two nonzero Toeplitz matrices is Toeplitz
again if and only if both factors are a-circulants for the same « or both
are upper (or lower) triangular Toeplitz matrices.

. Prove that the nonsingularity of a Toeplitz matrix T;, = [a;—; |}';_; follows
from the solvability of the equations

T,y =e and T,z= (a,nﬂ-,l)?:l ,

where a_,, is arbitrarily chosen. Construct a fundamental system from these
solutions.
. Design a Levinson-type algorithm for the solution of the Bezout equation
(7.14), i.e., an algorithm that does not rely on successive polynomial divi-
sion. Compare the complexity of this algorithm with the complexity of the
algorithm described in Section 7.7.

Hint. Consider first the “regular” case in which the degrees of all quo-
tients q;(t) are equal to 1.
. Let p(t) = p1 +paot +pst? +13 be a monic real polynomial. Show the following
theorem of Vyshnegradsky. The polynomial p(¢) has all its roots in the left
half-plane if and only if all coefficients are positive and pap3 > p1.
. The factorizations presented in this paper can be used to derive formulas
for the determinants of Bezoutians, Hankel, Toeplitz and resultant matrices.
To solve the following problems one can use Vandermonde factorization or
reduction and take into account that

det Vi, (t) = [ [t — 1),

i>7
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where t = (¢1,...,t,) or apply Barnett’s formula and
det p(C(u)) = [[ p(t:)

ifu(t) =1, (t—t;). Suppose that v(¢) = [T, (t—s;) and u(t) = [];—, (t —
t;) are complex polynomials and m < n.
(a) Show that

det H,, (E) n(n = ﬁﬁ t; — s5)

and find an analogous formula for det T, (ﬁ)
(b) Derive from (a) formulas for the determinants of Bezy (u, v), Bezr(u, v),
and Res (u, v).
Find the Toeplitz matrices

() 4w (7))

Let u(t) and v(t) = v1(t)va(t) be polynomials of degree n.
(a) Show that

Bezy(u,v) = Bezg (u,v1)B(u) ' Bezy (u, vo)
(b) If u(¢) and v(t) are monic, show that
Bezy(u,v) = B(u)J,B(v)(C(u)" — C(V)") .

Let u(t) and v(t) be complex polynomials of degree n and m, respectively,
where m < n, and let t1,...,t,. be the different roots of the greatest common
divisor of u(t) and v(t) and vy, . .., v, their multiplicities. Let vectors £ (c, v)

be defined by
i=1Y ik ;
li(c,v) = L 1)¢ .
i=1

Show that the vectors ¢, (t;, k), where k = 1,...,v;, 4 =1,...,r form a basis
of the nullspace of Bezg (u, v) and the corresponding vectors €y, r4p(ti, k) a
basis of the nullspace of Res,(u, v) introduced in Section 3.1.
Let u(t) and p(t) be coprime polynomials and deg p(t) < degu(t) = n. Show
that for k > n the coefficient vectors of t/u(t), j = 1,...,k —n form a basis
of the nullspace of Hj, (%)
Let u(t) be a polynomial with real coefficients of degree n.

(a) Describe the number of different positive real roots in terms of the

signatures of the matrices H, (T;g?) and H, (%

(b) Let a and b be real numbers, a < b. Describe the number of different
real roots of u(t) in the interval [a,b] in terms of the signatures of the
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matrices Hy (g) and H, (%)7 where

(t —a)(b—t)u'(t) + nt?u(t)
u(t) '
(¢) Prove a representation of Res(u,v) which is analogous to that one of
Proposition 3.3 but involves Bezr(u, v) instead of Bezy (u,v).
Prove that a matrix A is a T+H matrix if and only if the matrix I,V (A)IT_
is the zero matrix, where V (A) is introduced in (1.11) and I _ in (12.14).
Let e and e, denote the vectors of F2n—1

=(1,1...,1) and e, =((— ))271 1

Show that a T+H matrix R, = T, (a) + T,,(b)J, is equal to R}, = T,,(a’) +
T,(b")J, if and only if, for some o,3 € F, 8’ = a+ ae + fe, and b’ =
b —ae — B(—1)""le,.
Let R, be an n x n T+H matrix given by (12.17) and by R,, = T,,(¢/)P+ +
T,,(d")P-. Show that
(a) If n is odd, then ¢’ = ¢, i.e., ¢ is unique, and d’ is of the form d’ =
d + ae + fPe, for a, 3 € F.
(b) If n is even, then ¢’ is of the form ¢/ = ¢ + ae, and d’ of the form
d’'=d+ Be for a, 3 € F.
Here e and e, are as above.
Let R, be an n x n nonsingular, centro-skewsymmetric T+H matrix given
by (12.17). Show that

RY=T,(c) ' P_ + Tp(d) ' Py .

gt) =

Notes

The Bezoutian and the resultant matrix have a long history, which goes back
to the 18th century. Both concepts grew up from the work of Euler [5] in
connection with the elimination of variables for the solution of systems of
nonlinear algebraic equations. In 1764, Bezout generalized a result of Euler
[1]. In his solution the determinant of a matrix occurred which was only in
1857 shown by Cayley [3] to be the same as that being today called the
(Hankel) Bezoutian. For more detailed information see [66].

The classical studies of Jacobi [51] and Sylvester [65] utilized Bezoutians in
the theory of separation of polynomial roots. Hermite [49] studied the problem
of counting the roots of a polynomial in the upper half-plane. Clearly, this
is equivalent to finding the number of roots in the left half-plane, which
is important for stability considerations. A nice review of classical results
concerning root localization problems is given in the survey paper [52]; see
also [50], [8], [63], [61], [60].

The importance of Bezoutians for the inversion of Hankel and Toeplitz ma-
trices became clear much later. Only in 1974, Lander [55] established the
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fundamental result that the inverse of a (nonsingular) Hankel matrix can be
represented as a Bezoutian of two polynomials and that, conversely, any non-
singular Bezoutian is the inverse of a Hankel matrix. Similar results are true
for Toeplitz matrices. In [55] also a Vandermonde factorization of Bezoutians
was presented.

There is a huge number of papers and books dedicated to Bezoutians, resul-
tant matrices and connected problems. Let me recommend some books and
survey papers (see also the references therein) to light the younger history
and recent developments, to pursue and to accentuate the topic in different
directions. (This list is far away from being complete!)

Books: Gohberg, Lancaster, and Rodman [10], Heinig and Rost [33],
Lancaster and Tismenetsky [54], Bini and Pan [2], Fuhrmann [6], Pan [62],
Lascoux [56].

Papers: Gohberg, Kaashoek, Lerer, and Rodman [9], Lerer and Tis-
menetsky [58], Lerer and Rodman [57], Fuhrmann and Datta [7], Gohberg
and Shalom [11], Emiris and Mourrain [4], Mourrain and Pan [59].
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On Matrices that are not Similar to a
Toeplitz Matrix and a Family of Polynomials

Tewodros Amdeberhan and Georg Heinig

Abstract. A conjecture from the second author’s paper [Linear Algebra Appl.,
332-334 (2001) 519-531] concerning a family of polynomials is proved and
strengthened. A consequence of this is that for any n > 4 there is an n X n
matrix that is not similar to a Toeplitz matrix, which was proved before for
odd n and n = 6,8, 10.
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1. Introduction

In the paper [4] D.S. Mackey, N. Mackey and S. Petrovic posed and studied the
inverse Jordan structure problem for complex Toeplitz matrices. They showed,
in particular, that every n x n complex nonderogatory matrix is similar to an
upper Hessenberg Toeplitz matrix, with ones on the subdiagonal. Such a choice
guarantees uniqueness of the unit upper Hessenberg Toeplitz matrix. This result
was recently extended by Willmer [6], who showed that a block companion matrix
is similar to a unique block unit Hessenberg matrix.

The authors [4] also investigated the problem of what happens if the non-
derogatority condition is dropped and asked the question, “Is every complex ma-
triz similar to a Toeplitz matriz?” This poses the inverse Jordan structure problem
for Toeplitz matrices — which Jordan forms are achievable by Toeplitz matrices.
Then, [4] gave an affirmative answer to this question for matrices of order n < 4
and conjectured that this might be true for all n. It is worth noting that the in-
verse eigenvalue question for real symmetric n x n Toeplitz matrices was posed
in 1983 by Delsarte and Genin [1] and resolved by them for n < 4; the general
case was settled only recently by Landau [3]. Landau’s non-constructive proof uses
topological degree theory to show that any list of n real numbers can be realized
as the spectrum of an n X n real symmetric Toeplitz matrix.
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In [2] the second author of the present note showed that there are matrices
that are not similar to a Toeplitz matrix. Examples for such matrices are

m m—2
(S2 @ ¢) and @ (S2 @ S3)

J=1 Jj=1

for all m > 1 and ¢ # 0. Here Sy denotes the k x k& matrix of the forward shift,
ie.,

00 0
52[(1)8} Se=|1 0 0],
01 0

and @ stands for the direct sum. Note that the order of the first set of these
matrices is 2m + 1 and the second matrix is nilpotent. That means that for any
odd integer n > 4 there is an n X n matrix that is not similar to a Toeplitz matrix.

For even n the problem is more complicated. Candidates for matrices that
are not similar to a Toeplitz matrix are

m—1 m—
(S 80@®¢)  and @ Sy @ S3®0) (1.1)

Jj=1

where ¢ # 0 and m > 2. It was proved in [2] that these matrices are really not
similar to a Toeplitz for m = 3,4,5, that means for matrices of order 6, 8 and
10. For the general case the problem was reduced to the property of a class of
polynomials defined as follows:

po(t) =p1(t) =1, p2(t)=t, p;(t)= —% > pe(pikt) (G>2). (12)
k=
It was shown that the matrices (1.1) are not similar to a Toeplitz matrix if the
following is true.
Condition 1.1 ([2], p. 528). For m > 3, the system of m — 2 equations
Pm+2 (t) = Pm+3 (t) == p2mfl(t) =0
has only the trivial solution t = 0.

In the present note we show that this condition is always satisfied. Even more,
the following is shown, which is the main result of the paper.

Theorem 1.2. For m > 1, ppy1(t) = pm(t) = 0 has only the trivial solution t = 0.
A consequence of this theorem is the following.

Corollary 1.3. For any m > 4 there is an m X m matriz that is not similar to a
Toeplitz matriz.
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2. On a family of polynomials

First we compute the generating function of the family of polynomials {p;(¢)}
defined by (1.2), which is
(oo}
=Y pi()7
3=0

Lemma 2.1. The generating function p(z,t) is given by

1/2

p(z,t) = (1+22+2%(2t + 1)) (2.1)

Proof. According to the definition of p;(t) we have
> pit)p(t) =0
i+k=j
for j > 2. That means that the coefficients of 27 in the expansion of (p(z,t))? in
powers of z vanish if 5 > 2. Hence p(z,t)? is a quadratic polynomial in z, i.e.,
p(z,t) = A(t) + B(t)z + C(t)z*. Taking the definition of p;(t) for j = 0,1,2 into
account we obtain

Alt)=1, B(t)=2, C@i)=2+1,
which completes the proof. O

Expanding p(z,t) in powers of z we obtain the following explicit representa-

tion of p;(t)!:
Li/2] .
_ j—2k 1/2 J—k k
t)_kzzoz (j_k>( . )(Qt—l—l) : (2.2)

where [j/2] is the integer part of j/2.
The key for proving Theorem 1.2 is the following lemma.

Lemma 2.2. The polynomials p;(t) (j =0,1,...) satisfy the 3-term recursion
(7 + 2)pjr2(t) + (27 + Dpj41(t) + (7 — 1)(2t + 1)p; (t) = 0. (2:3)

Proof. Let h(z,t) denote the generating function of the polynomial family {p;(¢)}
defined by (2.3) with initial conditions po(t) = p1(t) = 1. We show that h(z,t) =
p(z,t). Let b’ denote the partial derivative of h(z,t) by z and h = h(z,1t).

We have
DU Dpid T =0 =1, Y 2+ pa T =220 bt 1
§=0 =0

> (= 1)pa T =22 — zh

j=0

LA typo in [2] p. 528 is corrected here. The expression is never used to affect the results of [2].
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Summing up we obtain the ordinary differential equation
1422+ @2t +1)2) —(1+ (2t +1)2)h=0.

As it is easily checked, the generating function p(z,t) also satisfies this equation.
Since p(0,t) = h(0,t), we conclude that p(z,t) = h(z,1). O

An alternative way to prove the lemma is to employ the explicit expression
(2.2) for pj(t). This appears in the Appendix section.

Proof of Theorem 1.2. The theorem can be proved now by induction in a standard
fashion. The base case, m = 2, is evident since po =t = p3 = 0 iff t = 0. Assume
the theorem is valid for m > 1, then we claim the same is true for m + 1. Suppose
not! i.e., ppmy2(7) = Pm41(7) = 0 for some 7 # 0. Then Lemma 2.2 implies that
T = —%. Once again, make application of the recurrence (2.3) but this time re-
index m by m — 1 to get

(4 )P (7) + 2m = Dpua(7) + (m = 2)(27 + Vprua(r) 0. (2.4)

So, pm(—%) = 0. Hence both p,,+1 and p,, vanish at —%. This contradiction to
the induction step proves the theorem. O

Let us finally mention two consequences of our result. The following is im-

mediate from Theorem 1.2 where variables are switched w = %z and the value
t= % — 1 is selected. The case b = 0 is treated separately. It is important that
t # 0.

Corollary 2.3. Let f(w) = (a + bw + cw?)2, where a # 0 and b> — 4ac # 0, and
flw) =37, fxz® be its Maclaurin expansion. Then for all j, f; and fj11 cannot
both vanish.

The following is an equivalent formulation of Condition 1.1.

Corollary 2.4. Forn > 4 there is no polynomial P(t) of degree n such that P(t)? =
q(t) +t2"~1r(t) for quadratic polynomials q(t) and r(t), except for the trivial cases
P(t) = a+ bt and P(t) = at™ ! + bt™.

Proof. Compare proof of Lemma 6.1 in [2] where the polynomials p;(¢) take the
place of ug. Then, convert u; via uk/u]f. O

3. Appendix

We show a scheme on how to arrive at the recursion

(J +2)pjt2(t) + (27 + Dpj4a(t) + (5 — 1)(2t + 1)p;(t) =0 (3.1)

for the explicit expression

pi(t) = L:z/:j 272k (jl?k) <j ; k) (2t + 1)
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of the sequence {p;(t)};. The idea utilizes the so-called Wilf-Zeilberger (WZ)
method of proof [5].

SN oj(1/2) (i—Fk N (=1 (2j—2k—1)k .
Let F(j, k) := 27 (}/3) (7 F) (2t + 1DF, and G(j, k) := —2 7582 F (), k).
Then one can check, preferably using a symbolic software, that
U+2)F([G+2,k)+ Qi+ 1)F(G+1LE)+ G -1+ 1) F(, k) = G(J, k+1) = G (5, k).

Telescoping: Sum over all —oo < k < oo and observe that

oo li/2] oo 0
> FGk) =Y F(G,k)=p;(t) while Y GG.k+1)= > G(k),
k=—oc0 k=0 k=—o0 k=—o0

since G(j, k) has compact support. Then assertion (3.1) follows.
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A Traub-like Algorithm for Hessenberg-
quasiseparable-Vandermonde Matrices
of Arbitrary Order

T. Bella, Y. Eidelman, I. Gohberg, V. Olshevsky,
E. Tyrtyshnikov and P. Zhlobich

Abstract. Although Gaussian elimination uses O(n®) operations to invert an
arbitrary matrix, matrices with a special Vandermonde structure can be in-
verted in only O(n?) operations by the fast Traub algorithm. The original
version of Traub algorithm was numerically unstable although only a mi-
nor modification of it yields a high accuracy in practice. The Traub algo-
rithm has been extended from Vandermonde matrices involving monomials
to polynomial-Vandermonde matrices involving real orthogonal polynomials,
and the Szegd polynomials.

In this paper we consider a new more general class of polynomials that
we suggest to call Hessenberg order m quasiseparable polynomials, or (H,m)-
quasiseparable polynomials. The new class is wide enough to include all of
the above important special cases, e.g., monomials, real orthogonal polyno-
mials and the Szeg6 polynomials, as well as new subclasses. We derive a fast
O(n?) Traub-like algorithm to invert the associated (H,m)-quasiseparable-
Vandermonde matrices.

The class of quasiseparable matrices is garnering a lot of attention re-
cently; it has been found to be useful in designing a number of fast algo-
rithms. The derivation of our new Traub-like algorithm is also based on ex-
ploiting quasiseparable structure of the corresponding Hessenberg matrices.
Preliminary numerical experiments are presented comparing the algorithm to
standard structure ignoring methods.

This paper extends our recent results in [6] from the (H,0)- and (H,1)-
quasiseparable cases to the more general (H,m)-quasiseparable case.

Mathematics Subject Classification (2000). 15A09, 15-04, 15B05.

Keywords. Orthogonal polynomials, Szego polynomials, quasiseparable matri-
ces, Vandermonde matrices, Hessenberg matrices, inversion, fast algorithm.
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1. Introduction. Polynomial-Vandermonde matrices and
quasiseparable matrices

1.1. Inversion of polynomial-Vandermonde matrices

In this paper we consider the problem of inverting the class of polynomial-Vander-
monde matrices. For a set of n distinct nodes {zx}}_;, the classical Vandermonde
matrix V(z) = [ 277" ] is known to be invertible (provided the nodes are distinct).
One can generalize this structure by evaluating a different basis (other than the
monomials) at the nodes in the following way. That is, for a set of n polynomials
R = {ro(z),r1(x),...,rn_1(x)} satisfying degry(z) = k, the matrix of the form

ro(z1) ri(ry) - raoi(z1)
Vr(z) = TO(:M rl(:xz) Tn*lz(zz) (1.1)
ro(n) T1(Tn) -0 Tno1(@n)

is called a polynomial-Vandermonde matrix. It is clear that such a matrix is in-
vertible if and only if the chosen nodes are distinct. Indeed, let T' be an invertible,
upper triangular matrix, and consider the product V(z) - T. The effect of post-
multiplication by T is that the entries of the product are polynomials determined
by the columns of T', evaluated at the given nodes. Hence this is an alternate def-
inition of a polynomial-Vandermonde matrix as the product of invertible matrices
(provided the nodes are distinct).

In the simplest case where R = {1,z,2%,..., 2" '} (i.e., when T = I), the
matrix Vg(x) reduces to a classical Vandermonde matrix and the inversion algo-
rithm is due to Traub [28]. It was observed in [16] that a minor modification of
the original Traub algorithm results in very good accuracy.

The structure-ignoring approach of Gaussian elimination for inversion of
Vr(x) requires O(n?) operations, and for a general matrix Vg(z) (i.e., no spe-
cial recurrence relations satisfied by the polynomial system R involved), the al-
gorithm derived in this paper also requires O(n?) operations. However, in several
special cases, the structure has been exploited, resulting in fast algorithms that
can compute the n? entries of the inverse in only O(n?) operations. It also al-
lows the construction of fast system solvers; one of the pioneering works in this
area belongs to Bjorck and Pereyra [2]. Table 1 lists the previous work in deriving
fast inversion algorithms and fast system solvers for various special cases of the
polynomial system R.

1.2. Capturing recurrence relations via confederate matrices

To generalize the inversion algorithms of Table 3 we will use the concept of a
confederate matriz introduced in [21]. Let polynomials R = {ro(z), ri(x) ,...,
rn(7)} be specified by the general n-term recurrence relations?

rp(x) = (apr—ak—1x) Th—1(2) —ap—2k rr—2(x)— - —ag -ro(r), ar#0 (1.2)

Tt is easy to see that any polynomial system {7 ()} satisfying degri(z) = k obeys (1.2).
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TABLE 1. Fast O(n?) algorithms for polynomial-Vandermonde matrices.

Matrix Vg(x) ‘ Polynomial System R | O(n?) inversion O(n?) system solver
Classical Vdm monomials Traub [28] Bjorck—Pereyra [2]
Chebyshev—Vdm | Chebyshev plns Gohberg—Ols [14] Reichel-Opfer [26]
Three-term Vdm | Real orthogonal plns | Calvetti-Reichel [7] | Higham [19]
Szegé—Vdm Szegd plns Olshevsky [23] BEGKO [3]

Vdm = Vandermonde; Ols = Olshevsky; plns = polynomials

for k > 0, and r¢ is a constant. Define for the polynomial
P(x)=Py-ro(x)+ Pr-rm(z) + -+ P11 - mn1(x) + Py - rn(2) (1.3)

its confederate matriz (with respect to the polynomial system R) by

rdo1 Go2 4oz ... [ %Ok .. 20 1
a1 a2 as Qe Qn
@ (o2} s Qg Qp _ -
0 L1 @s .. i .. ... 9n o
az  as : an P,
0 0 1. [ Gk—2k . . P2
Cr(P) = “ o R P N R
R T U : : anPn
Do . . . . :
1 :
«
* _Pn—l_
An—1,n
0O 0 -+ - ... 0 1 %noim
L Qn—1 QAn -
CR("'n) (1.4)
In the special case where P(z) = ry(x), we have Py = P, = --- = P,_; = 0, and

hence the last term on the right-hand side of (1.4) vanishes.

Notice that the coefficients of the recurrence relations for the kth polynomial

ri(x) from (1.2) are contained in the kT column of Cr(ry), as the highlighted
column shows. We refer to [21] for many useful properties of the confederate matrix
and only recall here that

Te(z) = ag-ar ... ag - det(z] — [Cr(P)]kxk),
and
P(x)=ao-ay--a, - P, -det(xl — Cr(P)),

where [Cr(P)]kxr denotes the k x k leading submatrix of Cr(P) in the special
case where P(z) = r,(x).
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Next in Table 2 we list confederate matrices for the polynomial systems? of
Table 3.

TABLE 2. Systems of polynomials and corresponding recurrence relations.

Polynomial System Corresponding confederate matrix
Recurrence relations Cr(rn)

0 0 0

1 0
monomials
re(z) =z rp—1(2) 0

o - 0 1 0

lower shift matrix

1
o 2 - 0
i 0
Chebyshev polynomials
(@) =22 11 (x) —ri_2(2) 0
: 2
o --- 0o L o0

2
tridiagonal matrix

r o 22 . ]
ar o 0 0
1 5
real orthogonal polynomials a2
re(x) = (e — )re—1(z) o L - Mmoo
a2 Qp—1
—Vk * Tk—2(T)
Spn—1 In
: ’ Qp—1 an
0 .. 0 1 o
L QAp—1 an  J

tridiagonal matrix

—p1Py  —Pn—1fn—2 .- 1Py —Prlin—1 ... P10
Szegd polynomials® . . .
[ ¢§;(a:) } 1 { 1 _pz} M1 Pn 1ﬂn.2 H2pP1 —Pnbn 1 H2p1
¢k: (z) Mo | —pr 1 0 ’
Pr—1(z) :
xd)k#_l(:n) : —Pn—1Py_o —Pnln—1Py_o
o .- Hn—1 —pnp}_q

unitary Hessenberg matrix matrix

2For the monomials, Chebyshev polynomials and real orthogonal polynomials the structure of
the confederate matrices can be immediately deduced from their recurrence relations. For Szego
polynomials it is also well known, see, e.g., [23] and the references therein.
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It turns out that all matrices of Table 2 are special cases of the more general
class of matrices defined next. It is this larger class of matrices, and the class of
polynomials related to them via (1.2) that we consider in this paper.

1.3. Main tool: quasiseparable matrices and polynomials
Definition 1.1. (Quasiseparable matrices and polynomials)

o A matriz A is called (H, m)-quasiseparable (i.e., Hessenberg lower part and
order m upper part) if (1) it is strongly upper Hessenberg (i.e., nonzero first
subdiagonal, a; 41, # 0), and (ii) max(rank Aj2) = m, where the maximum
is taken over all symmetric partitions of the form

[

o Let A = [a;;] be a (H, m)-quasiseparable matriz. For o; = 1/ait1,, then the
system of polynomials related to A via

rp(x) =y oy det (x — A)(kxk) .
is called a system of (H, m)-quasiseparable polynomials.

Remark 1.2. The class of (H, m)-quasiseparable polynomials is wide enough to in-
clude monomials, Chebyshev polynomials, real orthogonal and Szeg6 polynomials
(i.e., all polynomials of Tables 3 and 2) as special cases. This can be seen by in-
specting, for each confederate matrix, its typical submatrix A;s from the partition
described in Definition 1.1.

e The lower shift matrix is (H, 0)-quasiseparable Indeed, if A is such a matrix,
then any submatrix Ajo is simply a zero matrix.

e Tridiagonal matrices are also (H, 1)-quasiseparable. Indeed, if A is tridiago-
nal, then the submatrix A has the form (v;/a;)erel, which can easily be
observed to have rank one.

e Unitary Hessenberg matrices are (H, 1)-quasiseparable. Indeed, if A corre-
sponds to the Szegb polynomials, then the corresponding 3 x (n—1) submatrix
A1 has the form

—PkM—1 " U321 PG —Ph—1[k—2 " - H3H2H1PG  —Prfin—1 - J3H2H1PH
—PkPk—1" " H3H20]  —Ph—1fk—2 " H3H2P]  cc —Pnin—1 " W3p2p] |
—Pkik—1" " 43P —Pk—1fk—2 " 1303 0 —Pnfn—1"" 1305

which is also rank 1 since the rows are scalar multiples of each other. The
same is true for all other symmetric partitions of A.

3Tt is known that, under the additional restriction of pj # 0 for each k, the corresponding Szegd
polynomials satisfy the three-term recurrence relations
1 1
¢ (@)= &, ¢ (@) = (@ o] @) + proj - o (@)

0

# _ |1 ;1 # - #
1@ = [ o P ] o 4(0) - it s o (o)
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Hence all of the polynomials corresponding to the confederate matrices listed above
are (H,1)-quasiseparable polynomials.

1.4. Main problem: Inversion of (H, m)-quasiseparable-Vandermonde matrices

As shown in the previous remark, (H,0)- and (H,1)-quasiseparable polynomi-
als generalize the previous cases of monomials, real orthogonal polynomials, and
Szegd polynomials. In the paper [6], an algorithm for inversion of (H,0)- and
(H, 1)-quasiseparable-Vandermonde matrices is derived, and hence that algorithm
is applicable to these special cases. However there are important cases not cov-
ered by either (H,0)- or (H, 1)-quasiseparable polynomials. An example of such a
system of polynomials is given next.

Example 1.3 (I-recurrent polynomials). From (1.4) it follows that if polynomials
satisfy [-term recurrence relations

rie(z) = (apz—ap—1,k) Tr—1(2)—ap—2k Th—2(T) = —ar_q—1) 5 Th—-1)(x) (1.5)
then their confederate matrices
ro%1 . 201 0 e 0 .
a1 ap—1
1 ai,2 ai,l
ar az ay
0 1 N 0
A= o2 (1.6)
anf(lfl),n
Qn
1
: . P— ) :
An_1,n
L0 o .. 0 b Snln |

are (1,1—2)-banded, i.e., they have only one nonzero subdiagonal and [ —2 nonzero
superdiagonals. Considering a typical element Aj of the partition of Definition
1.1, in this case for a 5 x 5, (1,2)-banded example, we have

ao0,1 aog,2 ao,3
aq [e D) [0%:1 O 0
1 a2 ai,3 ai 4
« « (63 «
A _ * A12 - d i a2?3 a2?4 az,s
| * - s as [ as
0 0 1 as.4 as;s
a3z 014 aOés
4,5
o o]0 L

One can see that any Ajs of the partition of Definition 1.1 has rank at most 2,
implying that A is a (H, 2)-quasiseparable matrix by definition. More generally, a
system of [-recurrent polynomials are (H, [ —2)-quasiseparable (and so polynomials
satisfying three-term recurrence relations are (H, 1)-quasiseparable).

A Bjorck—Pereyra-like algorithm for solving linear systems with Hessenberg-
quasiseparable-Vandermonde coefficient matrices was proposed in [4], and this
algorithm is applicable for any order of quasiseparability (i.e., for any m > 1 of
(H,m)-quasiseparable matrix). A Traub-like inversion algorithm is derived in [6],
but it is valid only for (H,0)- and (H, 1)-quasiseparable-Vandermonde matrices.
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In this paper we extend the Traub-like algorithm to a corresponding algorithm for
an arbitrary order of quasiseparability. Previous work in this area, including that
using quasiseparable matrices, is given next in Table 3.

TABLE 3. Fast O(n?) algorithms for polynomial-Vandermonde matrices.

Matrix Vg(z) ‘ Polynomial System R | O(n?) inversion O(n?) system solver
Classical Vdm monomials Traub [28] Bjorck—Pereyra [2]
Chebyshev-Vdm | Chebyshev plns Gohberg—Ols [14] Reichel-Opfer [26]
Three-term Vdm | Real orthogonal plns | Calvetti-Reichel [7] | Higham [19]
Szegé—Vdm Szegd plns Ols [23] BEGKO [3]
(H,1)-gsep-Vdm | (H,1)-gsep BEGOT |[6] BEGKO [4]
(H,m)-gsep-Vdm | (H, m)-gsep this paper

Vdm = Vandermonde; Ols = Olshevsky;
plns = polynomials; gsep = quasiseparable

This new inversion algorithm is applicable to the special cases of polynomial-
Vandermonde matrices for monomials, real orthogonal polynomials, and Szegé
polynomials, which are themselves special cases of (H, m)-quasiseparable polyno-
mials. In addition, it is also applicable to new classes of polynomials for which
no Traub-like algorithm is currently available. One such class of polynomials are
those satisfying the motivating recurrence relations (1.5).

As was the case for the Traub-like algorithm for (H,0)- and (H, 1)-quasisepa-
rable-Vandermonde matrices of [6], the proposed Traub-like algorithm for (H, m)-
quasiseparable-Vandermonde matrices is fast, requiring only O(n?) operations by
exploiting the sparse recurrence relations (1.5).

2. Inversion formula

In this section we recall the formula that will be used to invert a polynomial-
Vandermonde matrix as in (1.1). Such a matrix is completely determined by n
polynomials R = {ro(x),...,rn—1(z)} and n nodes x = (z1,...,xy,). The desired
inverse Vg (z)~! is given by the formula

I- Vg(;c) -diag(ci,y ..., en), (2.1)

VR(x)il

(see [22], [23]) where

ci = [ ox =)™, (2.2)

e
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I is the antidiagonal matrix

0 0 1
=t (2.3)
10 0

and R is the system of associated (generalized Horner) polynomials, defined as
follows: if we define the master polynomial P(x) by P(z) = (x —x1) -+ (x — z,),
then for the polynomial system R = {ro(z),...,rn—1(z), P(x)}, the associated

polynomials R = {7y(z), ..., 7n_1(z), P(z)} are those satisfying the relations
n—1
P(x) - P ~
e IR 0] (2.4
k=0

see [20]. A discussion showing the existence of polynomials satisfying these relations
(2.4) for any polynomial system R is given in [3]. This definition can be seen as a
generalization of the Horner polynomials associated with the monomials, cf. with
the discussion in Section 2.1 below.

This discussion gives a relation between the inverse Vg (z)~! and the polyno-
mial-Vandermonde matrix V5 (z), where R is the system of polynomials associated
with R. To use this in order to invert Vi (z), one needs to evaluate the polynomials
R at the nodes 2 to form VéT (2). Such evaluation can be done by using confederate
matrices (defined in Section 1.2) associated with system of polynomials, which will
be discussed in the next section, but at this point the formula (2.1) allows us to
present a sketch of the Traub-like inversion algorithm next. The detailed algorithm
will be provided in Section 6 below after deriving next several formulas that will
be required to implement its steps 2 and 3.

Algorithm 2.1 (A sketch of the Traub-like inversion algorithm).
1. Compute the entries of diag(ci, ..., cn) via (2.2).
2. Compute the coefficients {Po, P1, ..., P,} of the master polynomial P(x) as
in (1.3).
3. FEvaluate the n polynomials of R with confederate matrixz specified via (2.8)
at the n nodes xy, to form V().
4. Compute the inverse Vg(x)™1 via (2.1).

2.1. The key property of all Traub-like algorithms: pertransposition

In this section we use the classical Traub algorithm to explain the key property used
in deriving a Traub-like algorithms in terms of quasiseparable ranks of confederate
matrices of systems of polynomials. According to (1.3), let

Plx)=Py+P -2+ -+ P, q-2" ' +2"

be a polynomial in the monomial base. The monomials R = {1,z,22,..., 2" '}

satisfy the obvious recurrence relations ¥ = 2 - 2*~! and hence the confederate
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matrix (1.4) of P(x) with respect to R becomes

0 0 -+ 0 —P
1 0 -~ 0 -P
Cr(P)=1]0 1 . : : (2.5)
. 0 :
o --- 0 1 —P,_;

which is the well-known companion matrix. By Definition 1.1 its leading subma-
trices [Cr(P)]kxk are (H,0)-quasiseparable for k = 1...n — 1. Hence monomials
are (H,0)-quasiseparable polynomials.

From the well-known recurrence relations for the Horner polynomials (which
invert the classical Vandermonde matrix, see [28])

ro(z) =1, 7x(x) =2 Tr—1(x) + Po_g, (2.6)

we obtain the confederate matrix

~—4In-1 —4Ln-2 -°°° _Pl _PO
1 0 0 0
Cr(P) = 0 1 0 (2.7)
0 0 1 0

for the Horner polynomials. This relation between the confederate matrices of R
and R can be seen as

Ca(P)=1-Cgr(P)"-1, (2.8)

or more visually,

Cr(P) = Pertransposition _ Cﬁi (P),

[] [a]

and holds in the general case (see [22], [23]). The passage from Cr(P) to Cx(P)
in (2.8) is called a pertransposition, or reflection across the antidiagonal. We will
show later that recurrence relations for a given system of polynomials together
with (2.8) allow fast evaluation of the polynomials R at the nodes x, a required
step for a fast Traub-like algorithm.
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The leading submatrices of the matrix (2.7) are easily seen to be Hessenberg
and quasiseparable? but due to the perturbation {Py, Pi,..., P,_1} their quasi-
separable ranks are 1. Hence the Horner polynomials are (H,1)-quasiseparable;
that is, the quasiseparable rank increases by one due to the inclusion of the per-
turbation terms in each principal submatrix. Analogously, for an arbitrary system
of (H, m)-quasiseparable polynomials the order of quasiseparability increases by
at most one, which we state as follows.

Remark 2.2. For R a system of (H, m)-quasiseparable polynomials, when passing
to the system R of polynomials associated with R, the order of quasiseparability
may increase by one. That is, the system R is either (H, m)-quasiseparable or
(H, m + 1)-quasiseparable.

This property is used by all of the previous Traub-like algorithms given in
Table 3. The quasiseparable rank of a confederate matrix after pertransposition is
increased only by at most one. This allows derivation of cheap recurrence relations
for the system of polynomials R and use them in computing V5.

In summary, the classical Traub algorithm was based on deriving for-
mulas for systems of polynomials as the confederate matrices changed from
(H, 0)-quasiseparable to (H,1)-quasiseparable, and subsequent Traub-like algo-
rithms were based on changes from (H, 1)-quasiseparable to (H, 2)-quasiseparable.
Such derivations were already very involved.

In order to derive a Traub-like algorithm in the more general case consid-
ered in this paper, we need to (i) attain the formulas for the original (H,m)-
quasiseparable polynomials which, unlike previous cases, are not readily avail-
able®, and (ii) have a derivation allowing us to pass from (H,m)-quasiseparable to
(H, m + 1)-quasiseparable confederate matrices. Hence our plan for the next two
sections is to solve the problems (i) and (ii) listed above, respectively.

3. Recurrence relations for (H, m)-quasiseparable polynomials

Real orthogonal polynomials are typically defined in terms of the recurrence rela-
tions they satisfy, and then these recurrence relations are used to give equivalent
definitions in terms of Hessenberg matrices, as in Table 2. Currently we have only
the latter definition for (H,m)-quasiseparable polynomials, i.e., in terms of the
related (H,m)-quasiseparable matrix. Since the main tool is designing fast algo-
rithms is the recurrence relations, as in (2.6), it is the goal of this section to derive
a set of sparse recurrence relations satisfied by (H, m)-quasiseparable polynomials.

4Pertransposition changes the order in which the submatrices A2 of Definition 1.1 appear and
transposes them, but does not change their ranks, hence the quasiseparability is preserved.
51n the (H, 1)-quasiseparable case, these formulas were derived in [6].
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3.1. Generators of quasiseparable matrices

We begin with an equivalent definition of quasiseparability in terms of generators.
Such generators are the compressed representation of a quasiseparable matrix; that
is, the O(n) entries of the generators define the O(n?) entries of the matrix. Op-
erations with generators are the key in designing various types of fast algorithms.
In this case, the sparse recurrence relations for (H, m)-quasiseparable polynomials
will be given in terms of these generators.

Definition 3.1 (Generator definition for (H, m)-quasiseparable matrices). A matriz
A is called (H, m)-quasiseparable if (i) it is strongly upper Hessenberg (i.e., nonzero
first subdiagonal, a; 11, #0), and (ii) it can be represented in the form

dy
P2q1

Pndn—1 dn

(3.1)
where bj; = b1 -+ -bj_1 for j > i+ 1 and b); =1 for j =i+ 1. The elements

{Pks Qs dics Gies bies P}

called the generators of the matriz A, are matrices of sizes

Pk qk dg 9k b by,
sizes 1x1 1x1 1x1 1 X ug Up_1 X U |Up_1 X1
range|k € 2,n]| ke [l,n—1]|ke[L,n]|ke[l,n—1]|k€[2,n—1]|k € [2,n]

subject to maxyg uy = m.

Remark 3.2. For a given (H,m)-quasiseparable matrix the set of generators of
Definition 3.1 is not unique. There is a freedom in choosing generators without
changing the matrix.

Remark 3.3. It is useful to note that Definition 3.1 together with (1.2) imply that

(H, m)-quasiseparable polynomials satisfy n-term recurrence relations

k—2
re(z) = — (x—dk)rk,l(z)fz(ngrlb]ﬁ_Lkhkrj(z)) . (3.2)
=0

Pr+19k

This formula is not sparse and hence expensive. In order to design a fast algorithm,
sparse recurrence relations are required, and such are stated and proved in the next
section.
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3.2. Sparse recurrence relations for (H, m)-quasiseparable polynomials

The next theorem gives, for any (H,m)-quasiseparable matrix, a set of sparse
recurrence relations satisfied by the corresponding (H,m)-quasiseparable poly-
nomials. These recurrence relations are given in terms of the generators of the
(H, m)-quasiseparable matrix.

Theorem 3.4. Let A be a (H, m)-quasiseparable matriz specified by the generators
{Pk, ar, di, gi, bi, hi}. Then the polynomial system R = {r(x)}}_, corresponding
to A (such that A = Cr(ry)) satisfies

Fi () 1 Pk bF —qr| 9E Fl_1(x)

B Pk+14k

re(z) L Pk hf x—dr ] | re—1(x)

1 (3.3)

The proof is given at the end of this section, however first some special cases
are given in detail.

Example 3.5 ((H,0)- and (H,1)-quasiseparable case). For the case where m < 1,
the recurrence relations (3.3) reduce to those derived in [11], which were used
in [6] to derive the Traub-like algorithm for (H,0)- and (H,1)-quasiseparable-
Vandermonde matrices; that is, of the form

EIREREA I
ri(x) Vi Oz + O re—1(z) |’ ‘
These were referred to as [EGOO05]-type recurrence relations in [6], and as the

recurrence relations (3.3) are a generalization of these, we refer to (3.3) as [EGO05]-
type recurrence relations as well.

A motivating example for considering the larger class of (H, m)-quasisepara-
ble polynomials was their inclusion of the class of [-recurrent polynomials, a class
not contained by previous cases.

Example 3.6 (I-recurrent polynomials). By introducing the auxiliary polynomials

,gl)(a:), Cee flglﬂ) (x), the relation (1.5) can be rewritten as
[ fP@ ] To 1 0 0 —aper ][ AN ]
= O s
: : o1 : :
]EZ_Q) o ... ... ... 0 —Qk—(1—1),k lglf_lz)
rk(:n) ] L 1 0 0 QR — Qkp—1k | | rk—l(x) |

which is the reduction of (3.3) in this special case.
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Proof of Theorem 3.4. The recurrence relations (3.3) define a system of polyno-
mials which satisfy the n-term recurrence relations

re(z) = (r — ap—1,k) - Tk—1(x) — @p—2k - Th—2(T) — -+ — ao k- To(T) (3.5)

for some coefficients oy, a1, .., ao,k. The proof is presented by showing that
these n-term recurrence relations in fact coincide exactly with (3.2), so these coef-
ficients coincide with those of the n-term recurrence relations of the polynomials
R. Using relations for ri(z) and Fj_;(x) from (3.3), we have

1
Pr+19k

[(IE - dk)kal(lL') — gk,lhkrk,g(x) + pkflhgbgile,Q(l’)} .

(3.6)
Notice that again using (3.3) to eliminate Fj_s(z) from the equation (3.6) will
result in an expression for 74 (z) in terms of rr_i(x), re—2(2), re—3(x), Fr—3(x),
and 7o (z) without modifying the coefficients of ri_1(x), rg—a2(x), or ro(x). Again
applying (3.3) to eliminate Fj_3(z) results in an expression in terms of ri_q (),
re—2(2), re—s(x), rk—a(x), Fr—4(x), and ro(z) without modifying the coefficients of
Tr—1(2), Tk—2(x), Tk—3(x), or ro(x). Continuing in this way, the n-term recurrence
relations of the form (3.5) are obtained without modifying the coefficients of the
previous ones.
Suppose that for some 0 < j < k — 1 the expression for ri(z) is of the form

re(z) =

1
rp(z) = [(l’ —di)rp—1(x) — gr—1hgrp—2(x) — - -
Pk+1Gk (3.7)
T
o= gy s () + piaa b (0,) Fi (@)
Using (3.3) for F;(x) gives the relation
1
Fj(x) = ——— (pjg;b] Fj-1(x) — qj9; rj—1(x)) (3.8)
Dj+14;

Inserting (3.8) into (3.7) gives

[(m —dp)rR_1(2) — g1 hprr_o(z) — -

Fia(x)|.

Therefore since (3.6) is the case of (3.7) for j = k — 2, (3.7) is true for each
j=k—2k—3,...,0, and for j = 0, using the fact that Fy = 0 we have
1

ri(z) = P [(m —dp)ri—1(x) — gg—1hgri—a(z) — - — glbikhkro(:n)}

TL(T) =
( ) Pr+19k

T
s = gibi iy () + i (05 )

Since these coefficients coincide with (3.2) that are satisfied by the polynomial
system R, the polynomials given by (3.3) must coincide with these polynomials.
This proves the theorem. O
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4. Recurrence relations for polynomials associated with
(H,m)-quasiseparable polynomials

In the previous section, sparse recurrence relations for (H, m)-quasiseparable poly-
nomials were derived. However, the classical Traub algorithm is based on the re-
currence relations for the Horner polynomials, not the original monomial system.
In this section, sparse recurrence relations for the system of polynomials associated
with a system of (H, m)-quasiseparable polynomials (i.e., the generalized Horner
polynomials) are derived. It is these recurrence relations that form the basis of the
Traub-like algorithm.

4.1. Introduction of a perturbation term via pertransposition
of confederate matrices

Let R = {ri(x)}}_, be a system of (H,m)-quasiseparable polynomials, and
{zx}}?_, a set of distinct nodes. Decomposing the master polynomial into the
R basis as

=

(x —ag)=:Plx) =Py -ro(x) + Pr-mi(x)+ -+ Po—1 - rp1(x) + Py - rn(2)
k

1

yields the coefficients Py, Py, ..., P,, and we have

B
g b;; hj

Pnfl

(4.1)

Applying (2.8) gives us the confederate matrix for the associated polynomials as

dn B h P, . e P,

In—j n—jn—1:

&

di

(4.2)
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From this last equation we can see that the n-term recurrence relations satisfied
by the associated polynomials R are given by

k—2
~ P V- Pr_j
(7)) = (@ — dp)Fe1(z) = (gj+1bg>'<+1 khkrj(x)) - —5—To(x)
Dr+10k — ’ P,
7=0 ——
- - perturbation term
typical term as in (3.2)
(4.3)
where, in order to simplify the formulas, we introduce the notation
Pk = Gn—k+1,  Qk = Pn—k+1,
A = dn—kt1, Gk = hp_pi1s (4.4)

7 _ 3T T _ T
bk - bn—k+17 hk - gn—k+l'

We will see in a moment that the nonzero top row of the second matrix in (4.2)
introduces perturbation terms into all formulas that we derive. These perturbation
terms are the cause of the increase in quasiseparable rank by at most one.

4.2. Perturbed [EGOO05]-type recurrence relations

The previous section showed how n-term recurrence relations for a system of
(H,m)-quasiseparable polynomials change after a rank one perturbation of the
first row of the corresponding confederate matrix. This small increase in quasi-
separable rank allows construction of the desired sparse recurrence relations for
associated polynomials, as presented in the next theorem.

Theorem 4.1 (Perturbed [EGO05]-type recurrence relations). Let

R={ro(z),...,rn-1(z), P(x)}

be a system of (H, m)-quasiseparable polynomials corresponding to a (H,m)-quasi-
separable matriz of size nxn with generators {pk, qx, dk, gk, bk, hi. } as in Definition
3.1, with the convention that q, = 0,b, = 0. Then the system of polynomials R
associated with R satisfy the recurrence relations

FQ(.T) 0

ro(x) P,
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Fi(z) Peds|  OF — Qx| Gr Fi_1(z)
1
B ﬁk"rl(’]\k
L TR(z) | Pk hi z — dj | L 7@ ]

typical terms

1
+ = (4.6)
Pk+19k

[ Pk |

perturbation term

with the vector of auxiliary polynomials ﬁk (z), and the coefficients P,k =0,...,n
are as defined in (1.3).

Proof. The recurrence relations (4.6) define a system of polynomials which satisfy
the n-term recurrence relations

?k(x) = (akx — a;.c_Lk) . ?k_l(x) — ak_g)k . 7/“\;9_2(]:) — s = aoﬂk . 7/“\0(1‘) (4.7)
for some coefficients oy, ax—1,-..,a0,k. The proof is presented by showing that

these n-term recurrence relations in fact coincide exactly with (4.3), so these co-
efficients coincide with those of the n-term recurrence relations of the associated
polynomials R; that is,

1 1 ~ 1 o~y P,
o= =——=, Qk-1k==—0dk, Q=== (g1blxkhk e )
Dk+1qk Dr+1Gk Dk+1k ’ P, (4.8)

~ /\X - -
mgj+lbj+1’khka J=1...,k=2

aj k=

)

Using relations for 7 (z) and Fy_1(z) from (4.6), we have
1

Pr(z) = —— | (& — dp)Pe_1(2) — Gr1 haPr_a ()
Pr+414k (4.9)
PP Py i .
+ Dk—1hy b1 Fr—2(x) + ro(x)|.

n

Notice that again using (4.6) to eliminate ﬁk_g(.’l,‘) from the equation (4.9) will
result in an expression for 7 (z) in terms of 7x_1(z), Tk—2(x), Tr—3(z), Fr_3(x),
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and 7p(z) without modifying the coefficients of 7,1 (z), Fr_2(z), or 7o(z). Again
applying (4.6) to eliminate Fy_s(z) results in an expression in terms of 7j_1 (),
Tp—2(x), T—3(x), Tk—a(x), ﬁk,4(m), and 7o (x) without modifying the coefficients of
Tr—1(x), Tr—2(x), Tr—3(x), or 7o(z). Continuing in this way, the n-term recurrence
relations of the form (4.7) are obtained without modifying the coefficients of the
previous ones.

Suppose that for some 0 < j < k — 1 the expression for 7 (z) is of the form

~ 1 o~ P P
Te(r) = —— {(z —dp)Ti—1(x) — G—1hiTr—2(z) — - - (4.10)
Prk+19k

o e T
= G ) + B L) B + ()|

Using (4.6) for ﬁj(x) gives the relation

~ 1 R ~ N
Fj(z) = =—— (Pijngjq(x) - ngjTTj—1($)) (4.11)
Pj+14;5
Inserting (4.11) into (4.10) gives
. 1 ~ o
Tr(r) = —— [(33 —dp)Tk—1(x) — Gr—1hTr—2(x) — - - (4.12)
Pr+14k

5 ";k ?O(I)] .

Therefore since (4.9) is the case of (4.10) for j = k — 2, (4.10) is true for each
j=k—2k—3,...,0, and for j = 0, using the fact that Fy = 0 we have

~T PN ~T 7 T~
S = Gibl T () + Pk (07 ) Fjoa(x) +

Pr(z) = —— [(a: — d) 1 (2) — Grr hiTr—a () — - -
Pk+14k (4 13)

Pnfk/\ ’
m(ac)]

Since these coefficients coincide with those in (4.8) that are satisfied by the associ-
ated polynomials, the polynomials given by (4.6) must coincide with the associated
polynomials. This proves the theorem. (Il

co = by o () +

n

4.3. Known special cases of these more general recurrence relations

In this section, recurrence relations valid for the class of polynomials associated
with (H, m)-quasiseparable polynomials were derived. Such are needed to provide
a Traub-like algorithm. We next demonstrate that these more general recurrence
relations reduce as expected in the classical cases. That is, since monomials and real
orthogonal polynomials are themselves (H, m)-quasiseparable, the above formulas
are valid for those classes as well, and furthermore, the special cases of these
formulas are, in fact, the classical formulas for these cases.

Example 4.2 (Classical Traub case: monomials and the Horner polynomials). As
shown earlier, the well-known companion matrix (2.5) results when the polynomial
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system R is simply a system of monomials. By choosing the generators pr = 1, g, =
1,dr = 0,gx, = 1,bx = 1, and hg = 0, the matrix (4.1) reduces to (2.5), and also
(4.2) reduces to the confederate matrix for the Horner polynomials (2.7). In this
special case, the perturbed three-term recurrence relations of Theorem 4.1 become

Po(z) = P, Tu(@) = 2F_1() + Pacr, (4.14)

after eliminating the auxiliary polynomials present, coinciding with the known
recurrence relations for the Horner polynomials, used in the evaluation of the
polynomial

P(z) = Po+ Prz+--- 4 Ppaz”" ' + Pya” (4.15)

Example 4.3 (Calvetti-Reichel case: Real orthogonal polynomials and the Clen-
shaw rule). Consider the almost tridiagonal confederate matrix

Cdi e [0 - 0 PPy T
@ do  hg - ; —P/P,
op(py=| 0 @ P 0 : . (416)
0 0 [g dy K —P,_3/P,
N T °s . . hn—Pn,Q/Pn
L 0 0 0 dn—1 dn_ nfl/Pn_

The corresponding system of polynomials R satisfy three-term recurrence relations;
for instance, the highlighted column implies

r3(x) = l(:U —d3)ra(z) — @ﬁ (x) (4.17)
q3 qs
by the definition of the confederate matrix. Thus, confederate matrices of this form
correspond to systems of polynomials satisfying three-term recurrence relations,
or systems of polynomials orthogonal on a real interval, and the polynomial P(x).
Such confederate matrices can be seen as special cases of our general class by
choosing scalar generators, with pr = 1,b; = 0, and g = 1, and in this case the
matrix (4.1) reduces to (4.16).
With these choices of generators, applying Theorem 4.1 and eliminating the
auxiliary polynomials yields the recurrence relations

1 R n— N 1
(@ = dp )P (@) = Mg B () +

Pox (4.18)
dn—k dn—k qn—k

ri(z) =
which coincides with the Clenshaw rule for evaluating a polynomial in a real or-

thogonal basis, i.e., of the form
P(x) = Po’l"o(x) + P1T1($> + -+ Pn_lrn_l(a:) + Pnrn(:zj) (419)

By the discussion of pertransposition in Section 2, recurrence relations for the
system of polynomials associated with real orthogonal polynomials can be found
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by considering the confederate matrix

-dn_Pnfl/Pn hn_Pn72/Pn _Pn—3/Pn _Pl/Pn _PO/Pn_
dn—1 dn—l hn—l . ;
0 n— dn— P — 0
Cr(P) = n—2 2 2
0 0 Gn—3 dn—3
N T .'. .'. T h2
L 0 0 0 Q di |
(4.20)

obtained by pertransposition of (4.16). Note that the highlighted column corre-
sponds to the full recurrence relation

~ 1 ~ hn—l ~ 1 Pn—3 ~
r3(z) = T —dp_o)ra(x) — T) + ro(x 4.21

3(x) qn,g( 2)72(z) s 1(z) s L, o(z) (4.21)
Thus our formula generalizes both the Clenshaw rule and the algorithms designed
for inversion of three-term-Vandermonde matrices in [7] and [14].

5. Computing the coefficients of the master polynomial

Note that in order to use the recurrence relations of the previous section it is
necessary to decompose the master polynomial P(x) into the R basis; that is, the
coefficients Py, as in (1.3) must be computed. To this end, an efficient method of
calculating these coefficients follows.

It is easily seen that the last polynomial r,,(x) in the system R does not affect
the resulting confederate matrix Cr(P). Thus, if

R = {'ro(x), - ,Tn_l(l‘), Z’Tn—l(x)}a

we have Cg(P) = Cz(P). Decomposing the polynomial P(x) into the R basis can

be done recursively by setting rﬁ?’ () = 1 and then for k =0,...,n — 1 updating

P (@) = (2 = apg1) i (@),

The following lemma gives this procedure, and is from [23].
Lemma 5.1 ([23]). Let R = {ro(x),...,rn(z)} be given by (1.2), and f(x) =
Zf:l a; -ri(z), where k <n—1. Then the coefficients of x - f(x) = Zf:ll b - ri(x)
can be computed by

bo ag
b Qg
Cr(ry 0
bry1 | = 0 R( 0) T | 0 0 (5.1)
0 an 0
. 0 - . 0 -
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Proof. Tt can be easily checked that

v [ role) @) - rale) ]
—[rol) r(z) - ralx) ] 0 CR(T(;L) a% |8
:[0 e 0 zerp(x) ]

Multiplying the latter equation by the column of the coefficients we obtain (5.1).
O

This lemma suggests the following algorithm for computing coefficients
{Po, Pl, ey Pnfl, Pn} in

[1 (@ = 2x) = Poro(z) + Puri(@) + -+ + Po_ara_1(x) + Parn (). (5.2)
k=1

of the master polynomial.

Algorithm 5.2 (Coefficients of the master polynomial in the R basis).

Cost: O(n x m(n)), where m(n) is the cost of multiplication of an n x n quasisep-
arable matriz by a vector.

Input: A quasiseparable confederate matriz Cr(r,) and n nodes x=(x1,%2,...,Zy).

1. Set [ pO ... p® po ] =[1 0 - 0]
2. Fork=1:n,
k k—1
Pé ) pé )
: Cale - rai(@) | 0 } ) :
N = _xk .I . ._
P®, ([ 0 -~ 0 1 |0 pl=
PP pik=

where R = {ro(x),...,mn-1(z),2r_1(2)}.

Output: Coefficients {Py, Py, ..., Pan_1, Py} such that (5.2) is satisfied.

It is clear that the computational burden in implementing this algorithm is
in multiplication of the matrix Cz(r,) by the vector of coefficients. The cost of
each such step is O(m(n)), where m(n) is the cost of multiplication of an n x n
quasiseparable matrix by a vector, thus the cost of computing the n coefficients is
O(n x m(n)). Using a fast O(n) algorithm for multiplication of a quasiseparable
matrix by a vector first derived in [9] (or its matrix interpretation of [4]), the cost
of this algorithm is O(n?).
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6. The overall Traub-like algorithm

6.1. Quasiseparable generator input

The main algorithm of this section is the Traub-like algorithm that outputs the
inverse of a (H, m)-quasiseparable-Vandermonde matrix. It takes as input the gen-
erators {px, gk, di, gk, bk, hi } of the (H, m)-quasiseparable confederate matrix cor-
responding to the system of polynomials R.

In this algorithm we will make use of MATLAB notations; for instance V3 (i :
Jr k : 1) will refer to the block of V(z) consisting of rows i through j and columns
k through . For each node z we have a vector of auxiliary polynomials Fg(zx).

Let us compose a matrix of such vectors [F(21)] - - [Fz(2n)] and denote it as Fy
on each step.

Algorithm 6.1 (Traub-like inversion algorithm).
Cost: O(n?) operations.
Input: Generators {pk, qx, di, gk, bk, hi.} of a quasiseparable confederate matriz cor-

responding to a system of polynomials R and n nodes © = (x1,%2,...,ZTn).
n

1. Compute the entries of diag(cy, ..., c,) via (2.2): ¢; = 1_[(901C — ;)L
e
2. Compute the coefficients {Py,...,P,} of the master polynomial P(x) as in
(1.3) via Algorithm 5.2.

3. FEvaluate the n polynomials Ofﬁ specified via (2.8) at the n nodes xy, to form
Va(x). Theorems 4.1 provides an algorithm for this.

i 0 --- 0
(a) Set Va(,1) =P, | . |, F= :
1 0 0
(b) Fork=1:n—1, compute
Il 1 1
1 —— To —~ 1 1
Vs k+1) = —— | DeFrhe + D —dk |, Vsl k) + P,_
R( ) Pr+14k RERT : ’ : R( ) : :
Ty 1 1
and
1 e
Fa(ih+1) = —— (p 0T Fr — il Vs :,kT)
al( ) eiaae \PRkbL Fr = gy )
Note: The product of two column vectors is understood to be componen-
twise.

4. Compute the inverse Vg(x)™1 via (2.1):
Ve(x) ™t =1-VE(z)-diag(cy,. .., cn)

Output: Entries of Vr(x)™!, the inverse of the polynomial-Vandermonde matrix.
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6.2. Recurrence relation coefficient input

The previous section provides the Traub-like algorithm, which takes as input the
generators of the (H, m)-quasiseparable polynomials involved in forming the quasi-
separable-Vandermonde matrix. However, as in the motivating cases of real orthog-
onal polynomials and Szeg6 polynomials, problems may be stated in terms of the
coefficients of the involved recurrence relations instead of in terms of generators.

In this section, we present a result allowing conversion from the language of
recurrence relation coefficients to that of quasiseparable generators. Applying this
conversion as a preprocessor, the algorithm of the previous section can then be
used for problems stated in terms of recurrence relation coefficients.

Theorem 6.2 (Recurrence relations coefficients = quasiseparable generators). Let
R = {ri(x)}}_, be a system of polynomials satisfying the [EGOO05]-type two-term
recurrence relations (3.4):

(@] fo o (B ]

Then the (H,m)-quasiseparable matriz

Cgr(ry) = (6.1)
(=% —(£)12b —02f —Eya030281 -+ =3 Ynan10m 2+ azasf ]
i —& —5302  —gmesfe o~ mn10n_2 - azfs

0 -
0 3 -5 — 57403 : — 5 YnCn—1 -1l

1 0 :
0 0 % — s

1
. : . . ‘ _5_n’yn/8n71
1 0
L O U O 0 On_1 _5n J

with generators
dk‘r:_(ek/(sk)7 (k:17~-'7n>7 pk+1qk:(1/5k)’ (kzl?--~7n_1)a

C e J-[ & ] G=t..n-1

b = oF , (k=2,...,n—1),

H ;H (k=2,....n)
k

s a confederate matriz for the system of polynomials R.
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Proof. Inserting the specified choice of generators into the general n-term recur-
rence relations (3.2), we arrive at

rk(2) = 0k + O)rr—1(2) + Y Br—17k—2(x) + Yek—1Bk—27K—3(2)

6.2
+ Yep—10k—28k—3Tk—a(T) + -+ - + YpQp—1 - - - xS0 () (6.2)

It suffices to show that the polynomial system satisfying the two-term recurrence
relations also satisfies these n-term recurrence relations. Beginning with

ri(z) = (0px 4 Ok)ri—1(2) + V£ Fr—1(x) (6.3)
and using the relation Fjy_1(x) = ag—1Fr—2(x) + Br—17k—2(x), (6.3) becomes
ri(x) = (0px + Ok)Tr—1(2) + Ve Br—1Tk—2(x) + Vep—1Fr—2(x)

and continuing this procedure to obtain n-term recurrence relations. It can easily
be checked that this procedure yields exactly (6.2). O

7. Numerical Experiments

The numerical properties of the Traub algorithm and its generalizations (that are
the special cases of the algorithm proposed in this paper) were studied by different
authors. It was noticed in [16] that a modification of the classical Traub algorithm
of [28] can yield high accuracy in certain cases if the algorithm is preceded with
the Leja ordering of the nodes; that is, ordering such that

k—1 k—1

o1 = max ], H ok — ] = max H |z — x|, k=2,...,n—1
Jj=1 j=1

(see [26], [19], [24]) It was noticed in [16] that the same is true for Chebyshev-

Vandermonde matrices.

No error analysis was done, but the conclusions of the above authors was
that in many cases the Traub algorithm and its extensions can yield much better
accuracy than Gaussian elimination, even for very ill-conditioned matrices.

We made our preliminary experiments with the proposed Traub-like algo-
rithm, and our conclusions for the most general case are consistent with the
experience of our colleagues made for special cases. The results of experiments
with the proposed algorithm yields better accuracy than Gaussian elimination.
However, our experiments need to be done for different special cases of (H,m)-
quasiseparable polynomials.

The algorithm was implemented in C using Lapack for all supplementary
matrix computations (such as matrix multiplication GEMM). For Gaussian elim-
ination we used the Lapack subroutine GESV. To estimate the accuracy of all of
the above algorithms we took the output of new Traub-like algorithm in double
precision Vg(z)~! as the exact solution.
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We compare the forward accuracy of the inverse computed by the algorithm in

single precision Vg (z)~! with respect to the inverse computed in double precision,
defined by

o= V@)™t = V(@)1

VR ()~ [|2
where Vj5(z)~! is the solution computed by each algorithm in single precision.
In the tables, New Algorithm denotes the proposed Traub-like algorithm with
Leja ordering, and GESV indicates Lapack’s inversion subroutine. Finally, cond(V)

denotes the condition number of the matrix V computed via the Lapack subroutine
GESVD.

Experiment 1. (Random choice of generators) In this experiment, the generators
we chosen randomly in (—1,1), and the nodes zj were selected equidistant on
(—1,1) via the formula

(7.1)

k
n—1

xk:—1—|—2< ) k=0,1,....n—1

We test the accuracy of the inversion algorithm for various sizes n and quasi-
separable ranks m of matrices generated in this way. Some results are tabulated
in Table 4.

Notice that the performance of the proposed inversion algorithm is an im-
provement over that of Lapack’s standard inversion subroutine GESV in this spe-
cific case. And in almost all cases relative errors are around e-7, which means that
all digits of the errors in single precision coincide with corresponding digits in
double precision. There are occasional examples in which the proposed algorithm
can lose several decimal digits, but it still outperforms Gaussian elimination.

Experiment 2. (l-recurrent polynomials) In this experiment we consider l-recurrent
polynomials

re(r) = (apr—ap—1,k) Th—1(T) —ar—2,k Th—2(T) = —ap_—1)k Th—q-1) () (7.2)
by choosing coefficients of (7.2) randomly in (—1, 1), and the nodes z) equidistant
on (—1,1).

We test the accuracy of the inversion algorithm for various sizes n and number
of terms [. We remind the reader that quasiseparable rank of polynomials given
by (7.2) is [ — 2. Table 4 presents some results generated in this way.

8. Conclusions

In this paper we extend the previous work in the area of fast Traub-like inver-
sion algorithms to the general class of (H, m)-quasiseparable-Vandermonde matri-
ces. This generalizes results for Vandermonde, three-term-Vandermonde, Szegt—
Vandermonde, and (H, 1)-quasiseparable-Vandermonde matrices. Exploiting the
quasiseparable structure yields sparse recurrence relations which allow the desired
computational speedup, resulting in a fast O(n?) algorithm as opposed to Gaussian
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TABLE 4. Random generators on (—1,1). Equidistant nodes on (—1,1).

‘ n ‘ m ‘ cond(V) H GESV ‘ New Algorithm ‘
10 | 1 | 1.8e4+007 || 1.5e-006 1.4e-006
2 | 5.6e+007 || 4.6e-005 5.4e-007
20| 1 | 2.2e4+020 || 5.9¢-001 5.0e-007
2 | 1.6e+019 || 2.6e+000 1.9e-007
3 | 1.0e+021 || 5.6e-002 2.3e-006
4 | 6.1e+020 || 2.8e+000 5.5e-006
30| 1 | 7.2e4029 || 1.2e4-000 2.6e-006
2 | 3.4e+025 || 9.2e-001 2.7¢-006
3 | 2.9¢+029 || 1.0e4-000 2.0e-006
4 | 7.5e+026 || 1.0e4-000 1.5e-006
5 | 5.0e+024 || 1.0e+000 1.4e-006
6 | 2.5e+026 || 1.0e4-000 5.1e-007
40 | 1 | 2.1e+034 || 1.0e+000 1.6e-005
2 | 3.3e+033 || 1.0e+000 1.9e-006
3 | 4.1e+029 || 1.0e+000 1.1e-003
4 | 4.5e+028 || 1.0e+000 3.5e-007
5 | 1.2e4031 || 1.0e-+000 7.2e-007
6 | 3.5e+032 || 1.0e4-000 3.3e-006
7 | 6.0e+027 || 1.0e+000 1.7e-004
8 | 7.8e+031 || 1.0e+000 5.0e-007
50 | 1 | 1.5e+039 || 1.0e+000 3.9e-007
2 | 3.7e+038 || 1.0e+000 7.6e-001
3 | 2.6e+041 || 1.0e4+000 4.5e-004
4 | 2.0e4+037 || 1.0e+000 3.8e-001
5 | 1.7e+037 || 1.0e+000 5.7e-007
6 | 8.0e+038 || 1.0e-+000 9.2e-005
7 | 1.7e+038 || 1.0e+000 9.3e-007
8 | 7.5e+036 || 1.0e4+000 4.7e-007

elimination, which requires O(n?) operations. Finally, some numerical experiments
were presented that indicate that, under some circumstances, the resulting algo-
rithm can give better performance than Gaussian elimination.
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TABLE 5. [-recurrent polynomials. Random coefficients on (—1,1).

‘ n ‘ l ‘ cond(V) H inv() ‘TraubQS(Leja)‘

10 9.5e+004 || 1.5e-004 1.9e-007
1.2e+006 || 7.1e-004 3.3e-007

4.3e+4-013 || 1.0e4+000 2.8e-007
2.2e+013 || 1.0e4-000 3.4e-007
1.5e4+012 || 1.0e+000 5.1e-007
4.1e+011 || 1.0e4+000 2.2e-007

4.7e+016 || 1.0e+000 4.2¢-007
1.8e+016 || 1.0e+000 3.2¢-007
3.0e+018 || 1.0e+000 4.4e-007
7.3¢+016 || 1.0e+000 4.1e-007
1.2e+017 || 1.0e+000 5.1e-007
3.6e+017 || 1.0e+000 2.8¢-007
8.9e-+017 || 1.0e+000 4.8¢-007
1.2e+020 || 1.0e+000 6.5¢-007
2.3e4+018 || 1.0e+000 8.3¢-007
2.2¢4+021 || 1.0e+000 4.5¢-007
2.4e+020 || 1.0e+000 6.8¢-007
1.8e+018 || 1.0e+000 9.7¢-007
8.9¢+019 || 1.0e+000 1.1e-006
8.6e-+020 || 1.0e+000 6.3¢-007

3.6e+018 || 1.0e4-000 2.8e-007
3.1e+019 || 1.0e4-000 2.0e-007
5.3e4+019 || 1.0e4-000 6.1e-007
7.8e4+019 || 1.0e4-000 4.8e-007
1.8e+020 || 1.0e+000 1.8e-007
3.6e4+-019 || 1.0e4-000 4.2e-007
7.0e4+-019 || 1.0e4-000 5.5e-007
2.2e4-020 || 1.0e4-000 8.5e-007
3.9e+021 || 1.0e4-000 1.8e-007
5.3e+020 || 1.0e4-000 5.3e-007

20

30

40

50

— = =
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Abstract. An O(n?) complexity algorithm for computing an e-greatest com-
mon divisor (ged) of two polynomials of degree at most n is presented. The
algorithm is based on the formulation of polynomial ged given in terms of re-
sultant (Bézout, Sylvester) matrices, on their displacement structure and on
the reduction of displacement structured matrices to Cauchy-like form orig-
inally pointed out by Georg Heinig. A Matlab implementation is provided.
Numerical experiments performed with a wide variety of test problems, show
the effectiveness of this algorithm in terms of speed, stability and robustness,
together with its better reliability with respect to the available software.
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1. Introduction

A basic problem in algebraic computing is the evaluation of polynomial ged: given
the coefficients of two univariate polynomials

n m
u(x) = Zuixl, v(z) = Zvix’,
=0 =0

compute the coefficients of their greatest common divisor g(z).
In many applications, input data are represented as floating point numbers
or derive from the results of physical experiments or previous computations, so
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that they are generally affected by errors. If u(z) and v(z) have a nontrivial ged,
it turns out that arbitrarily small perturbations in the coefficients of u(z) and v(z)
may transform w(z) and v(z) into relatively prime polynomials. Therefore, it is
clear that the concept of ged is not well suited to deal with applications where
data are approximatively known. This is why the notion of approximate gcd, or
e-ged, has been introduced. For more details on this topic we refer the reader to
[19] [7],[18], [23] and to the references therein.
We use the following definition where || - || denotes the Euclidean norm.

Definition 1.1. A polynomial g(x) is said to be an e-divisor of u(x) and v(x) if
there exist polynomials G(x) and ©(x) of degree n and m, respectively, such that
[u(z) ()| < ellu(@)l], [lv(@)—o(@)]| < ello()]| and g(z) divides a(x) and o(x).
If g(z) is an e-divisor of mazimum degree of u(x) and v(x), then it is called e-ged
of u(x) and v(zx). The polynomials p(x) = G(x)/g(x) and q(x) = v(x)/g(x) are
called e-cofactors.

Several algorithms for the computation of an approximate polynomial gcd can
be found in the literature; they rely on different techniques, such as the Euclidean
algorithm [1], [2], [12], [17], optimization methods [15], SVD and factorization of
resultant matrices [5], [4], [23], Padé approximation [3], [18], root grouping [18].
Some of them have been implemented inside numerical /symbolic packages like the
algorithm of Zeng [23] in Matlab™ and the algorithms of Kaltofen [14], of Corless
et al. [4], of Labahn and Beckermann [13] in Maple ™. These algorithms have a
computational cost of O(n®) which makes them expensive for moderately large
values of n.

Algorithms based on the Euclidean scheme have a typical cost of O(n?) but
they are prone to numerical instabilities; look-ahead strategies can improve the
numerical stability with an increase of the complexity to O(n?). More recently,
O(n?) algorithms have been proposed in [24] and [16]. They are based on the QR
factorization of a displacement structured matrix obtained by means of the normal
equations. The use of the normal equations generally squares the condition number
of the original problem with a consequent deterioration of the stability.

In this paper we present an algorithm for (approximate) ged computation
which has a cost of O(n?) arithmetic operations and, from the several numerical
experiments performed so far, results robust and numerically stable. The algo-
rithm relies on the formulation of the ged problem given in terms of the Bézout
matrix B(u,v) or of the Sylvester matrix S(u,v) associated with the pair of poly-
nomials (u,v), and on their reduction to Cauchy-like matrices by means of unitary
transforms. This kind of reduction, which is fundamental for our algorithm, was
discovered and analyzed by Georg Heinig in [10] in the case of general Toeplitz-like
matrices.

For exact gcd, where € = 0, the degree k. of the e-gcd coincides with the
nullity (i.e., the dimension of the kernel) of B(u,v) and of S(u,v), or equivalently,
with the nullity of the Cauchy matrices obtained through the reduction.
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Our algorithm can be divided into two stages. In the first stage, from the
coefficients of the input polynomials a resultant matrix (Sylvester or Bézout) is
computed and reduced to Cauchy-like form. The GKO algorithm of Gohberg,
Kailath and Olshevsky [8] for the PLU factorization is applied to the Cauchy-like
matrix obtained in this way. The algorithm relies on the pivoting strategy and on
a suitable technique used to control the growth of the generators. This algorithm
is rank-revealing since in exact arithmetic it provides a matrix U with the last
k rows equal to zero, where k is the nullity of the matrix. In our case, where
the computation is performed in floating point arithmetic with precision p and
where € > pu, the algorithm is halted if the last computed pivot a is such that
la| < ev/m + n. This provides an estimate of the value k. and a candidate ge(z)
to an e-divisor of u(x) and v(x).

In the second stage, the tentative e-divisor g.(z) is refined by means of New-
ton’s iteration and a test is applied to check that g.(z) is an e-common divisor. In
this part, the value of k. can be adaptively modified in the case where g.(z) has
not the maximum degree, or if g.(x) is not an e-divisor of u(z) and v(z).

It is important to point out that the Jacobian system, which has to be solved
at each Newton’s iteration step, is still a Toeplitz-like linear system which can be
reduced once again to Cauchy-like form and solved by means of the pivoted GKO
algorithm.

In the refinement stage we have complemented Newton’s iteration with a line
search step in order to guarantee the monotonic behavior of the residual.

The algorithm has been implemented in Matlab, tested with a wide set of
polynomials and compared with the currently available software, in particular the
Matlab and Maple packages UVGCD by Zeng [23], STLN by Kaltofen et al. [14]
and QRGCD by Corless et al. [4]. We did not compare our algorithm to the ones
of [16], [24] since the software of the latter algorithms is not available.

We have considered the test polynomials of [23] and some new additional
tests which are representative of difficult situations. In all the problems tested
so far our algorithm has shown a high reliability and effectiveness, moreover, its
O(n?) complexity makes it much faster than the currently available algorithms
already for moderately large values of the degree. Our Matlab code is available
upon request.

The paper is organized as follows. In Section 2 we recall the main tools used
in the paper, among which, the properties of Sylvester and Bézout matrices, their
interplay with ged, the reduction to Cauchy-like matrices and a modified version
of the GKO algorithm. In Section 3 we present the algorithms for estimating the
degree and the coefficients of the e-gcd together with the refinement stage based
on Newton’s iteration. Section 4 reports the results of the numerical experiments
together with the comparison of our Matlab implementation with the currently
available software.
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2. Resultant matrices and e-ged

We recall the definitions of Bézout and Sylvester matrices and their interplay with
ged.

2.1. Sylvester and Bézout matrices
The Sylvester matrix of u(z) and v(z) is the (m + n) x (m + n) matrix

Up  Up—1 - - UQ 0

Sty =| Un  Un-1 uo (1)
’ Um  Um—1 .- o 0
0 Um  Um—1 o

where the coefficients of u(z) appear in the first m rows.
Assume that n > m and observe that the rational function
u(z)o(y) — u(y)v(z)
r—y
is actually a polynomial > =1 x'~1yi=1h, ; in the variables z, y. The coefficient
matrix B(u,v) = (b; ;) is called the Bézout matrix of u(z) and v(x).
The following property is well known:

Lemma 2.1. The nullities of S(u,v) and of B(u,v) coincide with deg(g).

b({E,y) =

The next two results show how the ged of u(z) and v(z) and the corresponding
cofactors are related to Sylvester and Bézout submatrices. Recall that, for an
integer ¥ > 2 and a polynomial a(z) = 25:0 ajz’, the v-th convolution matriz
associated with a(x) is the Toeplitz matrix having [ag,...,a,,0...0]7 as its first

v—1
column and [ag, 0,...0] as its first row.
——
v—1

Lemma 2.2. Let u(x) = g(x)p(z), v(z) = g(x)q(z), then the vector [qo, - .., Gm—k,
—Po, -5 —Pn_k]T belongs to the null space of the matriz Sy = [Cu C,], where
Cy is the (m — k 4 1)-st convolution matriz associated with u(x) and C, is the
(n — k + 1)-st convolution matriz associated with v(x).

Theorem 2.3. [6] Assume that B(u,v) has rank n — k and denote by c1,...,cp

its columns. Then Ciy1,...,Cn are linearly independent. Moreover writing each ¢;
(1 <i<k) as alinear combination of cpq1,...,Cn
Cl— _hk+1ck+1—|— Z h 1=0,....k—1,
j=k+2

one finds that D(x) = dox* +dyz* =1 +- —l—dk_lm—&—dk is a ged for u(x) and v(x),
where dy, .. .,dy are given by d; = doh,€ i1 with dy € R or C.
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Moreover, we have:

Remark 2.4. Let g(z) = Zf:o gix® be the ged of u(x) and v(z), and let i(x) and
0(x) be such that u(x) = a(x)g(z), v(z) = 0(x)g(x). Then we have B(u,v) =
GB(1,9)GT, where G is the (n — k)th convolution matriz associated with g(z).
2.2. Cauchy-like matrices

An n x n matrix C is called Cauchy-like of rank r if it has the form

uiij n—1
L] ®)

fi —a,

with u; and v; row vectors of length » < n, and f; and a; complex scalars such

that f; —a; # 0 for all 4, j. The matrix G whose rows are given by the u;’s and

the matrix B whose columns are given by the v;’s are called the generators of C.
Equivalently, C' is Cauchy-like of rank r if the matrix

VeC = FC — CA", (3)

e-|

L. )
4,7=0

where F' = diag(fo,..., fn—1) and A = diag(ag, ..., an—1), has rank r. The opera-
tor V¢ defined in (3) is a displacement operator associated with the Cauchy-like
structure, and C is said to have displacement rank equal to r.

The algorithm that we now present is due to Gohberg, Kailath and Olshevsky
[8], and is therefore known as GKO algorithm; it computes the Gaussian elimina-
tion with partial pivoting (GEPP) of a Cauchy-like matrix and can be extended
to other classes of displacement structured matrices. The algorithm relies on the
following

Fact 2.5. Performing Gaussian elimination on an arbitrary matrix is equivalent to
applying recursive Schur complementation; Schur complementation preserves the
displacement structure; permutations of rows and columns preserve the Cauchy-like
structure.

It is therefore possible to directly apply Gaussian elimination with partial
pivoting to the generators rather than to the whole matrix C, resulting in increased
computational speed and less storage requirements.

So, a step of the fast GEPP algorithm for a Cauchy-like matrix C' = C; can
be summarized as follows (we assume that generators (G, By) of the matrix are
given):

I of C; from the generators.

(ii) Determine the position (say, (k,1)) of the entry of maximum magnitude in
the first column.

(iii) Let P; be the permutation matrix that interchanges the first and kth rows.

Interchange the first and kth diagonal entries of Fi; interchange the first and
kth rows of G.

(i) Use (2) to recover the first column { i
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(iv) Recover from the generators the first tow [ d;  u; | of PiCy. Now one has

the first column

1 -
17 1 of L and the first row [ di  uy ] of U in the LU
d
factorization of PC.

(v) Compute generators (Ga, Ba) of the Schur complement Cs of Py - C; as
follows:

2]

where g7 is the first row of G; and b; is the first column of B;.

1
Ll”llgh [0 32]131—b1[1 d%ul}, (4)

dy

Proceeding recursively, one obtains the factorization C; = P-L-U, where P
is the product of the permutation matrices used in the process.

Now, let
0O ... ... 0 ¢
1 0 0
Zy=1 0 1 (5)
0 0 1 0
and define the matrix operator
VT =7.T -TZ_;. (6)

An n x n matrix T having low displacement rank with respect to the operator Vp
(i.e., such that Vo = GB, with G € C"*" and B € C"™*") is called Toeplitz-like.
Sylvester and Bézout matrices are Toeplitz-like, with displacement rank 2.

Toeplitz-like matrices can be transformed into Cauchy-like as follows [10].
Here and hereafter 1 denotes the imaginary unit such that i = —1.

Theorem 2.6. Let T be an n x n Toeplitz-like matriz. Then C = ]:TDEl]:H s a
Cauchy-like matriz, i.e.,

Vp,,0.,(C) = DiC — CD_, = GB, (7)

where

1 2xf ;
= — Jen k=D@G-1)
F=mt |

is the normalized n x n Discrete Fourier Transform matrix

k,j

. onl onl _ . LA 3nl (2n71)7rZA
Dy =diag(l, e ,...,en ™ V) D_; =diag(e™,en ,....,e = ),
. LA (nfl)ﬂ'i\
Dy =diag(l,en,...,e = ),

and
G=FG, BY=FD,B". (8)
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Therefore the GKO algorithm can be also applied to Toeplitz-like matrices,
provided that reduction to Cauchy-like form is applied beforehand.

In particular, the generators (G, B) of the matrix S(u,v) with respect to the
Toeplitz-like structure can be chosen as follows. Let N = n 4+ m; then G is the
N x 2 matrix having all zero entries except the entries (1,1) and (m + 1,2) which
are equal to 1; the matrix B is 2 X N, its first and second rows are

[_u’I’L*]J ceey, UL, Uy — U0, Um—1,- -+, V1,00 + u’n]a

[_’Umf]m <oy, UL, Up — Vo, Un—1,---, UL, UQ + 'Um],

respectively. Generators for B(u,v) can be similarly recovered from the repre-
sentation of the Bézout matrix as sum of products of Toeplitz/Hankel triangular
matrices. Generators for the associated Cauchy-like matrix are computed from
(G, B) by using (8).

2.3. Modified GKO algorithm

Gaussian elimination with partial pivoting (GEPP) is usually regarded as a fairly
reliable method for solving linear systems. Its fast version, though, raises more
stability issues.

Sweet and Brent [22] have done an error analysis of the GKO algorithm
applied to a Cauchy-like matrix C. They point out that the error propagation de-
pends not only on the magnitude of the triangular factors in the LU factorization
of C (as is expected for ordinary Gaussian elimination), but also on the magnitude
of the generators. In some cases, the generators can suffer large internal growth,
even if the triangular factors do not grow too large, and therefore cause a corre-
sponding growth in the backward and forward error. Experimental evidence shows
that this is the case for Cauchy-like matrices derived from Sylvester and Bézout
matrices.

However, it is possible to modify the GKO algorithm so as to prevent gen-
erator growth, as suggested for example in [21] and [9]. In particular, the latter
paper proposes to orthogonalize the first generator before each elimination step;
this guarantees that the first generator is well conditioned and allows a good choice
of a pivot. In order to orthogonalize G, we need to:

— QR-factorize G, obtaining G = GR, where G is an n X r column orthogonal
matrix and R is upper triangular;

— define new generators G = G and B = RB.

This method performs partial pivoting on the column of C' corresponding to
the column of B with maximum norm. This technique is not equivalent to complete
pivoting, but nevertheless allows a good choice of pivots and effectively reduces
element growth in the generators, as well as in the triangular factors.
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3. Fast e-gcd computation

3.1. Estimating degree and coefficients of the e-gcd

We first examine the following problem: find a fast method to determine whether
two given polynomials u(x) and v(z) have an e-divisor of given degree k. Through-
out we assume that the input polynomials have unitary Euclidean norm.

The coefficients of the cofactors p(z) and g(x) can be obtained by applying
Lemma 2.2. Once the cofactors are known, a tentative gcd can be computed as
g(z) = u(x)/p(x) or g(x) = v(x)/q(x). Exact or nearly exact polynomial division
(i.e., with a remainder of small norm) can be performed in a fast and stable way
via evaluation/interpolation techniques (see [3]), which exploit the properties of
the discrete Fourier transform.

Alternatively, Theorem 2.3 can be employed to determine the coefficients of
a ged; the cofactors, if required, are computed as p(x) = u(z)/g(z) and ¢(z) =
v(@)/g(x).

The matrix in Lemma 2.2 is formed by two Toeplitz blocks and has displace-
ment rank 2 with respect to the straightforward generalization of the operator V
defined in (6) to the case of rectangular matrices. We seek to employ the modified
GKO algorithm to solve the system that arises when applying Lemma 2.2, or the
linear system that yields the coefficients of a ged as suggested by Theorem 2.3.

In order to ensure that the matrices F' and A defining the displacement
operator V¢ associated with the reduced matrix have well-separated spectra, a
modified version of Theorem 2.6 is needed. Observe that a Toeplitz-like matrix T
also has low displacement rank with respect to the operator Vyz, z,(T) = Z1T —
T - Zy, for any 0 € C, |0| = 1. Then we have:

Theorem 3.1. Let T' € C™*"™ be a Toeplitz-like matriz, satisfying
Vzi,2,(T)=2T-TZy =GB,

where G € C"**, B € C**™ and Z1, Zy are as in (5). Let N = lem (n,m). Then
C = F,TDyFy, is a Cauchy-like matriz, i.e.,

Vp,.0,(C) = D,C —CDy =GB, (9)

where F,, and F, are the normalized Discrete Fourier Transform matrices of order
n and m respectively,

Dy =0-Ds,

A~

>

27

D = diag(1,eNm eNm, ...)

D, = diag(1, 623Z7 e 62%'2(71_1))

and G = F,G, BH = 7, DB

—>

The optimal choice for 6 is then § = e~ .
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The ged and cofactors obtained from Lemma 2.2 or Theorem 2.3 can be
subsequently refined as described in the next section. After the refining step, it is
easy to check whether an e-divisor has actually been computed.

We are left with the problem of choosing a tentative gcd degree k.. A pos-
sibility is to employ a bisection technique, which requires to test the existence of
an approximate divisor log, n times and therefore preserves the overall quadratic
cost of the method.

Alternatively, a heuristic method of choosing a tentative value for k. can
be designed by observing that, as a consequence of the properties of resultant
matrices presented in Section 2.1, the choice of a suitable k. is mainly a matter of
approximate rank determination, and the fast LU factorization of the Sylvester or
Bézout matrix might provide reasonably useful values for k..

Observe that the incomplete fast LU factorization computes a Cauchy-like
perturbation matrix AC such that C' — AC has rank n — k. If a is the last pivot
computed in the incomplete factorization, then as a consequence of Lemma 2.2 in
9], la] < [|AC]).

Now, let u(x) and ve(x) be polynomials of minimum norm and same degrees
as u(x) and v(z), such that u+u, and v+ v, have an exact ged of degree k. Assume
luell2 < € and ||ve||2 < €. Let C¢ be the Cauchy-like matrix obtained via Theorem
2.6 from the Sylvester matrix S, = S(uc,ve). Then C + C. has rank n — k, too.

If we assume that ||AC||3 is very close to the minimum norm of a Cauchy-like
perturbation that decreases the rank of C' to n — k, then we have

la] < JACl2 < [|Cell2 = [|Sell2 < evn +m, (10)

where the last inequality follows from the structure of the Sylvester matrix. There-
fore, if |a| > €/v/n + m, then u(z) and v(z) cannot have an e-divisor of degree k.
This gives an upper bound on the e-gcd degree based on the absolute values of the
pivots found while applying the fast Gaussian elimination to C'. The same idea
can be applied to the Bézout matrix.

This is clearly a heuristic criterion since it assumes that some uncheckable
condition on ||AC]|y is satisfied. However, this criterion seems to work quite well
in practice. When it is applied, the gcd algorithm should check whether it ac-
tually provides an upper bound on the gcd degree. We use this criterion for the
determination of a tentative gcd degree in our implementation of the algorithm.
In fact, experimental evidence shows that this criterion is usually more efficient
in practice than the bisection strategy, though in principle it does not guarantee
that the quadratic cost of the overall algorithm is preserved.

3.2. Refinement

Since the computed value of k. is the result of a tentative guess, it might happen
in principle that the output provided by the algorithm of Section 3.1 is not an
e-divisor, is an e-divisor of lower degree, or is a poor approximation of the sought
divisor. In order to get rid of this uncertainty, it is suitable to refine this output
by means of an ad hoc iterative technique followed by a test on the correctness
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of the e-degree. For this purpose we apply Newton’s iteration to the least squares
problem defined by

Chg —u
Cig—v

F(z):[ ] z= E , (11)

where the Euclidean norm of the function F(z) is to be minimized. Here, in bold-
face we denote the coefficient vectors of the associated polynomials. The matrices
C, and C, are convolution matrices of suitable size associated with the polynomials
p(z) and ¢(z) respectively.

The Jacobian matrix J associated with the problem (11) has the form

_ (G C O
J<Cq 0 Cg>7 (12
where each block is a convolution matrix associated with a polynomial; C,, is of size
(n+1)x (k+1), Cyis (m+1) x (k+1), C4 in the first block row is (n+1) x (n—k+1)
and C, in the second block row is (m + 1) x (m — k 4 1). This Jacobian matrix,

however, is always rank deficient, because of the lack of a normalization for the
ged.

Remark 3.2. Under the hypotheses stated above, the Jacobian matriz (12) computed
at any point z = [gT —pT  — q|T is singular. Moreover, the nullity of .J
is 1 4f and only if p(x), q(z) and g(x) have no common factors. In particular,
if z is a solution of F(z) = 0 and g(x) has maximum degree, i.e., it is a gcd,
then J has nullity one and any vector in the null space of J is a multiple of
w=[gl —pT —qT), where p(x) and q(x) are cofactors.

In order to achieve better stability and convergence properties, we force the
Jacobian to have full rank by adding a row, given by w”. Nevertheless, it can
be proved, by relying on the results of [20], that the quadratic convergence of
Newton’s method in the case of zero residual also holds, in this case, with a rank
deficient Jacobian. This property is useful when the initial guess for k. is too small,
since in this case the rank deficiency of the Jacobian is unavoidable.

The new Jacobian J = [(“‘IIT)} is associated with the least squares problem

F(z)
lellz=lIplI*—llall>— K
of wT as an additional row helps to ensure that the solution of each Newton’s step

zj11 =2, — J(2;)  F(z,) (13)

that minimizes F(z) = [( )} , where K is a constant. The choice

is nearly orthogonal to ker J. Here J (z;) is the Moore-Penrose pseudoinverse of
the matrix .J (z;). For ease of notation, the new Jacobian will be denoted simply
as J in the following.

The matrix J has a Toeplitz-like structure, with displacement rank 5. We
propose to exploit this property by approximating the solution of each linear least
squares problem

Jn; =F(z;), nj =12;— 211
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via fast LU factorization still preserving the quadratic convergence of the modified
Newton’s iteration obtained in this way.

We proceed as follows:

— Compute the factorization J = LU, where J € CN*M [ ¢ CVN*N and
U € CN*M _For the sake of simplicity, we are overlooking here the presence
of permutation matrices due to the pivoting procedure; we can assume that
either J or the vectors ; and x; = F (z;) have already undergone appropriate
permutations.

Consider the following block subdivision of the matrices L e U, where the
left upper block has size M x M:

P ETIL R

Lo \ 1 0
(@) Lyt o
Analogously, let x; = |—/5—| and observe that L™ = =
x§ ) —LoL7 | 1
— Let y; = Ll_lxg.l). If Uy is nonsingular, then compute w; as solution of

Uyw; = y;. Else, consider the block subdivision

| Ui | Upo _ wil) _ y'Y
U= 0 0 7Wj——w‘§§r,}’j——y‘§§ra

such that Up; is nonsingular; set all the entries of w§.2) equal to zero, and

compute wgl) as solution of Uuwgl) = ygl)

— If J is rank deficient, find a basis for I = ker J.

— Subtract from w; its projection on K, thus obtaining a vector x;. This is
the vector that will be used as approximation of a solution of the linear least
squares system in the iterative refinement process.

Let R be the subspace of CV spanned by the columns of J. We have
CN=RoR" (14)

Let x; = a; + G be the decomposition of x; with respect to (14), i.e., we have
a; €ER and ﬁj eR*.

The Moore-Penrose pseudoinverse of J acts on x; as follows: J Tozj is the
preimage of a;; with respect to J and it is orthogonal to I = ker J, whereas J T/Bj
is equal to zero.

The LU-based procedure, on the other hand, acts exactly like J on aj,
whereas the component [3; is not necessarily sent to 0. Therefore, x; is the sum of
n; and of the preimage of 8; with respect to the LU decomposition.

In a general linear least squares problem, there is no reason for |5,z to be
significantly smaller than ||x;||2. In our case, though, the Taylor expansion of F(z)
yields:

0= F(z") = F(z;) — J(z;)e; + O(|le;3), (15)
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where ¢; = z; — z* and z* is such that F(z*) = 0. It follows from (15) that
x; = J(zj)ej + O(|l¢;]|3). Since J(z;)e; € R, we conclude that ||3;]]2 = O(||¢;|3).
Therefore, Newton’s method applied to the iterative refinement of the polynomial
ged preserves its quadratic convergence rate, even though the linear least squares
problems (13) are treated using via the LU factorization of the Jacobian.

The iterative process ends when at least one of the following criteria is sat-
isfied:

1. the residual (that is, the Euclidean norm of the function F(z)) becomes
smaller than a fixed threshold,
. the number of iteration reaches a fixed maximum,
3. the residual given by the last iteration is greater than the residual given by
the previous iteration.

[\

The purpose of the third criterion is to avoid spending computational effort on
tentative gcds that are not in fact suitable candidates. However, its use with New-
ton’s method may pose some difficulties, because it is generally difficult to predict
the global behaviour of this method; in particular, it might happen that the resid-
ual does not decrease monotonically. The usual way to overcome this obstacle is to
use instead a relaxed version of Newton that includes a line search. More precisely,
instead of the iteration (13) one computes

241 = 2; — ;. (2;) F(z;), (16)
where o; is chosen — using a one-dimensional minimization method — so as to
approximately minimize the norm of F (z).

The drawback of this technique is that it slows down convergence: the qua-
dratic convergence that was one of the main interesting points of Newton’s method
is lost if one consistently performs iterations of the type (16). For this reason we
employ here a hybrid method: At each step, the algorithm evaluates the descent
direction J(z;)" F(z;) and checks if a pure Newton step (that is, (16) with a; = 1)
decreases the residual. If this is the case, then the pure Newton step is actually
performed; otherwise, o; and subsequently z;y; are computed by calling a line
search routine. In this way, most of the optimization work is still performed by
pure Newton iterations, so that the overall method remains computationally cheap;
the line search, called only when necessary, is helpful in some difficult cases and
ensures that the method has a sound theoretical basis.

3.3. The overall algorithm
Algorithm Fastged
Input: the coefficients of polynomials u(x) and v(x) and a tolerance e.

Output: an e-ged g(x); a backward error (residual of the ged system); possibly
perturbed polynomials 4(z) and 9(x) and cofactors p(z) and g(z).

Computation:

— Compute the Sylvester matrix S associated with u(z) and v(z);
— Use Lemma 2.6 to turn S into a Cauchy-like matrix C;
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— Perform fast Gaussian elimination with almost complete pivoting on C'; stop
when a pivot a such that |a| < €/y/n + m is found; let ky be the order of the
not-yet-factored submatrix U that has a as upper left entry;

— Choose k = kg as tentative gcd degree;

— Is there an e-divisor of degree k7 The answer is found as follows:

— find tentative cofactors by applying the modified GKO algorithm to the
system given by Lemma 2.2,

— compute a tentative gcd by performing polynomial division via evalua-
tion/interpolation,

— perform iterative refinement and check whether the backward error is
smaller than e;

— If yes, check for k+1; if there is also an e-divisor of degree k+1, keep checking
for increasing values of the degree until a maximum is reached (i.e., a degree
is found for which there is no e-divisor);

— If not, keep checking for decreasing values of the degree, until an e-divisor
(and ged) is found.

Observe that a slightly different version of the above algorithm is still valid
by replacing the Sylvester matrix with the Bézout matrix. With this replacement
the size of the problem is roughly reduced by a factor of 2 with clear computational
advantage.

It should also be pointed out that the algorithm generally outputs an approx-
imate ged with complex coefficients, even if u(z) and v(z) are real polynomials.
This usually allows for a higher ged degree or a smaller backward error.

4. Numerical experiments

The algorithm Fastged has been implemented in Matlab and tested on many poly-
nomials, with satisfactory results. Some of these results are shown in this section
and compared to the performance of other implemented methods that are found
in the literature, namely UVGCD by Zeng [23], STLN by Kaltofen et al. [14] and
QRGCD by Corless et al. [4]. Matlab experiments with Fastged and UVGCD are
performed using version 7.5.0 running under Windows; we use here the P-code for
UVGCD contained in the Apalab toolbox.

It must be pointed out that comparison with the STLN method is not
straightforward, since this methods follows an optimization approach, i.e., it takes
two (or more) polynomials and the desired ged degree k as input, and seeks a per-
turbation of minimum norm such that the perturbed polynomials have an exact
ged of degree k. Moreover, the algorithms UVGCD and STLN do not normalize the
input polynomials, whereas QRGCD and Fastgcd do; therefore all test polynomials
are normalized (with unitary Euclidean norm) beforehand.

In the following tests, we generally display the residual (denoted as “res”)
associated with the ged system (recall that the residual is defined here as the
Euclidean norm of the function F(z) and it may slightly differ from the residual as
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defined by other authors). In some examples, where a nearly exact ged is sought,
we report the coefficient-wise error on the computed ged (denoted as “cwe”), since
the “correct” gcd is known.

4.1. Badly conditioned polynomials
The test polynomials in this section are taken from [23]. The polynomials in the
first example are specifically chosen so that the ged problem is badly conditioned.

Example 4.1. Let n be an even positive integer and k = n/2; define p, = u,v,
and ¢, = upw,, where

k k
u, = [[l(@ = r10y)? + 7167, v = [[l(& — ra0y)? +r353],
j=1 j=1
- gm g
Wy, = 'lgrl[(x—rlaj)2+rfﬂ?}, Qj = oS o B; = sin ot
]:

for 1 = 0.5 and ro = 1.5. The roots of p, and q, lie on the circles of radius ry
and ry.

The following table shows the coefficient-wise errors given by the examined
gcd methods as n increases.

n Fastged UVGCD QRGCD

10 | 6.44 x 10713 324 x 10713 1.57 x 10~12
121523 x 10712 1.40%x 1072 328 x10~*

14| 179 x 1071 227 x 10711 (%)
16 | 5.27 x 10710 4.41 x 107! (%)
18| 6.11 x 107  3.63 x 10710 (%)

(*) Here QRGCD fails to find a ged of correct degree.

In this case, there are no substantial differences between the (good) results
provided by Fastged and by UVGCD, while QRGCD outputs failure for very ill-
conditioned cases. It should be pointed out, however, that the results given by
UVGCD vary between trials, which makes comparisons more difficult.

In the following test, the gcd degree is very sensitive to the choice of the
tolerance e.

Example 4.2. Let

10 10
p(@) = [[@—=),  al@) =][@-a;+107),

with x; = (—1)7(j/2). The roots of p and q have decreasing distances 0.1, 0.01,
0.001, etc.
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The table shows, for several values of the tolerance, the corresponding ged
degree and residual found by Fastged and UVGCD. Fastged gives better results,
since it generally finds gcds of higher degree. The algorithm QRGCD, on the
contrary, outputs failure for all values of ¢ smaller than 1072,

€ Fastged UVGCD

deg res deg res
1072 |9 0.0045 9 0.0040
1073 |8 2.63x107* | 8 1.72 x 1074
10747 9.73 x 107 | (%)
1076 |6 2.78x 1077 | 1 3.34 x 10716
1077 |5 8.59x 1077 | 1 3.34 x 10716

(*) Here UVGCD outputs the same result as above
due to a different definition of residual.

It is interesting to observe that for ¢ < 107%, UVGCD computes a common
e-divisor which does not have the maximum degree, while Fastged always provides
an e-divisor of higher degree.

We have also studied this example using the STLN method, though the em-
ployed approach is entirely different. The following table shows the residuals com-
puted by STLN for several values of the degree.

deg gcd | res H deg ged | res

9 5.65x 1073 || 6 2.58 x 1077
8 244 x107% | 5 6.34 x 1079
7 1.00 x 107° || 4 1.20 x 1010

4.2. High gcd degree

In this example, also taken from [23], the ged has a large degree.

Example 4.3. Let p, = u,v and g, = uy,w, where v(z) = Zf’:o 2 and w(z) =
Zﬁzo(fx)j are fixed polynomials and u, is a polynomial of degree n whose coef-
ficients are random integer numbers in the range [—5,5].

The following table shows the residuals and the coefficient-wise errors on the

computed gcd for large values of n. Here, Fastged and UVGCD perform similarly
while QRGCD provides a worse coefficient-wise error.

n Fastged UVGCD QRGCD
res cwe res cwe cwe
50 | 2.97x 10716 5.04x 10716 | 243 x 10716 832 x 10716 | 1.72 x 10712
100 | 2.91 x 10716 141 x1071%|1.83x 10716 777 x 10716 | 4.80 x 108
200 | 5.08 x 10716 7.29x 10715 | 1.72x 1071 9.99 x 10716 | 2.39 x 10~ 11
500 | 4.04 x 107 3.12x 10715 | 210 x 107 1.35x 10714
1000 | 3.98 x 10716 328 x 10715 | 2.26 x 10716 1.67 x 10715
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4.3. Unbalanced coefficients

This is another example taken from [23].

Example 4.4. Let p = uv and g = vw, where v(x) and w(z) are as in Example 4.3
and

15
u(z) = Z c;j10% 27,
=0

where ¢; and e; are random integers in [—5, 5] and [0, 6] respectively.

In this example u(z) is the ged of p(xz) and ¢(z) and the magnitude of its
coefficients varies between 0 and 5x 10°. If an approximate gcd algorithm is applied
and the coefficient-wise relative error 6 is calculated, then N = log;, 6 is roughly
the minimum number of correct digits for the coefficients of u(z) given by the
chosen method. 100 repetitions of this test are performed. The average number of
correct digits found in an experiment of this type is 10.63 for Fastgcd and 10.83
for UVGCD. Therefore the two algorithms give comparable results. Residuals are
always about 10716, QRGCD, on the contrary, achieves an average of 7.46 correct
digits.

4.4. Multiple roots
Example 4.5. Let u(z) = (2® + 3z — 1)(z — 1)* for a positive integer k, and let
v(z) = u'(x). The ged of u(zx) and v(z) is g(x) = (v — 1)F1.

The coefficient-wise errors computed by Fastged, UVGCD and QRGCD for
several values of k and for ¢ = 107 are shown in the following table. Unless
otherwise specified, the computed gcd degrees are understood to be correct.

k Fastgcd UVGCD | QRGCD
15| 5.18 x 10713 | 427 x 10713 | 7.04 x 1077
25 19.31 x 10711 1 1.99 x 1071 (%)

35| 1.53x 1078 | 4.44 x 1079 (%)
45| 6.61x107% | 4.04x 1078 | (%)

(*) Here QRGCD does not detect a ged of correct degree.

The algorithm UVGCD has been specifically designed for polynomials with
multiple roots and is therefore very efficient. Fastged also provides good results,
with backward errors (residuals) always of the order of the machine epsilon, where-
as QRGCD fails to find a ged of correct degree as soon as the root multiplicity is
larger than Donnerstag, Oktober 8, 2009 at 3:44 pml5.

4.5. Small leading coefficient

A gcd with a small leading coefficient may represent in many cases a source of
instability.

Example 4.6. For a given (small) parameter o € R, let g(x) = ax® 4+ 22% — 2+ 5,
p(x) =2 + 722 — 2 + 1 and q(x) = 2% — 2% + 42 — 2 and set u(z) = g(z)p(z),
v(z) = g(z)q().
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FIGURE 1. Running time of the algorithm Fastgced

We applied Fastged and QRGCD to this example, with «a ranging between
107® and 10715, It turns out that, for a < 1075, QRGCD fails to recognize the
correct ged degree and outputs a ged of degree 2. Fastged, on the contrary, always
recognizes the correct ged degree, with a residual of the order of the machine
epsilon.

4.6. Running time

We have checked the growth rate of the running time of the algorithm Fastged on
pairs of polynomials whose GCD and cofactors are defined like the polynomials
un(2) introduced in Section 4.2. Polynomials of degree N = 2n ranging between
50 and 1000 have been used. Figure 1 shows the running time (in seconds) versus
the degree in log-log scale, with a linear fit and its equation. Roughly speaking,
the running time grows as O(N®), where « is the coefficient of the linear term in
the equation, i.e., 2.06 in our case.

We next show a comparison between the running times of Fastged and
UVGCD. In order to avoid randomly chosen coefficients, we define a family of test
polynomials as follows. Let k be a positive integer and let n; = 25k, ny = 15k and
n3 = 10k. For each value of k define the cofactors py(x) = (2™ —1)(z™2 —2)(z™3 —3)
and g (z) = (2" +1)(z™ +5) (2™ +1). The test polynomials are uy(z) = g(x)pr(z)
and vy (z) = g(x)qx(x), where the ged g(x) = 2*+10x3+2—1 is a fixed polynomial.

Figure 2 shows the computing times required by Fastgcd and UVGCD on
ug(z) and vg(z) for k = 1,...,8. The plot clearly shows that the time growth for
Fastged is much slower than for UVGCD.
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FIGURE 2. Comparison between the running times of
Fastged and UVGCD.
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Abstract. Two classes of structured Hermitian matrices are considered with
the additional property that certain principal submatrices are all singular.
Such matrices can be considered as the Pick matrices of certain (interior and
boundary) norm constrained interpolation problems for functions meromor-
phic on the unit disk which the iterative Schur algorithm does not apply to.
We characterize these matrices in terms of the parameters determining their
structure and present formulas for their inertia.
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1. Introduction

In this note we discuss two related classes of structured matrices whose structure
is determined by Stein equations and the additional property that the principal
minors of certain type are all zeros. Let J,(z) denote the n x n Jordan block with
z € C on the main diagonal and let F,, stand for the vector of the length n with
the first coordinate equals one and other coordinates equal zero:

z 0 ... 0 1
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Given a tuple z = (21, ..., 2x) of k distinct points in the open unit disk D and a
tuple n = (nq,...,n;) of natural numbers, we let |n| :=ny + --- + ny and define
Iy (21) E,.,
Ta(z) = and F, = . (1.2)
Jnk (zk) Enk

Definition 1.1. We say that a matriz P € CXIl pelongs to the class Dy if it
satisfies the Stein identity

P —T,(z)PTw(z)* = E,E}, — CL,C5 (1.3)
for some vector
Cin, Ci0
Cy = : , where Cin,, = : ) (1.4)
Ch oy, Cini—1

and if its compression to any Ty(z)*-invariant subspace of CI?l is singular.

Since all the eigenvalues of Ty, (z) fall inside the unit disk, the Stein equation
(1.3) has a unique solution P which is Hermitian. Solving (1.3) gives the following
explicit formulas for the entries of P:

P=[Pl;,_,, PjeC"m, (1.5)
where
min{¢,r} (Z T S)' zr_szg_s
P = . L 1.6
[Pisle,r Z (0 — s)s!(r — s)! (1 — 2z;2;)tHr—s+1 (16)

s=0
14 - min{a,3} Bes_a—s X
D D) D DR e T )
(= s)sl(B—s)! (1 —zz;)0thstl

a=0 =0 s=0

In (1.6) and in what follows we will use the symbol ¢* for the complex conjugate
of ¢ € C. Also we will denote by 7 (P), v(P) and §(P) respectively the numbers of
positive, negative and zero eigenvalues, counted with multiplicities, of a Hermitian
matrix P. For two tuples n and m in Z’L we will say that

m=(my,...,mg) 3 (n1,...,n,)=m if my<n; for i=1,....k. (1.7)
For a matrix P = P, decomposed in blocks as in (1.5) and a tuple m < n as in
(1.7), define the principal submatrix Py, = [(Pm)ij]szl of P whose block entries
(Pm)i;’s are equal to the leading m; x m; submatrices of the corresponding blocks

in P:
i.j=1 0

It is easily seen that any compression of P to a Ty(z)*-invariant subspace of Clnl
is of the form P,, for some m =< n. Thus the class D, can be characterized as
follows.

P = [(Pm) )i where  (Pm)ij = [Im; 0]B~[Imf]. (1.8)
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Definition 1.1'. Dy, consists of all matrices P of the form (1.5), (1.6) (for some
¢i; € C) and such that for every m < n, the submatriz Py of P is singular.

Classes Dy, admit the following functional-model interpretation. Let H? be
the Hardy space of the unit disk, let 8(z) be the finite Blaschke product

0(z) = ﬁ (f_;;)n

i=1

associated with the tuples z and n, and let Ky := H? © §H? be the model space.
The functions

1 d (1-6(2)0(z)" . L
617_7(2!)—ﬁd—2i (17221 (7/—1,...,]{7 ]—0,...7’[’%—1), (].9)

form a basis for Ky and therefore, dim Ky = |n|. The space Kjp is invariant with
respect to the backward shift operator R : f — M and the matrix of R
with respect to the basis (1.9) is equal to Th(z)* defined in (1.2). Let T be the

Toeplitz operator with symbol f € H* and let Py y be the compression of the
operator I — TyT} to the model space Kg. Using the reproducing property of the

1—-0(2)0(¢)*
kernel 1(;)50 for the space Kj, it is not hard to show that the matrix of
—z

the operator Py ¢ with respect to the basis (1.9) equals

r=0,...,n;—1

1 9" 1—f(2)f(C)
pf — il _ a 1.10
a (7) 0! 929" 1— 20 |aes (1-10)
(=z; 0=0,...,n;—1 i,j=1
If in addition,
f9z) =4lei (i=1,...,k; j=0,...,n; — 1), (1.11)

then differentiation in (1.10) shows that PJf(z) is equal to the matrix P defined
in (1.5), (1.6). Furthermore, P € D, means that the compression of Py ; to any
backward shift invariant subspace of Ky is singular.

Now we will explain why the class Dy, (or equivalently, the class of operators
on Ky of the form P, (I —TyT})|k, with all backward shift invariant compressions
singular) are of some interest. Note that the matrix P/ (z) can be defined for every
function f analytic at z1,..., 2z (not necessarily analytic on all of D). If we will
think of (1.11) as of interpolation conditions for an unknown function f (say,
rational and with max,ct|f(2)| < 1), then PJ(z) = P for every solution f of the
problem (1.11) with interpolation data {z;, ¢; j}. The matrix P is then called the
Pick matriz of the problem (1.11).

In the nondegenerate case (where P is invertible), the solution set of the
problem (1.11) can be parametrized in terms of a linear fractional transformation
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(see, e.g., [4]). If P is singular, one may start with a subproblem of (1.11) of the
form

fOC) =4le; (i=1,...k j=0,...,m; — 1), (1.12)
where m; < n; for i = 1,...,k. It is readily seen that the Pick matrix of this
subproblem is the principal submatrix Py, of P defined as in (1.8), and if this
matrix is invertible, one can apply the Schur algorithm to reduce the original
problem (1.11) to a problem with |m| fewer interpolation conditions. We now
see that the class D, consists of Pick matrices corresponding to interpolation
problems of the form (1.11) which the Schur algorithm (even the first step of
this algorithm) does not apply to. On the other hand, even if we start with a
degenerate interpolation problem (1.11) containing nondegenerate subproblems,
then after a number of steps we still come up with a reduced problem whose
Pick matrix belongs to the class Dy, for some m =< n. In other words, the Schur
algorithm reduces any degenerate problem (1.11) to a problem with the Pick matrix
from the class Dy,. In Section 2 we characterize the matrices of the class Dy in
terms of the parameters {c; ;} and establish a simple formula for the inertia of
a P € Dy (the results of this sort go back to [8]; see also [1], [2], [3] for further
developments). The formula for inertia (see Theorem 2.2) is of certain interest
for interpolation problems by rational functions unimodular on the unit circle
T (i.e., ratios of finite Blaschke products: f = b1/bs2), since the inertia of the
Pick matrix controls the minimally possible degrees of b; and bs. In Section 3
we consider the class B, (a “boundary” analog of the class Dy), the class of
matrices with leading (with respect to a designated block decomposition) minors
equal zero and with the structure determined by the Stein identity (1.3) where the
(distinct) points t1, ..., tx fall on the unit circle T rather than inside the unit disk.
In this case, for the Stein equation (1.3) to have a solution, the vector C, must
satisfy certain additional a’priori conditions. If these conditions are satisfied, the
equation has infinitely many Hermitian solutions, and all of them are of the same
special structure. We will see how this structure simplifies under the singularity
assumption about leading submatrices. The matrices of the class By, serve as Pick
matrices of boundary L°°-norm constrained interpolation problems which do not
contain nondegenerate subproblems. Applications of the results presented here to
boundary interpolation problems will be demonstrated elsewhere.

2. The interior case

Since the unique solution P of the Stein equation (1.3) is determined by z1, ..., 2k
and the entries ¢; ; of the vector Cy, the characterization of matrices from the class
Dy can be given in terms of this data. It turns out that (distinct) points z1, ..., 2

do not play any role in this characterization.
Proposition 2.1. A matriz P of the form (1.5), (1.6) belongs to Dy if and only if
cLo=co="=co=7 [y=1 (2.1)
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and n
¢ij =0 forevery i=1,....k and 1§j§[é}, (2.2)

where [z] stands for the greatest integer less than or equal to x.

Proof. Let for short ¢; = [%] and let us assume that P € D,. Then in particular,
the leading submatrices of diagonal blocks P;; are singular. Since P;; satisfies the

Stein identity

N (7 (23)
(which is just the equality between the ith diagonal blocks in (1.7)), Theorem 5.1
in [1] applies and says that the ¢; x ¢; leading submatrix P;; of P;; is the zero
matrix. Now we compare the ¢; x ¢; leading submatrices in (2.3) to conclude that
0= Ey, B}, —Ci0,Cf,. where Ey; and C; y, are defined via formulas (1.1) and (1.4).

Equating the top rows in the latter equality gives

0=[1—leiol® —ciocf1 —cioCia - cioch],
which implies
|C7;70‘ =1 for i= ].,...7]€ (24)
and ¢;1 = ¢ 2 =+ = ¢;¢; = 0 which is the same as (2.2). Now we take the tuple
m = (my,...,mg) with m; =m; =1 and my = 0 for £ # ¢,j. Since m < n, the
submatrix
1-— ‘Ci70‘2 1- Ci,OC;':O 0 1- Ci,OC;o
P — 1—|Zi|2 1 —2zz; _ 1—zz;
" L—cjocio 1—lcjol? 1 —¢jociy 0
1—Zj21‘ 1-— ‘Zle 1—2]'21'

of P is singular, which implies
Ci,0 = €40 for i7j = 1,...,]€. (25)
Equalities (2.1) follow from (2.4) and (2.5).

For the sufficiency part, observe that conditions (2.1) and (2.2) guarantee
that all the entries in the ([2:] 4 1) x ([%] 4 1) leading submatrix of the block P;;
of P are zeros (this is readily seen from the explicit formula (1.6) for the entries
of R])

0 nilyq milaq * .o
p; = | (Fox(Fl+ (i,j=1,....k). (2.6)
* *
Since P;; € C™*", it follows that the dimensions of the zero block in (2.6) are
greater than halves of the corresponding dimensions of Pj;. Therefore, for every
m = n, the matrix P, contains a zero principal submatrix whose dimensions
|m|

are greater than 5. Therefore, Py, is singular which completes the proof of the

theorem. 0

The next theorem describes the inertia of a matrix P € Dy,. It shows in par-
ticular, that a matrix P € D,, has equally many positive and negative eigenvalues.
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Note that in the single-block case (i.e., if k& = 1) this theorem is a particular case
of Theorem 5.1 in [1].

Theorem 2.2. Let z = (21,...,2;) € D* and let n = (n1,...,nx) € N¥ and
d=(di,...,dp) € Z% be two tuples such that

%Sdigni for i=1,... k. (2.7)

Let P be defined as in (1.5), (1.6) and let us assume that the numbers ¢; ; satisfy
(2.1) and

cig, 70 and ¢ ;=0 forevery i=1,....k and 1<j<d;—1 (2.8)
(the first inequality in (2.8) is relevant only if d; < n;). Then

m(P)=v(P)=|n|—1|d| and 6(P)=2|d|— |n]|. (2.9)

Proof. Note that under assumptions (2.8), the matrix P belongs to Dy, if and only

if &t < d; <n;fori=1,...,k (by Proposition 2.1). However, the conclusion (2.9)

of the theorem holds true even if d; = "5 for some 4’s. In particular, it follows that

if d; = % for every i = 1,...,k, then the matrix P is invertible and has equally
many positive and negative eigenvalues.

For the proof, we first observe that conditions (2.1) and (2.8) guarantee that
Py, the principal submatrix of P defined via (1.8), is equal to the zero matrix
Py =0. (2.10)

The latter can be seen directly from the explicit formula (1.6) for the entries of
P. Since P € CInIxInl and Py € Cl4xI41] it follows from (2.10), that rank(P) <
2(|n| — |d|) and therefore, that

6(P) = |nf = 2(|nf - |d]) = 2|d| - |n] > 0, (2.11)

where the last inequality follows from the assumption (2.7).
Let us extend the sequence {¢; ; }fif:ﬂ to {c;; }E?Edil, the extend-
ing terms ¢; n;4r (r =0,...,2d; —n; — 1) are arbitrary nonzero complex numbers

(in fact we need only ¢;,, to be nonzero in case where n; = d;). Let H be the
solution of the Stein equation

H — TyqHT}y = BraEjq — C2aCla (2.12)
where 2d := (2d4,...,2d;) and where the matrices Taq := T2d(z), Foa and Cag
are defined via formulas (1.2) and (1.4). It is clear that the principal submatrix
H, of H is equal to the original matrix P. We will show that

m(H)=v(H)=|d| (2.13)

Assuming that (2.13) is already proved, we complete the proof of the theorem as
follows. Since P is an |n| X |n| principal submatrix of the 2|d| x 2|d| Hermitian
matrix H, it follows by the Cauchy’s interlacing theorem that

m(P) = w(H) - (2|d| = [n]) and »(P) > v(H) - (2|d| — [n])
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which together with (2.13) imply
7(P)>|n|—|d|>0 and v(P)>|n|—|d|>0. (2.14)

Since w(P)+v(P)+46(P) = |n|, equalities (2.9) follow from inequalities (2.11) and
(2.14). It remains to verify (2.13). To this end, let

Cid; Ci,d; 0 0
Ci,di+1 Ci d. Ci d. ‘-,
Fiq, = _ and Fyg = | odift Thdi . (2.15)
Ci,2d;—1 Ci2di—1  ---  Cid;+1 Cid,
and let
Fi 4, Fiq4, 0
Fq = and Fgq = . . (216)
Fy. a,, 0 Fi.a,

Since Caq = Coli<i<i Ci 24, since Cj g, = [%j’] and since C; 4, = vEq, (by
1,054
assumptions (2.1) and (2.8)), we have eventually

Ey,
Cogq = Collgigk |:},@Zj:| . (217)
Let U be the 2|d| x |2d| permutation matrix defined by U = gl where U; and
2
U, are diagonal block matrices with the ith diagonal blocks
Ul,i = [Idi Odi} and Ugﬂ' = [Od,; qu-,] .
Then
X Ta O E, E
UTyqU* = Ld TJ , UEy = [ od] ., UChq = [VF:} , (2.18)

where the two first equalities follow from definitions (1.2) and the third is a con-
sequence of (2.17). We also have (by (2.10))

B D B D

Multiplying both parts of (2.12) by U on the left and by U* on the right and
making use of (2.18) and (2.19), we get

{0 B}{Td 0}{0 B]{Tj{ *]_{ 0 —vEqF}
B* D x Tq| |B* D||0 T3 —v*FaE; —F4aF] |’
Comparison the 21-blocks in the latter matrix equality gives
B —T4BTj = —v*F4FEj}. (2.20)
Let Q € CldIx14] e the unique solution of the Stein equation
Q —TaQT; = E4E}. (2.21)

UHU* = [Pd BT _ [0 B*] (B, D e Cldixldly, (2.19)
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Since the pair (Fq, Ta) is observable, the matrix @ is positive definite. Multiplying
both parts of (2.21) on the left by the matrix Fq given in (2.16) and taking into
account that TyFgq = FqT4q and FqFEq = F4, we arrive at
FaQ — TaF4QT; = EqE}.

Comparing the latter equality with (2.20) we conclude that the matrix —yFqQ
and B solve the same Stein equation. Since this equation has a unique solution, it
follows that B = —yFqQ. Since v # 0 and since the matrices Q and Fq are not
singular (recall that the diagonal entries of the triangular matrix Fq are all nonzero
either by assumption (2.8) or by construction), it follows that B is not singular.
Then the matrix UHU* in (2.19) is invertible and therefore, it has equally many
positive and negative eigenvalues (this is a direct consequence of the Cauchy’s
interlacing theorem). Thus, 7(UHU*) = v(UHU*) = |d|, and (2.13) follows, which
completes the proof of the theorem. O

Corollary 2.3. Let P belong to Dy. Then
k k

k
m(P) =Y _n(Py), v(P)=> v(Py), §P)= Za(pﬁ). (2.22)

i=1 i=1
Proof. Applying (2.9) separately to each diagonal block P;; we get

7(Py) =v(Py;)=n;—d; and 0(Py;)=2d; —n;
for ¢ = 1,...,k which together with (2.9) (applied to the whole P) imply the
statement.
Corollary 2.4. If P >0 (P < 0) belongs to Dy, then P = 0.
Proof. The statement follows from (2.9), since in this case v(P) =0 (7(P) = 0).

Corollary 2.5. Let n = (ny,...,n;) € N¥ withn; <2 fori=1,...,k. If P € Dy,
then P = 0.

Proof. By Theorem 2.2, equalities (2.1) hold and moreover, ¢; 1 = 0 whenever n; =
2. Then the right-hand side matrix in the Stein equation (1.3) is the zero matrix
and the result follows since the homogeneous Stein equation P — Ty, (z) PTy(z)* =
0 has only trivial solution.

3. The boundary case

In this section we consider the Stein equation (1.3) where Ty(2z), Fy and Cy, are
still given by formulas (1.2), (1.4), but the (distinct) points t1,. .., fall on the
unit circle T rather than inside the unit disk:

P — Tp(t)PTa(t)" = BuE} — CoCL, (3.1)
where t = (t1,...,t;) € T*. In this “boundary” situation, the Stein equation (3.1)

either has no solutions or it has infinitely many of them. In the latter case, the
structure of every solution P is determined by |n| additional parameters which



On Inertia of Some Structured Hermitian Matrices 183

will be now explained (we refer to [5, Section 10], [6, Section 3] and [7, Section 2]
for proofs and some more detail). Given t € T and n € N, let

t —t2 3 ... (—1)n~1 (nal) m
0 —3 2t4 ... (=1 t(nyl) gt

v, (t)=| : I N = (32)
6 0. (_1>n71(n 1)t2n 1

be the upper triangular matrix with the entries Wj, = (—1)% (§) t*FF! for 0 <
j<f<n-—1.Let C,,, be the lower triangular Toeplitz matrix

Ci0 0 N 0
Ci Ci0 ce 0 )
Ci,ni = . . . . s 1= 1, ey k’, (33)
Cini—1 -+ Ci1 G0

so that C; ,, B, = Cin,. A necessary and sufficient condition for the Stein equa-
tion (3.1) to have a solution is that

C/l. U, (t:)C;,, =¥, (t;) for i=1,...k, (3.4)

Mg

where T stands for the transpose. Equating the left upper corner entries in (3.4)
gives
lciol|=1 for i=1,... k. (3.5)

Sequences {c;,;}7 ! satisfying (3.7) can be extended (not uniquely) to {cw}Q"’ !

so that
Cz 2n; ‘Il?ﬂl( )C:( 2n; — =Wy, (tl) (Z =1,..., k) (36)
and in general, (3.4) and (3.5) follow from (3.6) due to upper triangular structure

of matrices in (3.6). The next theorem (in a slightly different formulation) can be
found in [6].

Theorem 3.1. Given t = (t1,...,t;) € T* and {c”} 2"‘ , let
k
P = [Pij]i,jzl (3.7)

be the block matriz with the n; x n; blocks P;; given by

min{¢,r} r—sil—s
(L+7r—2s)! ti L
[Psl,, = > Paw— (3.8)
= (—s)ls!(r—s)! (1 — tit;)tHr—s+l

B T R YO ST
'S' 8)' (1_ti{j)a+ﬁ—s+l

a=0p3=0 s=0

and

Pii = Hi,ni‘I’ni (ti)sz where Hi,nl = [Cl 5+J+1]€ J_lo (’L = 1, ey k‘) (39)
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The following are equivalent

1. Conditions (3.6) hold.

2. P is Hermitian and satisfies the Stein identity (3.1).

3. P is Hermitian and |c;o| =1 fori=1,... k.
Moreover, if equation (3.1) has a solution (i.e., if conditions (3.4) are in force),
then every Hermitian solution P is necessarily of the form (3.7)—(3.9) for some
ci; (i=1,...,k j=mn...,2n; — 1) satisfying extended conditions (3.6).

Hermitian matrices of the form (3.7)—(3.9) can be generated by rational func-

tions unimodular on T. Given such a function f and given a tuple t = (¢1,...,tx) €
T, let us define the boundary Schwarz-Pick matriz by
Pl(t) = lim Pl (z) (3.10)

where z € D¥ and PJ(z) is defined as in (1.10). The proof of the next theorem can
be found in [7].

Theorem 3.2. Lett = (t1,...,tx) € T% and let f be a rational function unimodular
on T. Then the numbers

f9(t) . )
C,‘JZT (l:].,...,k;]:0,...,2’)7,1‘71)
satisfy conditions (3.6). Furthermore, the limit in (3.10) exists and is equal to the
matriz P defined by formulas (3.7)—(3.9).

Now we address the questions from Section 2 to the present boundary setting.

Definition 3.3. We will say that P of the form (3.7)—(3.9) and with parameters
{¢;,;} satisfying conditions (3.6) belongs to the class By, if for every m =< n, the
principal submatrix Py, of P defined as in (1.8) is singular.

The next theorem is an analog of Proposition 2.1. In contrast to the interior
case, the matrices of the class B, are block diagonal.

Proposition 3.4. Let t = (t1,...,tx) € T and n = (nq,...,ni) € N¥, let P be
defined as in (3.7)—(3.9) and let us assume that conditions (3.6) are satisfied. Then
P € By, if and only if (2.1) holds and

cij =0 forevery i=1,...)k and 1 <j<n;. (3.11)
In this case, the block entries of P simplify to

Proof. Since conditions (3.6) are satisfied, then in particular, we have (3.5) and
therefore, the matrices C; ; defined via formula (3.3) are invertible for every i =
1,...,kand j=0,...,n;, — 1. Since ¢; € T, the triangular matrices ¥;(¢;) are also
invertible.
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Let P € By. Then P;; € B, (i.e., all leading submatrices of P;; are singular)
for every i = 1,...,k. It follows from the “Hankel-®-Toeplitz” structure (3.9) of
P;; that the j x j leading submatrix of P;; equals H; ;W ;(t;)C;; and therefore,
the membership of P;; in By, implies that

det H;; =0 forevery j=0,...,n; — 1. (3.13)
Now we recursively get (3.11) from (3.13). Indeed, letting j = 0 in (3.13) we
get ¢;1 = 0; assuming that ¢; ; # 0 for some j € {1,...,n;} and ¢;» = 0 for
r=1,...,5—1 we get
0 [N 0 Ci,j
det Hi,j = det : : g Cirjt1 7£ 0,
Cij  Cigj+1 .-+ Ci2j-1

which contradicts (3.13) and proves (3.11).

Equalities (2.1) are obtained in much the same way as in the proof of Theorem
2.1. We take the tuple m = (mi,...,my) with m; = m; = 1 and my = 0 for
£ #4,j. Since the leading entries in the blocks Pj; and Pj; are equal to zeros, the
submatrix P takes the form
1-— C@oc;’o
1— tifj
0

0
L —c¢jociy
1—t;t;

P =

Since P € By, the matrix Py, must be singular which implies that ¢; o = ¢;,0 for
i,7=1,...,k. The latter implies (2.1) due to (3.5).

On account of (2.1) and (3.11), C,; ,,, = vI,, and therefore, formula (3.9) for
P;; collapses to the first formula in (3.12). On the other hand, substituting (2.1)
and (3.11) into (3.8) gives

P = mi%””} (C+r—s) (1 —cioch)
il 0 (C=s)lsl(r— )l (1 —tty)tHr—stt
min{¢,r}

r—sil—s 2
(C4+7r—s) t 51—y

= 2 (L= s)sl(r — s)! (1 — t;t,)btr—s+1

s=0

=0

for every ¢ < n; and r < n; which proves the second equality in (3.12).

Finally, let us assume that conditions (2.1) and (3.11) hold. Then represen-
tations (3.12) are in force. Furthermore, since ¢;; = -+ = ¢; », = 0 and since the
matrix W, (¢;) is upper triangular, it follows from (3.12) that all the entries of
P;; on and above the main “southwest-northeast” diagonal are zeroes. Therefore
every leading submatrix of P;; is singular and thus, P;; € B, foreveryi=1,... k.
Since all non-diagonal blocks in P are zero matrices, P € By,. (I
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The next theorem is the “boundary” analog of Theorem 2.2. It establishes
explicit formulas for inertia of a matrix P € By of the form (3.7)—(3.9). Since
every such P is necessarily block diagonal (by (3.12)), it suffices to consider the
one-block case. We will use the previous notation with the subscript ¢ dropped.

Theorem 3.5. Lett € T, let cg,...,con—1 be the complex numbers such that
C3, ¥2,(1)C3,, = W (1) (3.14)
and let
P, = H, W, (t)CE, (3.15)
where the matrices H,, and C,, are constructed via formulas (3.9) and (3.3). Let
ca#0 and cp=co=---=cqg-1=0 forsome d(n<d<2n-—1). (3.16)

Then §(P,) = d — n. Furthermore,
1. If d = 2k, then n(P) = v(P) =n — k.
2. If d = 2k + 1, then ticycy € R\ {0} and
(a) v(P,) =n(P,)+1=n—k if (—1)*sgn (t?cuc) < 0.
(b) 7(P,) =v(P,)+1=n—k if (=1)*sgn (t?cych) > 0.

Proof. Condition (3.14) implies |co| = 1 and therefore, C,, = ¢ol;, so that formula
(3.15) reads

P, =c{H, ¥,(t). (3.17)
Let D;(A) (j =1,...,2n —1) denote the jth “southwest-northeast” diagonal of a
matrix A € C"*". With a self-evident interpretation,

D(A): (aj,la Aj—1,2y -y al,j)7 if ISJSH,
J (@nj—nt1s n—1j—n+t2, s Gj—ntin), if n+1<j<2n-—1.

Since W, (t) is invertible for every ¢ # 0 and n € N, it follows from (3.17) that
rank (P,) = rank (H,,). Assumptions (3.16) and the Hankel structure of H,, imply
that

Dj(Hn):O (j:O,...,d—l) and Dd(Hn):(Cd,Cd,...,Cd)#O.

Since d > n, it now follows that rank (H,) = 2n — d and therefore,

§(P,)=6(Hy,) =n—(2n—d)=d—n. (3.18)
Let us extend the sequence {¢;}275" to {¢;}7%;" in such a way that
CqW24(t)Csy = Waq(t), (3.19)

where Cyq and W4 are defined via formulas (3.3) and (3.2). Such an extension is
always possible (see [7, Section 2], where these extensions were called t-isometric).
Now we can introduce the Hankel matrix Hy := [ci+j+1]f;i0 and the matrix

Py = Hd‘I’d(t)C:; (3.20)
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which is Hermitian due to (3.19) by Theorem 3.1. It is readily checked that

R R O )

* *

Since all the entries above the main diagonal Dy(Hy) of Hy are zeros, it follows
that

det Hy = (—1)47 ¢4, (3.21)
Since the matrices ¥4 (t) and C}; are upper triangular, their determinants are equal
to products of diagonal entries, so that

d—1
det Wa(t) = [(~1)7¥ = (-1)"7 ¥ and  det G = (c})%,
j=0

which together with (3.21) and (3.20) gives

det Py = (—1) 5 (tdeteq) . (3.22)
By triangular structure of Hy, ¥4(t) and Cj, we conclude from (3.20) that
D;(P;) =0 for j =1,...,d — 1. Note also that P; is Hermitian and invertible:
det Hy # 0, by (3.21). Therefore, if d = 2k, then P, is of the form

PFB* g}, BeCH*, det B£0.

Therefore
W(Pd) = V(Pd) =k. (323)
Since P, € C™*" is a principal submatrix of P; € C#*¢

interlacing theorem that

, it follows by the Cauchy’s

w(Pp) > 7w(Py) — (d—n) and v(P,) >v(Py) — (d—n). (3.24)
Since d = 2k < 2n, the latter inequalities and equalities (3.23) imply
w(Pp)>k—(2k—n)=n—-k>0 and v(P,)>n—Fk>0. (3.25)

Since w(Py,) + v(Py,) + §(P,) = n, it follows from (3.18) and (3.25) that in fact,
m(P,)=n—kand v(P,) =n—k.

Finally, let us assume that d = 2k + 1 and let pgr be the “central” entry of
P,. Since Py is Hermitian, pxr € R and P, takes the form

0 0 B
Pi=1|0 opw X|, where BeCHM* and X eC'™F, (3.26)
B* X* D
Since P, is invertible, we have det B # 0 and pxr # 0. Now we will show that
sgn (prr) = sgn (det Py) = (—1)*sgn (t"cac}). (3.27)

Indeed, since the matrix B in (3.26) is upper triangular with respect to its main
“southwest-northeast” diagonal Dy(B), we have det Py = pyx - |det B|? and the
first equality in (3.27) follows. To verify the second, let us equate the entries on
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the intersection of the first row and of the (d + 1)-st column in matrix equality
(3.19); by definitions (3.2) and (3.3) of matrices Caq and Wo4(t) we have
T _
[co e1 ... coa Waa(t) [c§ ¢ ... ¢; O ... 0] = (—1)d-1gdt2,
which in view of (3.2), (3.16) collapses to
teocs + (=12 egel + (1) 182 ¢ = (—1)T 140 +2,

Since d is odd and since |co| = 1, we get tcocl—t24 e el = 0. Multiplying the latter
equality by £9t1 and taking into account that [t| = 1, we get fdcocz — tdcdcz‘) =0.
Therefore, tlcqci € R and since d is odd,

sgn (t*cqch) = sgn (tFeqch)?. (3.28)
Substituting d = 2k + 1 into (3.22) gives
det Py = (=1)FCH3) (pdcreq)d = (—1)*(t4chcq)?

which together with (3.28) implies the second equality in (3.27). To complete the
proof of the theorem, observe that the Schur complement S of pi in P; equals

|0 B 0| 4 10 B
5= [B* D} - [X} P [0 X] = [B* D - X*ptX
and has equally many positive and negative eigenvalues by the preceding analysis.
Since m(Py) = m(prk) + 7(S) and v(Py) = v(pkk) + v(S), it follows that Py has
k positive eigenvalues, k negative eigenvalues and one more eigenvalue whose sign
coincides with that of pg. According to (3.28),

m(Py) =v(P;) —1=k if (—1)ksgn(t%csc) <0 (3.29)
and
v(P)) =m(Py) —1=Fk if (=1)"sgn (t%cqch) > 0. (3.30)

Now we again apply the interlace theorem to get inequalities (3.24) which then
turn out to be equalities:

m(P,) =7(Pg) — (d—n) and v(P,)=v(Ps)— (d—n),

and then the second statement of the theorem follows from (3.29) and (3.30). Note
that statement (1) also covers the trivial case d = 2n (which was not included
in (3.16)). In this case P, = 0 which agrees with statement (1) asserting that
w(Pp)=v(Py)=n—n=0. O

In conclusion we note that Corollary 2.5 does not hold for P € B,,, whereas
Corollary 2.3 does (which is obvious due to the block diagonal structure of P € By).
As for Corollary 2.4, we have the following boundary analog which we formulate for
the single-block case and which follows immediately from Theorem 3.5: If P > 0
(P < 0) belongs B,,, then rank(P) < 1.
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Abstract. Sequences of so-called variable-coefficient Toeplitz matrices arise in
many problems, including the discretization of ordinary differential equations
with variable coefficients. Such sequences are known to be bounded if the
generating function satisfies a condition of the Wiener type, which is far away
from the minimal requirement in the case of constant coefficients. The purpose
of this paper is to uncover some phenomena beyond the Wiener condition. We
provide counterexamples on the one hand and prove easy-to-check sufficient
conditions for boundedness on the other.
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1. Introduction

Let a be a complex-valued continuous function on [0,1] x [0, 1] x T, where T is the
complex unit circle, a : [0,1] x [0,1] x T — C, (z,y,t) — a(x,y,t). For n € Z, we
put a,(z,y) = [pa(z,y,t)t"|dt|/(27) and so have the Fourier series

oo

a(a:,y,t): Z dn(m7y)tn7 (1)

n=—oo

where equality holds at least in the L? sense. Let Ay (a) be the matrix

Avt@) = (a1 (5 ]’;))N_ @)

Occasionally we allow us to write a(z,y,t) and Ax(a(z,y,t)) for a and An(a).

This work was partially supported by CONACYT project U46936-F, Mexico.
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We refer to A (a) as a Toeplitz matrix with variable coefficients. Clearly, if a
does not depend on z and y, then Ay (a) is a pure Toeplitz matrix. It is easily seen
that every (N + 1) x (N + 1) matrix may be written as Ay (a) with some a. Thus,
the notion of a Toeplitz matrix with variable coefficients is rather an asymptotic
notion which makes sense for the entire sequences { An(a)}37_, but not for a single
(N +1) x (N + 1) matrix.

Variable-coefficient Toeplitz matrices and their modifications and generaliza-
tions are currently emerging in many applications (see, for example, [1], [4], [5],
[6], [7], [8], [11], [12]) and go under various names, such as generalized Toeplitz [9],
locally Toeplitz [11] or generalized locally Toeplitz matrices [8], Berezin-Toeplitz
matrices [1], twisted Toeplitz matrices [12], or generalized discrete convolutions
[10], [13]. In our opinion, variable-coefficient Toeplitz matrices [3] is the perhaps
best name, at least when considering matrices of the form (2). The problem of pri-
mary interest is the understanding of the spectral and pseudospectral properties
of Ay(a) as N — oco. Accordingly, the works cited above and also [3], [9], [14] deal
with extensions of the Szegdé and Avram-Parter theorems, that is, with asymp-
totic formulas for tr f(An(a)), and with asymptotic inverses and pseudospectra of
AN((I)

This paper addresses the problem of the uniform boundedness of Ay (a), that
is, the question whether | An (@) remains bounded as N — co. Here and in what

follows, ||A|lo is the spectral norm of A.

If a is independent of z and y, a(t) = Y oo a,t", we denote An(a) by
T (a). Thus, T (a) = (@j—k)N—o- It is well known that [| T (a)]lee < [Tn+1(a)]|o
for all NV and that

Jm [Ty (@)oo = Moo(a) := sup |a(t)]. 3)
—00 teT

If @ is of the form a(z,y,t) = b(z,y)t", then

o= averaims (o 52 4))

(where j + n is taken modulo N + 1) and hence

[ AN (b(z, y)t")|lco < Moo,00(b) :== sup  sup |b(z,y)|.
z€[0,1] y€[0,1]

Consequently, for a given by (1) we have

[An(a)]loo < Z Moo, o0 (). (4)

n=—oo

Thus, if

D Maooo(in) < 0, (5)

n=—oo
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then {||An(a)]loo}X—¢ is a bounded sequence. Condition (5) is a condition of the
Wiener type. In the case where a does not depend on z and y, it amounts to saying
that ||Tw(a)||cc remains bounded as N — oo if a belongs to the Wiener algebra,
that is, if >.° __|an| < oo. This is clearly far away from (3) and is therefore a

source of motivation for looking whether the uniform boundedness of ||An(a)||oo
can be guaranteed under weaker assumptions.

The first question one might ask is whether the sole continuity of the gener-
ating function a on [0,1]2x T := [0, 1] x [0, 1] x T ensures the uniform boundedness
of [|[An(a)||co. We show that, surprisingly, the answer to this question is no.

Theorem 1.1. There exist a € C([0,1] x T) such that sup || Ay (a)|lec = co.

On the other hand, we will prove that || An(a)||cc remains bounded if a(x, y, t)
has certain smoothness in « and y. (Notice that (5) is a requirement on the smooth-
ness in t.) Our results will imply the following.

Theorem 1.2. If a € C*9([0,1)2 x T), which means that the function a(z,y,t)
has continuous partial derivatives with respect to x and y up to the order 4, then
sup || An(a)]|eo < 00.

For a(z,y,t) independent of 2 and y, this is equivalent to the statement that
Tn(a) is uniformly bounded if a € C(T). In fact, we can sharpen Theorem 1.2 as
follows.

Theorem 1.3. If a € L°°(T,C*([0,1]?)), that is, if a is an L™ function on T with
values in the Banach space of all functions on [0,1])? that have continuous partial
derivatives up to the order 4, then sup ||An(a)|lc < o0.

In the case of constant coefficients, this theorem is best possible: it says that
sup ||Tn(a)|lso < 00 if a € L>(T).

The next question is whether the exponent 4 is close to a kind of a minimum.
Let 0 < o < 1. For a continuous function a(z,y,t) on [0,1]> x T we define

? ’t — ’ 7t
Ma,oo,oo(a) =sup sup sup |Cl(],‘2 ) ) a(ml Y )l
teT ye€[0,1] z1,22 |x2 — xlla

t) — t
Moo,a,oo(a) =sup sup sup ‘CL(LU,yQ, ) a(‘r’yla )l
teT x€[0,1] y1,y2 ly2 — y1|®

)

b

and

A t
Ma,apo(a) = sup sup sup | 2a(x17x2ayl7y2a )|
teT @12 yiyz |02 — T1]*|y2 — y1]®

where Asa(x1,x2,y1,y2,t) is the second difference
AQa('rlﬂ Z2,Y1, y27t) = a(x2ay27t) - a(an ylvt) - (a’(xhyQat) - a(xlvyla t))

Here sup,, ,, means the supremum over all z1, 25 € [0,1] such that zq # z2. We
say that the function a(z,y,t) belongs to Hy o,c0 if the three numbers My o,00(a),
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Ma, 00,00(@), Moo a,00(a) are finite and we denote by Hita,14a,00 the set of all
functions a(x,y,t) that have continuous partial derivatives up to the order 2 in z
and y and for which the three numbers

M1+o¢,oo,oo(a) = Moz,oo,oo(ama)a Moo,1+o¢,oo(a) = Moo,a,oo(aya)a
M1+a,1+a,oo(a) = Ma,oc,oo(axaya)
are finite. Notice that C*°([0,1]? x T) C Ha 2 o. We here prove the following.

Theorem 1.4. If § < 1/2, there exist functions a in the space Hg oo such that
sup [[An(a)]|co = 00. If B > 1, then sup ||An(a)||cc < 00 for every function a in
Hpg,p,c0-

The theorem leaves a gap. We can actually remove this gap and prove that
sup ||An(a)]lec < oo whenever a € Hg g oo and 8 > 1/2, which is guaranteed
if a € C%9([0,1)? x T). However, the proof of this result is very sophisticated.
We see the purpose of this paper in revealing the delicacy of the problem of the
uniform boundedness of || An(a)||c and in providing results that might be sufficient
for applications. Drawing down things to 8 > 1/2 is a matter of mathematical
ambition and will be the topic of our subsequent paper [2].

2. Holder continuity

We already defined the space Hg g0 and the quantities Mg g.00(a), Mg, co,00(a),
Mo, 8.00(a) for a continuous function a(z,y,t) on [0,1]2> x T and for 0 < 8 < 2. In
addition, we put

Moo 00,00(@) =sup sup sup |a(z,y,t)|.
teT z€(0,1] y€[0,1]

Note that if a(z,y,t) = 27 + y? with 0 < < 1, then

Mp,00,00(a) = Moo p,00(a) = 00, Mg g.o0(a) =0
for v < 8 < 1, which shows that the assumption Mg ...(a) < oo does not imply
that Mg co,00(a) and My g,00(a) are finite. In the introduction we also mentioned

that C%:0([0,1]2 x T) is contained in Hy 1,0 and thus in Hg g for 0 < 8 < 1. This
follows from the representations

2

a($27y7 t) - a(x17yut) = a£a(§7y7t)d§>
Y2

a(:v, Y2, t) - a(ac, Y1, t) = aya(mv n, t)dna

Y1
x2 Y2
A2a($17$27y1,yz7t) = / / 8waya(§anat)dnd§a
x1 Y1
which show that in fact the continuity of the partial derivatives d,a, 0ya, 0,0ya
would suffice. Since C%°([0,1]? x T) C Hy 1,0, it follows that C*9(]0,1]2 x T) is a
subset of Ha .
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In what follows we work with functions a(x,y,t) that are independent of
one of the variables z and y and therefore need the following modifications. Let
0 < a < 1. We say that a continuous functions a(z,t) on [0,1] x T is in Hy o if

t) — t
Mg, (a) :=sup sup |@(@2,t) — alz1,1)] < 00
teT x1,x2 |x2 - x1|a

b

and we denote by My o (a) the maximum of |a(x,t)| on [0, 1] x T. The function
a(x,t) is said to be in Hiyq4 o0 if it is continuously differentiable in « and d,a is in
Hg 0o- In that case Mi4q,00(a) is defined as My o (9za). Analogously, we say that
a continuous functions a(y,t) on [0,1] x T is in Hy oo if

t) — t
Ma,o0(a) := sup sup lay2,t) — aly1, t)] < o
teT y1,Y2 ‘yQ — yl‘a

)

we denote by My oo(a) the maximum of |a(y,t)| on [0,1] x T, and say that
a(y,t) belongs to Hita oo if Oya € Ha oo, in which case Mitq,00(a) is defined
as Ma,0o(0ya). Finally, H, is the set of all continuous functions f(x) on [0, 1] for
which

M) e sup M) = Tl
T1,T2 |$2 - xlla ’

and Hy4, is the space of all continuously differentiable functions f(z) on [0, 1]
with My o (f) 1= Mo (f') < 001 we put Ma(f) = sup, cio £ (2]

3. Counterexamples

In this section we prove Theorem 1.1 and the first statement of Theorem 1.4. We
show that counterexamples can even be found within the functions a(z,y,t) that
are independent of one of the variables x and y.

Theorem 3.1. There exist functions a(x,t) in C([0,1] x T) such that

sup [|An (@) = oo.
N>0

Proof. Assume the contrary, that is, sup ||An(a)||e < oo for every function a in
C([0,1] x T). Let S denote the Banach space of all sequences { By }¥_,, of matrices
By € CIVHLX(N+D) gych that

[{Bn}N=oll :== sup [[Bn|lec < 0.
N>0

By our assumption, the map
T:C(0,1] xT) =S8, ar—{An(a)}F=0

is a linear operator defined on all of C([0,1] x T). To show that T is bounded,
we employ the closed graph theorem. Thus, let a,,a € C([0,1] x T) and suppose
ap, — a in C([0,1] x T) and Ta, — b = {Bnx}F_, in S. Then, for fixed N > 0,
|An(an) — Bn|loo — 0 as n — oo and hence the jk entry of Ay (ay) converges to
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the jk entry of By as n — oo, that is, [An(an)]jx — [Bw]jk for 0 < j,k < N. On

the other hand,
|[AN(an)ljk — [An(a)]k] = | (@n)j—r (%) — (%)‘
< Moo o(an — a) = o(1),

JN_ (I (k) |at]
Lo (1) ~a(50)) o

which yields the equality [By]jx = [An(a)]jx. Consequently, T'a = b. The closed
graph theorem therefore implies that 7" is bounded.

We have shown that there is a constant C' < oo such that
[An(a)]o < CMewo,00(a) (6)

for all @ € C([0,1] x T). Fix N > 2 and for j = 1,...,N — 1, denote by I; the
segment
g 1 g 1
I=|N"aN'N TaN)
Let a; be the function that is identically zero on [0, 1]\ I;, increases linearly from
0 to 1 on the left half of I;, and decreases linearly from 1 to 0 on the right half of

Ij. Put

a(z,t) = a1 (x)tt + ag(@)t? + - +ay_1(x)tV L.
As the spectral norm of a matrix is greater than or equal to the ¢2 norm of its first
column and as G;(x) = a;(z) for 1 < j < N —1, it follows that

AN ()5 >

j 2 N-1
_ 2 _

‘ aj(N> 7217N71.

Jj=1 Jj=1

Since a(z,t) = 0 for x ¢ UI; and |a(z,t)| = |a;(z)t?| < 1 for z € I;, we obtain
that M2 . (a) = 1. Consequently, (6) gives N —1 < C?-1 for all N > 2, which is
impossible. O

N-1

Theorem 3.2. If 0 < oo < 1/2, there exist functions a(x,t) in Hu oo such that

sup [|An(a)| e = oo.
N>0

Proof. Assume that sup || An(a)||ec < 00 for every a € Hy . The space Hy o is

a Banach space under the norm ||a|| :== Ms,00(a) + My, 00(a) and hence the same
argument as in the proof of Theorem 3.1 gives
AN (a)]lco < C(Mos,00(a) + Ma,oo(a)) (7)

for all a € Hy 0. Let a(z,t) be exactly as the proof of Theorem 3.1. We then have
lAN(a)|loo > VN — 1, Mo oo(a) = 1, and it is easily seen that My, o(a) = O(N®).
Thus, (7) delivers v N — 1 = O(N®), which is impossible for a < 1/2. O

Since Ay (a(y,t)) is the transpose of Ay (a(z,1/t)), the above two theorems
also deliver counterexamples with functions of the form a(y, t).
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4. Sufficient conditions

In this section we prove the second half of Theorem 1.4 and thus also Theorem 1.2.
The following result is well known; see, for example, [15, Chap. 2, Sec. 4]. We cite
it with a full proof for the reader’s convenience.

Lemma 4.1. If f(x) is a function in Hiyo and f(0) = f(1), then

e .
Z fn€27rzn:n
with ,
Ma(f")

| ful < PFag|piFe for |n| = 1.

Proof. Let |n| > 1. Then

727r72nx
fn — / f 727Tzn:rdx 7/ f
—27Tm
7271'1711 ) 1 1 , o
_ — wznmd —2minz g
f(@) —27in 27rm/ I 27rm/ Fla)e “

the last equality resultlng from the requirement that f(0) = f(1). The substitution
x — 2 —1/(2n) yields

1 o 1 1 i
/ el WanEd — _ ! _ — ﬂlnflfd
/0 fl(x)e x /0 f (x _Qn) e x,

whence
1 ! / / 1 —2minz
e [ (1)) e
Taking into account that |f'(x) — f'(x — 1/(2n))| < My(f")/(2n)%, we arrive at
the asserted inequality. O

We first consider functions a(z,y,t) that are independent of either x or y.

Theorem 4.2. Let a > 0. There exists a constant C(«) depending only on « such
that

[AN (@)oo < C(a)(Moo,00(@) + Mita,00(a))

for all functions a(x,t) in Hitq 0o

Proof. We write a = ag + a1 with
ai(z,t) = (a(1,t) — a(0,t))x + a(0,t), aolz,t) =alx,t) — ai(x,t).
Then An(a) = An(ag) + An(aq). Obviously,
. N
Ave) = (0(% ) ) = DlBTN () ®

7,k=0
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where Dy (b) = diag(b(j/]\f))év=0 and Tn(c) = (éj,k)?szo. Taking into account
that || Dn(D)]lco < Moo(b) and ||Tn(¢)]|co < Moo(c), we obtain that

| AN (a1)]lco € Moo(2)Moso(a(1,t) — a(0,t)) + Mo (a(0,t)) < 3Mos oo(a).
As ag(0,t) = ag(1,t) (= 0), Lemma 4.1 gives

oo

ao(z,t) = Z al (t)e?mine

with (Ouao(z.1))
M ao(z,t
0 a\Uz oL,
e 9)
for |n| > 1. From (8) we infer that
AN (an (£)e*™" ) [loo < Moo (€™ ) Moo (ap () = Moo (ay)-
Thus, by (9),

[An(ao)lleo < Mm(a8)+ Z MOO(‘I?L)
In|>1
1 My 00 (0zap(z,t))
0 s )
< Meo(ag) + 22tar Z |n|i+e :

[n|>1
Since ag(z,t) = a(z,t) — a1 (z,t) and Oa;(x,t) is independent of z, we get

My 00 (O0pap(z,t)) = My 00(0za(x,t)) = Mita,00(a).
Moo(ag) = Ssup

1
/ agp(z, t)dx

teT |Jo
Moo 00(a) + Moo 00(a1) < 4 Moo oo(a).

Furthermore,

< Moo,oo(ao) = Moo,oo(a - (11)

IN

In summary,

1 1
[AN(a)|loo <7 Meo,00(a) + 22 tar Z n[i+a Mita,00(a),

In|=1

which implies the assertion at once. (I

Theorem 4.3. Let o > 0. There ezists a constant C(«) that depends only on «
such that

[An(a)]loc < Cla)(Moo,00(a) + Mita,00(a))
for all functions a(y,t) in Hita,co-

Proof. This follows from Theorem 4.2 by taking transposed matrices. O

We now turn to the case where a(x, y,t) depends on all of the three variables.
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Lemma 4.4. Let f(z,y,t) be a function in Hita14a,00 (@ > 0) and suppose
f0,y,t) = f(1,y,t) for all y and t. Then

(z,y,t) Z Fuly, )™

with
1
Moo 00 (fn) < PFagin[ita Mt a,00,00(f), (10)
1
M1+a7oo(fn) S W Ml+a,1+a,oo(f) (11)
for |n| > 1.

Proof. Estimate (10) is immediate from Lemma 4.1 and the definition of the num-
ber Mi4q.00,00(f). To prove (11), we first note that

1
ayfn(y%t) - ayfn(ylvt) = /0 (ayf(xa y27t) - ayf(xvylat))e_2ﬂinxdx (12)

and 0, f(0,y,t) = 9y(1,y, ). Integrating by parts we therefore see that (12) equals

1 ! .
/0 (00, f(2,y2,t) — 050y f (x, 1, t))e ™" dx,

2min
and the substitution z — x — 1/(2n) shows that this is

1 ! 1 ,
- / N0, 0y f (33 + —, yl,yg,t> e~ 2mInT (g,
4min J, 2n

Consequently,

1ot 1
n 7t - n ,t S— M «@ «,00 ad )
0y ) = .)€ T [ Mison o) s o2 = 1l

which gives (11). O

Theorem 4.5. Let o > 0. Then there exists a constant D(«) < oo depending only
on a such that

AN (a)]loo < D(a)(Moo,00,00 (@) +Mita,c0,00(@) + Moo 14a,00(@) + Mita,1+a,00(a))
for all N >0 and all functions a(z,y,t) in Hita,1+a,00-
Proof. We write a = ag + a1 and accordingly Ax(a) = An(ap) + An(a1) with
ar(z,y,t) = (a(1,y,t) — a(0, y, 1))z + a(0,y,1),
ao(z,y,t) = a(z,y,t) — ar(z,y,1).
For every function ¢(y,t) we have

Av(er.00) = (6 () %)N — ding (%)N An(e(y.1)

7,k=0 j=0
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and the spectral norm of the diagonal matrix is 1. Hence

[ An(a1)loo AN (a(L,y,t) = a(0,y,1))llec + [[An(a(0,y,1))]| o0
AN (a(1,y,1))]lo0 + 2 [[An(a(0,y, 1)) |-

IAIA

Theorem 4.3 gives

[An(a(Ly, 1)l < Cla)(Moo,oo(a(l,y,t)) + Mita,eo(a(l, y,1)))
< () (Moo,00,00(@) + Moo 14a,00(a)),

[AN(a(0,y,8))]lc < C()(Moo,00(a(0,4,1)) + Mita,00(a(0,y,1)))
< C()(Mos,00,00(a) + Moo 14a,00(a))-

Thus,
AN (a1)]loc <3 C(a)(Moo,00,00(a) + Moo 14a,00(a))-
On the other hand, since ag(0,y,t) = ag(1,y,t), Lemma 4.4 implies that

oo

aole,y, )= Y ad(y,t)e*mm

n=—oo

where the functions a® (y,t) satisfy estimates like (10) and (11). This time

N
Antab 0 = (@ () i)

J,k=0
i /N N
= diag (62””"/ ) An(a®(y, 1))
§=0
and the spectral norm of the diagonal matrix is again 1. It follows from Theorem 4.3
and Lemma 4.4 that

14N (a0)lloo < AN (ad)loc + Y [l AN (af)lloc
Inl>1

1
AN (@)oo + > W(Muaoooo(ao)*-Mua 1+a,00(a0))

n|>1

IN

= ||AN(a8)||<><> + DO(OC)(MHa,OO,OO(aO) + M1+a,1+a,<>0(a0))

We have M, (ag) = M.(a —a1) < M.(a) + M.(ay). Since a1 (z,y,t) depends on z
linearly, we get Mi1a,00,00(01) = Mita,14a,00(a1) = 0. Thus,

M1+a,oo,oo(ao) + M1+o¢,1+a,oo(a0) S M1+a,oo,oo(a) + M1+a,1+o¢,oo(a)
Finally, Theorem 4.3 shows that
[ AN (ag)llsc < Ca)(Moo,00(ap) + Mita,co(ap))-
As a(t) = fol ao(z,y,t)dx, it results that

Moo,oo(ag) Moo,oo,oo(ao) = Moo,oo,oo(a - al)
Moo,oo,oo(a) + Moo,oo,oo(al) S 4Moo,oo,oo(a0)

IN A
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and
1
9 ao(z, ya,1 -0 ag(x,y1,1
M1+Oé7<x>(a8) < sup Sup/ |y (z, 2, 1) ya( Y )‘dx
teT y1,y2 Jo ly2 — v
< Me,14a,00(a0) £ Moo 14a,00(@) + Moo, 1+4a,00(a1)

= Moo,l-‘roc,oo(a) +3MOO,1+04,00(0’)'
Putting things together we arrive at the theorem with D(a)) = 7C(a)+Do(a). O

Clearly, Theorem 4.5 implies the second half of Theorem 1.4 and thus also
Theorem 1.2.

5. Discontinuous generating functions

So far we have assumed that a € C([0,1]? x T). Inequality (4) implies that
sup |[An(a)|lec < oo if a is given by (1) and &, are any bounded functions on
[0,1] such that Y02 M oo(@n) < oo. Thus, sufficient smoothness in ¢ allows
us to admit arbitrary bounded coefficient a.,(x,y).

For 0 < a < 1, we denote by Hitqs 1+« the Banach space of all continuous
functions f : [0,1]?> — C which have continuous partial derivatives up to the order
2 and for which

||f||1+a = Mm,cc(f) + Ma,w(axf) + Mooa(ayf) + Ma,a(awayf) < 00,

where Mo, oo (f) is the maximum modulus of f(z,y) on [0, 1]? and

Z2, - I,
Mg (9) = sup sup |9(x2,y) 9(a1 )|
y€[0,1] ®1,T2 |£U2 — x1|

Zr,Y2) — g \T, Y1
Maalg) = sup sup 922 ~9(@:01)]
z€[0,1] Y1,Y2 ly2 — y1]

Ay x1,T2,Y1,Y2
Mo o(g) = sup sup |Azg( : Y1,y l';
o1,ws yioye (T2 — T1|%y2 — v

)

)

Let L>®(T, Hita,1+a) be the set of all measurable and essentially bounded func-
tions @ : T — Hita,1+a- A check of the proofs shows that these work literally
also for functions a in L*°(T, Hi4q,14q)- Thus, if a is in L(T, Hi4q,14) then
sup [[An(a)]|s < 00. Since C*4([0,1]?) C Hs 2, we obtain in particular Theorem 1.3.
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A Priori Estimates on
the Structured Conditioning of
Cauchy and Vandermonde Matrices

Enrico Bozzo and Dario Fasino

Abstract. We analyze the componentwise and normwise sensitivity of inverses
of Cauchy, Vandermonde, and Cauchy-Vandermonde matrices, with respect
to relative componentwise perturbations in the nodes defining these matrices.
We obtain a priori, easily computable upper bounds for these condition num-
bers. In particular, we improve known estimates for Vandermonde matrices
with generic real nodes; we consider in detail Vandermonde matrices with
nonnegative or symmetric nodes; and we extend the analysis to the class of
complex Cauchy-Vandermonde matrices.

Mathematics Subject Classification (2000). Primary 15A12; Secondary 15A57,
65F35.

Keywords. Condition number, displacement structure, Cauchy matrix, Van-
dermonde matrix.

1. Introduction

A structured matrix is, in some sense, a matrix whose entries depend on a small set
of parameters. Clearly, this dependence is somehow preserved by matrix inversion.
The main question addressed here is: How sensitive is the inverse of a structured
matrix to perturbations in its parameters?

The answer to the above question is what we call structured conditioning. This
paper focuses on the structured conditioning of Cauchy, Vandermonde and Cauchy-
Vandermonde matrices, which have been one of the main research topics of Georg
Heinig, see, e.g., [9, 12, 13]. The main reasons motivating this study are the analysis
of the influence of data errors in the solution of linear systems with structured
matrices, and the assessment of stability properties of fast algorithms for solving
such linear systems. These algorithms act directly on the set of parameters defining
a structured matrix rather than on its entries, see, e.g., [3, 4, 5, 9, 10, 12, 15], hence
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their stability characteristics, which are sometimes surprising, should be examined
in the light of suitable refinements of classical condition numbers, taking in due
consideration both more accurate measures of perturbations and the structure of
the problem considered, as observed, e.g., in [1, 10, 11, 14, 15, 22]. Indeed, suppose
that the solution computed by such an algorithm in finite precision is the exact
solution of a similarly structured system defined by slightly perturbed parameters.
To assess the quality of the computed solution with no further assumptions on
the right-hand side, we should make use of some measure of the sensitivity of
matrix inversion with respect to perturbation in its parameters. Theoretical bases
of this argument can be found in [14], where such a backward structured error
analysis in introduced rather formally for structured matrices whose dependence
on the parameters is linear, and in [1, 15, 22], where a detailed analysis has been
carried out for Vandermonde systems, mainly motivated by the stability analysis
of the Bjork-Pereyra algorithm. Other results in the same streamline can be found
in [7, 25], concerning possibly rectangular Cauchy, Vandermonde, Toeplitz and
Hankel matrices.

By the way, the results in the above-mentioned papers are mainly aimed at
characterizing the structured conditioning in terms of exact (possibly generalized)
inverse matrices and solutions of suitable linear systems, hence they are a posteriori
results, and the resulting expressions may be hard to compute.

The goal of this paper is to obtain a priori bounds for the structured con-
ditioning of Cauchy, Vandermonde and other related matrices, that are easily
computable right from their parameters, with no involvement of exact (general-
ized) inverse matrices. Besides to their pervasive occurrence in computations with
polynomial and rational functions, Cauchy and Vandermonde matrices play an im-
portant role in deriving structural and computational properties of many relevant
matrix classes with displacement structure, see, e.g., [9, 13, 17, 18, 19]. For exam-
ple, they occur as fundamental blocks (together with trigonometric transforms) in
decomposition formulas for Toeplitz, Hankel, and related matrices. In this paper,
we will pay particular attention to the structured conditioning of the individual
columns of their inverses, as they have a special relevance in polynomial and ra-
tional interpolation problems. Indeed, let x; ...x, be pairwise distinct points in
the complex plane, considered as parameters, and let ¢1(z) ... ¢, (x) be a fixed set
of functions such that the collocation matrix X = (¢;(x;)) is nonsingular. In fact,
Vandermonde, Cauchy, and Cauchy-Vandermonde matrices arise as collocation
matrices when the functions ¢,(x) are monomials or particular rational functions.
Let X! = (v;;). Then, the functions ¢4 (z) = > vikdi(z) for 1 < k < n are
the Lagrange functions for the interpolation problem defined by the points x; and
the functions ¢;(x). Hence, a further reason for investigating the structured con-
ditioning of X ! is to give a measure of the sensitivity of the functions ¢ (x) with
respect to perturbations in the interpolation points x;.

After giving in Section 2 a quick look at Cauchy matrices, we consider Van-
dermonde matrices in Section 3. There, we will improve the result in [11, Thm. 1]
on the mixed structured conditioning of Vandermonde matrices (see Corollary 2),
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and consider in detail Vandermonde matrices with nonnegative nodes and sym-
metric nodes. In Section 4 we will extend our analysis to Cauchy-Vandermonde
matrices with complex nodes.

1.1. Main definitions and notations

We borrow from [10, 11] the following definitions and notations. Let p and ¢ be
positive integers, and let F' be a (densely defined) continuous function F' : CP —
C4. One usually defines the normwise condition number of F in a given point
x € CP as

(Fo)— i sy W@ =F@I sl
=0 |omi<e  IF@I |z -
In the limit as the perturbation size tends to zero, this number gives the worst
possible magnification of the quantity ||z — Z||/||«|| in the computation of F'. Here
and in what follows, || - || = - ||cc, unless otherwise noted.
The number ||z — Z||/||x| is the relative normwise distance between x and .
In what follows, we also consider the relative componentwise distance between two
points z,Z € CP, defined as

d(z,z) = minfe : |z; — ;| < elzi],1 <@ < p}. (1)

The above definition is of interest in numerical analysis, because it is the most
appropriate way to measure errors induced by the finite precision representation
of machine numbers. Observe that if an entry of the vector z is zero, the corre-
sponding entry in & must be zero for §(x, Z) be definite: Componentwise relative
perturbations do not affect null entries.

Accordingly, we consider the componentwise condition number of F'in x # 0
as ~

¢(F,z) = lim sup w (2)
=0 5(z,3)<e 5(1:’17)

Throughout this paper, we consider matrix and vector moduli and inequalities
as applied componentwise. Hence, we observe that ¢(F, z) is characterized by the
following inequality:

|F(z) = F(z)| < |F(z)|c(F, 2)é(x, ) + o(6(z, T)). (3)

In some cases, it may be also of interest to consider the mized condition number
F(x) - F(& 1

m(F.z) = lim sup L@ =F@I_1 (4)

=0 5(2,3)<e HF(:L‘)H 5(%%‘)

Since ||z — #||/||z|| < 6(z,Z), we have both m(F,z) < ¢(F,z) and m(F,z) <
k(F, z), but in general ¢(F, z) and x(F,x) are unrelated. Moreover, the equivalent
definition

Dix— i
Sos)— wp LDE=2

D diagonal ||.D.’E||
implies that m(F, z) results by minimizing «(F,x) with respect to all argument
normalizations, while ¢(F,z) = supp, m(DF,x) is a “worst case” measure of the
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sensitivity of F' in presence of diagonal scalings in both the parameters and the
function values.

If the map F is differentiable, the condition numbers introduced above can
be related to its differential as follows: For any n-vector a = (a1,...,a,)7", let
D, denote the n x n diagonal matrix whose ith diagonal entry is a;. Then, if F’
denotes the differential of F', we have

R(Fa) = [F'@)al/|F@)] (5)
(Fa) = ||DplyF (@)Ds] (6)
m(Fa) = |F'@)D.]/|F(@)]. (7)

Some further notations are used throughout this paper: Let e; be the ith
standard basis vector, whose order will be made clear from the context, and 1 =
(1,...,1)7. Let Vec : C"™ i C™ be the operator such that Vec(X) is the n2-
order vector obtained by stacking downward the columns of X, into one long
column. Moreover, for x = (21,...,2,)7 € CP and y = (y1,...,y,)" € CY, let

z) =max ——,  A(z,y) = max ———. (8)
' : w1 | =yl
In the above equations, fractions with vanishing denominators assume the value
+00, whatever the numerators are. In particular, A(z) < +o0 if and only if the
points 1 ...z, are pairwise distinct, and similarly for A(z,y).

1.2. Basic displacement structured matrices

Cauchy, Vandermonde and Cauchy-Vandermonde matrices are among the best
known matrices with a displacement structure. Such kind of structure is defined in
terms of a displacement operator

Lyn(X)=MX - XN,

where M, N are two fixed n X n matrices with disjoint spectra, so that the operator
L, N is invertible. Throughout this paper, we will deal with matrix spaces having
the following form:

DM,N = {X : rank(ﬁMyN(X)) = 1}.

A basic fact that will be used here to reduce the analysis of Vandermonde and
Cauchy-Vandemonde matrices to the simpler case of Cauchy matrices is this: If
N=SDS !and X € DM7N7 then XS € D]\/I,D-

Regarding the connection between displacement structure and conditioning,
we recall that in the paper [20] an exponentially growing lower bound is derived
for the spectral conditioning of matrices X such that AX + X AT = —BB7T, where
B has low rank and all eigenvalues of A have negative real part. By Lyapunov
theorem, any such matrix X is symmetric and positive definite; remarkably, the
displacement structure induced by the operator £4 _ 4 forces X to be very badly
conditioned.
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2. Cauchy matrices

Let = (z1,...,2,)7 € C" and y = (y1,...,9n)T € C" have pairwise distinct
entries, with 2; # y; for 1 < 4,5 < n. The Cauchy matriz associated with x and
y is defined by C,, = (1/(x; — y;)). Since the displacement operator Lp, p, is
nonsingular, C , is the unique solution of the displacement equation D,C, , —
CyyD, = 117, The following explicit formula for the entries of the inverse of Cy ,

is well known, see, e.g., [10]: For C; | = (v; ;) we have

o= ALi—@) 1 1L —y)
" Hl;ﬁi(yi —Y) Yi — T Hl#(mj —x)

Remark that v;; # 0. In [10] the above expression is differentiated with
respect to x; and y; in order to bound the componentwise conditioning of the
inversion of Cy 4, via (6). In the next result we show a simple bound for the
componentwise conditioning of the columns of C 1 , when only the x node vector
is subject to perturbations. This result plays a fundamental role in the subsequent
sections. Moreover, as mentioned in the Introduction, it is useful to estimate the
sensitivity of a set of rational Lagrange functions with respect to the interpolation
nodes. It is apparent from the definition of C; , that we obtain the corresponding
result for y by simply considering the transpose matrix.

9)

Theorem 1. Let 1 <i<mn andy € C" be fized, with pairwise distinct entries. Let
F; : C" = C™ be defined as Fi(x) = C; e;. Then,

c(Fy,x) <2(n—1)A(x) + (2n — 1)A(z,y).
Proof. From (6) we have

Tk 81}3')1' - 0 N
o(Fi, ) = 15550 —~ |vj,i Oy, N 121335}%; T Oxy log vj.il| (10)
where v;; is given in (9). For k # ¢ we have:
ol i
B B el EFNC RN )
oxy Tk — Ti T — Yj
On the other hand,
810g |’Uj,i| Z; xZ;
ML TN ST S < (n— DAG) + nAGy).
ox; ‘X, — T Ti — Yl
I#i l
Plugging the latter inequalities into (10) we arrive at the claim. O

For notational simplicity, in the sequel we use the shorthand
Aln,z,y) =2(n — DA(z) + (2n — D)A(z,y). (11)

In the next corollary we consider the structured conditioning of the matrices in
Dp,.p,- Observe that any matrix in this set can be expressed as D1C ,Ds for
some diagonal matrices Dy and Ds.
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Corollary 1. Let F : C* — C" be defined as F(z) = Vec(D,C;,Dy), where
D+, D5 are arbitrary diagonal matrices and y is as in the preceding theorem. Then,

c(Fyx) < Aln,z,y),
where A(n, x,y) is defined in (11).

Proof. Scaling the entries of C ; by constant factors does not affect their condi-
tioning, as it should be clear from the definitions (1) and (2). Hence we can assume
D. = Dy = I. In this case, we observe that

c(F,2) = max c(F;, z) < A(n, z,y),

where F; is as in the preceding theorem. O

If F is as in the preceding corollary and D, = D4 = I, then F'(x) is the map
z— Vec(Cpy E(2)C; L), where E(2) = (—zi/(x; —y;)?). Hence, in view of (5), the
normwise conditioning k(F,x) is essentially driven by the (unstructured) condi-
tioning of Cy , that is, [|Cy., [|[[Cy, || Quite few estimates are currently available
for the latter, and only for special vectors x and y. Here we only mention the
paper [23], dealing with the spectral conditioning of the Cauchy-Toeplitz matrix
Cr = (1/(a+i—j)), and [8], for Cauchy matrices C_,, ,, with positive vector y (note
that these two examples fall into the generic case considered in [20] and mentioned
in Subsection 1.2). Generally, all these matrices are very ill conditioned, and this
fact should be contrasted with the slowly-growing estimate for the componentwise
conditioning shown in the above corollary; for example, if y has positive entries
we have (see [8])

yo + 31\ "7
C_ czlolle > <"7> .
H y,y||2|| y,yH2 Yn — Y1
Note that also the exponentially ill-conditioned Hilbert matrix Cy = (1/(i4+j—1))
is a special Cauchy matrix. For that matrix, an O(nz) bound for its structured
conditioning is derived in [10], while its spectral conditioning grows roughly like
34™ [2].

3. Vandermonde matrices

Given a vector z = (x1,...,2,)7 € C" with pairwise distinct entries, for any
fixed 0 < 6 < 27 the Vandermonde matrix V, = (27") fulfills the displacement
equation

.’1?? _ ema

Lp,,p (Vx) =D,V =V, Py = el
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where i is the imaginary unit, and

0 --- 0 en?
Py — 1 -0 0
0] 1 0
Recall that the spectral decomposition of Py is explicitly computable,
Py =eD(0)®Dd 1 D(0)71, (12)

where ¢ = (1,ei27/7 . eln=127/m\T ' § — 1/n Vg is the unitary Fourier matrix
of order n, and D(6) = Diag(1,e71, ... e i(n=1)0)

Only for notational simplicity, in what follows we suppose that the operator
Lp, p, is nonsingular, that is, A(x, ) < +o0o. This hypothesis is of no restriction,

and can always be fulfilled by a suitable rotation of the complex plane. Indeed, let
& = e %z; we have V,D(6) = V; and, from (12),

Lp, p,(V) = [D,VoD(0) — eV, D(0)Py]D(6)*
= 9DV — ViR D(H) !
= " Lp, p (V).

The last equation uses the fact that eX D(6) ™' = e/~ Hence, the discussion
of the Vandermonde matrix with node vector x, for a chosen matrix Py, can be
carried out equivalently by considering the Vandermonde matrix defined by & and
the displacement equation with the matrix Py. Since the entries of V; and Vnz_l
have the same modulus of the entries of V, and V, !, respectively, the rotation
x +— T leaves unaltered the conditioning properties we are investigating.

In contrast to what happens with Cauchy matrices, inverse Vandermonde
matrices can have zero entries, hence the componentwise conditioning of Vander-
monde matrices cannot be bounded in general. For this reason, we will consider
the mixed conditioning, in the generic case, as in [11, 15, 22]. Furthermore, we will
obtain estimates for the componentwise conditioning for particular configurations
of the nodes, namely, nonnegative or symmetric nodes.

We will use the following lemma to bridge Cauchy and Vandermode matrices.
The statement can be obtained as a consequence of Proposition 3.2 in [9]. For
convenience, we provide here a short and self-contained proof.

Lemma 1. Let x = (x1,...,2,)7 € C" and a = (2 — 1,...,27 — )T If D, is
nonsingular, the matriz V,, can be factorized as follows:
1

V, = —=D,Cy ¢D7 1071
Vi e

Proof. From (12) we have

1
D,Vy® — V,®D¢ = (D, Vi, — Vo Py)® = ael® = %alTDgl.
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Since diagonal matrices commute, we have
Lp, p(D;'V,@D¢) = D;'[D,V,® — V,®D¢] D
= V1/nD;'al" D' De
= /1/n117.
By hypothesis, the nodes z; are not roots of unit, hence the operator Lp, p, is

invertible. Thus D, 'V, ®D, = \/1/nC, ¢, whence we obtain the thesis. O

Observe that, if the hypothesis on D, is false, then the matrix C, ¢ is not
even defined. Indeed, the same hypothesis can be restated as A(z,§) < +o0.

Lemma 2. Let F: C" — C" be the map F(v) = ®v. Then, m(F,v) = \/n.

Proof. See [6, Corollary 1]. O
Theorem 2. Let 1 < i < n be fized, and let F; : C™ +— C" be the function defined as
Fi(x) = V, Ye;. Furthermore, let & = (1,e27/n .. &(n=027/"\T  Then for any

0 <6 <27 we have
m(F;,x) < v/n (A(n,e_w%é) +

where A(n,e %z, &) can be obtained from (11).

n
n;

T — ein9

).

Proof. In the light of the argument outlined at the beginning of this section, we can
restrict the proof to the case 6 = 0, since the general case follows by considering
the matrix V;, with & = e7?z. From Lemma 1 we obtain V,”! = \/n®D¢C; D, ',

where a = (27 —1,...,27 — 1)T. Hence, for 1 <i <mn,

Fi(z) = fﬂngC £Ci
T

Consider the decomposition F;(x) = G(H;(x)), where G(z) = ®z and H;(z) =

Vn(zl — 1)*1D50;éei. It can be shown that m(F;,z) < m(G, H;(z))c(H;, x), see

[11, p. 692]. Then, from Lemma 2 we obtain m(F;,z) < v/nc(H;, x).
Furthermore, for  and Z such that §(x, %) = €, we have from Theorem 1

|Hi(z) — Hy(@)] < nla} —1]7YCp gei — C5 el
+nl@) - 1) = (@) - ) HIC3 ¢eil

< €A(n,x, &) Hiz)] + € (@)] + o(e)-

From the equivalence of (3) and (2) we have
n

1

%

C(Hi7 Z‘) S A(n, xaf) +

b

completing the proof. O
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Note that the factor y/n in the right-hand side of the thesis of the pre-
ceding theorem can be dropped off, if the 2-norm is used instead of the oo-
norm in the definition of m(F;,z). Indeed, one proves easily that mq(G,z) =
|G'(z)Dxll2/||G(z)|l2 = 1, and we have the attainable upper bound mg(F;,z) <
¢(H;,x), in the notations of the preceding proof. Hence, in some sense, the Eu-
clidean norm is more appropriate than the co-norm to analyze the structured
conditioning of V.

In the case of real nodes, Gohberg and Koltracht proved in [11] the upper
bound

m(F;, z) < n?max(nA(zx),n + A(z)).

We improve this bound in the following corollary.

Corollary 2. In the notations of Theorem 2, if x € R™ we have
m(F;,z) < v/n(2(n —1)A(x) + 2n?).

Proof. Let 0 = w/(2n). We have:

1 < K
sin(9) ~ 20 -

Az, e%¢) <

Hence from (11)
An,e z,6) = A(n, z,e%€) < 2(n — 1)A(x) + (2n — 1)n.

Moreover,
n
n;

1.? — eint

and the claim follows from Theorem 2. O

We consider the complete inverse of V, in the next corollary, which follows
from an argument analogous to that used in Corollary 1.

Corollary 3. Let F : C" — C" be defined as F(z) = Vec(V,1Dgy), where Dy
is an arbitrary diagonal matrix whose entries do not depend on x. Then, for any
0<6<2m,

Proof. Since a constant scaling of the columns of V! does not affect their con-
ditioning, we suppose Dy = I. Let F; be the map introduced in Theorem 2 for
1 <i<n. Then, F(x) = (Fy(x),...,F,(x))T. For arbitrary x, 7 we have
1£(z) = F(z)|| _ max; || Fi(z) — Fs(2)|| - [IFi(z) — Fi(@)]
[1F ()] max; [|[Fi(z)]  T<i<e [FE@)
Hence, from the definition (4) we obtain m(F, z) < max; m(F;, z), and the claim
follows from Theorem 2. O

n
i
1<i<n |zl — eln?

m(F,z) < v/n (A(n,eiem,é) + n max

where A(n,e %z, €) can be obtained from (11).
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3.1. Vandermonde matrices with nonnegative nodes

If ¢, > 0 for 1 < k < n then V;l has no zero entries, and we can obtain precise

upper bounds for its structured componentwise conditioning. Indeed, let V, ! =
(v ;). Then, it is well known that

vji = (71)"7]‘07(;:.1)(9:1, e L1, gy e Ty H(xl — )7
I#£i
see, e.g., [11], where agn)(al, ...,ap) is the ith elementary symmetric function on

n variables,
)

i (al,...,an): Z ajlaj2~-~aji. (13)

1<j1<<gi<n
By definition (13), for any 1 < k < n we have

(n) (n—1)
0, (al,---,an) = Qk0;_4 (CL],...,ak,1,0k+1,...,an)
(n—1)
+Ui (ala"'aak717ak+17"';an)-

Recall that oén) =1 and JZ(”) =0 for ¢ > n or ¢ < 0. Furthermore, we have
Z a’kagn_l)(ala sy A1, A1y - - aan) = (Z + 1)0-1(1)1 (alv LR an)' (14)
k=1

Actually, we can allow one entry in the vector z, say z1, to be zero. In this
case, the first row of V! is parallel to e, but no other zeros are introduced in V" !;
moreover, owing to the definition (1), x; is untouched by relative perturbations,
hence the zero entries in V7! don’t vary. In the light of the preceding facts, we
obtain the following bound for the componentwise conditioning of the columns of
V.1 with nodes in Ry = {z > 0}:

Theorem 3. Let F; : R” +— C™ be the function defined as F;(z) = V te;, for any
fixzed 1 <i<mn. Then

o(Fyyz) < (n— 1)(2A(z) + 1).

Proof. From (6) we have

T OUjy
¢(F;,x) = max —L2 |,
1<j<n o= {5 oxy,
For k # ¢ we have:
(n—2) . .
z OV :Ekon_j_l(zl,...,rk,l,zlﬁl,...,xl,l,:rprl,...,zn) Tk
. - (n—1) T !
vji Oz, Opj (T, Tie1, Tit 1,y - o5 Tn) Ti — Tk

Moreover,

ZT; 81)]-71- — 0 log |’U | - Z €Z;
— Lig il — — .
Vji 6:51- 8.’)31 J T; — Xy

I£i
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Owing to the positivity of zj ...z, from (14) we obtain

o™ D _ ‘
KO gy (@1 TR 1y Tt 1y e e oy Tim 1, Tkl -« 5 L) )
> —n—j
(n—1)
ki On—j (T15 e i1, Tig1s - Tn)
Hence, we obtain
L
Fz) <
o(Fi @) < max |n— J|+Z ) D
1#1

and the claim follows from the triangle inequality and the definitions (8). O

The next corollary follows by an argument analogous to the ones exploited
in the proof of Corollary 1 and 3, hence we omit it.

Corollary 4. Let F' : R} — C" be defined as F(z) = Vec(D.V,'Dy), where
D¢, Dy are arbitrary diagonal matrices whose entries do not depend on x. Then,
c(Fyz) < (n—1)(2A(x) + 1).

The preceding results should be contrasted with well-known lower bounds
on the conditioning of Vandermonde matrices with real or positive nodes [2, 16,
21, 24], which are exponentially growing functions in the order n. Moreover, we
observe that the results in this subsections are trivially extended to the case where
the points 1 ...z, belong to a ray in the complex plane, z; = |7;|w, where w = e!,
as it is apparent from the factorization V,, = V-1, Diag(1l,w...w" 1).

3.2. Vandermonde matrices with symmetric nodes

When the nodes are restricted to be real, in many circumstances they are also
symmetrically located with respect to zero. Indeed, symmetric configurations arise
naturally when the nodes are Fekete points or zeros of special polynomial sequences
(e.g., orthogonal polynomials from symmetric weights), or when one attempts to
minimize the (classical) conditioning of Vandermonde matrices, see [16].

For the sake of simplicity, we consider the Vandermonde matrix V(, _,, of

order 2n, whose nodes are x1, ..., &y, —21, ..., —Ty with 2; > 0 (however, consider
that the structured conditioning is invariant under permutation of the nodes).
Introducing the vector 2 = (22,...,22)T, we have

v (Ve Du N_(I I Vi O \pr
@-==\ v, pr,vo, )\ I —I O DiVs ’

—xV—n

where II is the perfect shuffle permutation matrix. We obtain

1 1 vt @) I I
Voo = _H( O (D,Vz)™! I —I

2
— 11—[ Vg‘;l (Donﬁ)_l
2 V.l (D V) )

€T
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and we see from the above decomposition that every entry of the matrix 1/(;171)

coincides, apart of a constant, with one entry of either Vgl or (D,Vz)~. On the
basis of this argument we obtain the following result:

Corollary 5. Let F': R} — C4* be defined as F(z) = Vec(DcV(;l_w)Dd), where
D.,Dg are diagonal matrices of order 2n, whose entries do not depend on x.
Moreover, for x = (x1,...,0,)7, let & = (22,...,22)T. Then,

c(F,z) <2(n—1)(2A(2) + 1)+ 1.

Proof. We can set D, = Dgq = I, without loss in generality. Let () F(2) R?
C™ be defined as FU)(z) = Vee(V; 1), and F@ () = Vec((D,Vz)™1). By virtue
of the preceding argument we have

¢(F,z) < max{c(FW,z),c(FP?, z)}.

Our goal reduces to obtain upper bounds for ¢(F(), ) and ¢(F®), z).

First, observe that F(!)(z) = G(H(x)), where G(z) = Vec(V,!) and H(z) =
&. Hence ¢(FV x) < ¢(G, H(z))c(H, x), see [11, p. 692]. From Corollary 4 we have
¢(G,H(x)) < (n—1)(2A(Z)+1). Moreover, from (6) we obtain ¢(H, z) = 2. Hence
c(FM ) < 2(n —1)(2A(z) + 1).

In order to estimate the componentwise conditioning of F(?)| denote V{l =
(0;7). Then (DyVz)~' = (;;/x;). Let fix one particular pair (i, j), and consider
the scalar function FZ(?) (x) = 0; j/x;, considering ¥; ; a function of x. Clearly we
have ¢(F®), ) = max; ; c(Fi(j), x). Again using (6) we obtain

Tk aFi(j) (z)
r® (x) Ok

2
(FFe) = 30

k iy
O, - x2 9 o
Lk OUi,j j Vi, j
;.5 Oxk + 0;: 0x; \ T;
kg | Vi J O J

IN

(FM z) + 1.,

By Corollary 4, we have ¢(F®,z) < 2(n — 1)(2A(2) + 1) 4+ 1 and the proof is
complete. O

Observe that in the above corollary we have

56'2 iz xX;

A(Z) = max 75——7 = max —————— < A(z).
(&) i |af — a3 i v — xla A+ @
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4. Cauchy-Vandermonde matrices

Let x = (21,...,2,)T € C" and y = (y1,...,yx)" € CF, where 0 < k < n, have
pairwise distinct entries and x; # y; for all ¢, j. The n x n matrix

_1 Ce 1 n—k—1
T1—Y1 T1—Yk L oz - Ty
K., =
Y . . N .
1 A 1 .. n—k—1
Tp—Y1 Tn—Yk L an Tn,

is called Cauchy-Vandermonde matriz. Matrices with the above structure appear
in connection with rational interpolation problems for functions with prescribed
poles, see [9, 12, 18, 19]. In particular, in [9, 18, 19] special factorizations of the
inverse of K, , are deduced from representation formulas of the rational function
solving a particular interpolation problem; such factorizations allows to compute
the solution of linear systems with a Cauchy-Vandermonde matrix at the cost
of O(n?) or even O(nlog?n) arithmetic operations. Other low-cost algorithms for
such systems, based on recursions of Levinson and Schur type, are presented in [12].
For any 0 < 0 < 27, the matrix K, , fulfills the displacement equation

ljlsz _ ei(n—k)@

. D 0]
Tn~ el(n—k)
where the matrix Ny has square diagonal blocks and P is as in (12). Analogously
to the Vandermonde case, we can limit ourselves to consider the case # = 0. Indeed,
if we let w = e7?, we have

w T 0]
Kw:v,wy - KLyQa 0= ( o) Dlag(l, w,... ’wn—k—l) . (15)

Since §2 is diagonal and unitary, the entries of K., ., and its inverse have the
same modulus of the corresponding entries of K, , and its inverse, respectively,
hence their structured conditioning is the same.

We stress the fact that, differently to the case of Cauchy and Vandermonde
matrices, no closed-form formulas are known for the entries of K, 5, for generic
k. Indeed, the inversion formulas presented in [9] involve a polynomial division,
and the inversion algorithms introduced in [12, 18, 19] have a recursive character,
namely, the entries of K 311 are computed according to suitable orderings. Hence,
it is not obvious how to study the structured conditioning of K , by a straightfor-
ward use of the definitions. In the sequel we will exploit a factorization approach
analogous to the one already introduced in the preceding section.

Lemma 3. Let ¢ = (&1,...,6,-x)T, & = =127/ (n=k) = Byrthermore, let a =
(m;’_k 12— DT and g€ C™, g = (Y1, ks &1y -+ En—i) L. Let

"= onricy, o) e
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partitioned as Ny, i.e., the Cauchy matriv Ce, has order (n — k) x k and & =
(n — k)~Y/2V; is the Fourier matriz of order n — k. Furthermore, let f be the
solution of the linear system TT f = e,. If A(x,) < +o0 then

Ky y=DoCyp yDyT.
Proof. 1t is a simple task to verify that

T = ( f(nfk){l/%ww g ) (17)

Moreover, since ®~'e; = (n — k)~'/21 and ®~'Py® = D, we have
L I 0 D, O
TNOT o ( (n - k)il/QO&y vn — ]{5(1)71 611T Po
o I 0]
—(n—k)"V2®C, @

D, 9,
( (n—k)~Y2[C¢y Dy — DeCe ,y +117] &1 Pyd )

= Dy.
Hence T-'DyT = Nj. Since diagonal matrices commute, we obtain:
Lp, p,(Dy ' KpyT™Y) = D' [DyKyy— KuyNoJT™!
D taelT1
= 117Dy

The hypothesis stated on = implies both the invertibility of D, and that of the
operator ﬁDm,DQ~ We obtain D;leT—l = Cy 4Dy, whence thesis follows. O

We remark that det(K,,) # 0 if all entries from z and y are distinct, see,
e.g., [9, Thm. 3.1] or [19]. As a consequence, by Binet-Cauchy Theorem we see
that, in the hypotheses of the preceding lemma, we have det(Dy) # 0, that is, f
has no zero entries.

We consider in the following theorem the structured conditioning of the
columns of K- 11/ with respect to perturbations in the vector x.

We will use some further notations: For any # = (21,...,7,)T € C", consider
the two subvectors
M = (z1,...,23)T € CF, 3 = (Th1,. .., xn) T €CVR,

where k is the integer appearing in the definition of the Cauchy-Vandermonde
matrix under consideration. Furthermore, introduce the relative distance

O(w, &) = max{6(zM), 21, 2® = 72| /||2|},
and consider the following condition measure, naturally induced by it:

m(F,z) = lim w

€_>06(a;,£)§e 5("177‘%)

(18)
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Remark that ||z — Z||/||z| < é(z, &) < 6(x, &), and
m(F,z) < m(F,x). (19)

Theorem 4. Let 1 < i < n be fized, and let F; : C" — C™ be the function defined
as Fi(x) = K;;ei. Moreover, let 0 < 0 < 2r be arbitrary and let w = 7%, Then,

m(Fi,x) < < +¢F>(V+M)

where v = ||Ce.wyll, € = (&1, ., Eni), & = U7V2T/(=K) and A(n,wz, &) can be
derived from (11).

NI
X (A(n,wx,f) +

(n — K)ay "

x?fk _ ei(n—k)e

Proof. As in Theorem 2, we can reduce the analysis to the case § = 0 by simply
considering the rotated vectors & = wz and § = wy, by virtue of (15). In the
notations of Lemma 3 we have

~1 —1py-1/-17-1
Ky, =T""D;C ;D"
Recall that f has no zero entries, hence Dy is invertible. We obtain

1 1l e
Fz({l?) = = T P 1 1DflCz7?1;ei.

Then, F;(z) = G(H;(x)), where G(z) = T~ 'z and
Hi(x) = (a7 % - 1)~ 1D oy £Ci-
Using (18), it is straightforward to check that m(F;, z) < m(G, H;(z))c(H;, x).
Let u = G(z) and & = G(&), for arbitrary z, Z. In order to bound the quantity

0(u, @), observe firstly that §(ut),a®) = §(a, 1) < §(z, 7). Using ||u] >
[ I/1T]l, we have:

[ —aD] 0= ) () 5]+ 8 - 3]
T S Tl
2 _ D) 22 _ 5
< W“<“| el L vl Bl '9
< ITI(+ V=R, 3).

Since | T|| < v/vn — k + v/n — k we have
S(u, @) < (v/Vn—k+vVn—k)(y+Vn—k)d(z,©).
From (18) we obtain

m(G,z) < (v/Vn—k+vVn—k)(y+vn—k).
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Furthermore, if we let §(x, &) = €, we have from Theorem 1
[Hi(x) = Hi(#)] < |77 =17 DG, gei — Cf e

1 1 —1,—1
2k 1 o Fk _q |Df C£,§€i|
< elaPR - 17D IC, ceil Aln, 2, €)
(=B
e e P Gl +ole)
K2
n—k)z" "
< bz OH @) +e| " ) 4 o)

n—k
x; -1

whence we obtain

(n— K)ay "

n—k
r, " —1

7

C(Hi, SU) S A(n,x,f) +

and the proof is complete. O

Remark that an upper bound for the constant v appearing in the preceding
theorem is obtained as follows:
k
1 k
Y= max < —
lgignfk; |§1 — wyj\ min; ; ‘51 — wyj|

= kA(§, wy).

We omit the proof of the following corollary, as it is essentially the same as
that of Corollary 3, in the light of (19):

Corollary 6. Let F : C" — C"° be defined as F(x) = Vec(K, , Da), where Dy is
an arbitrary diagonal matrixz whose entries do not depend on x. Furthermore, let
E=(&1,.,&n—k), & = elU=D27/(n=k) " For any 0 < 0 < 2, let w = e . Then,

m(F,z) < (y/Vn—k+vn—KH+vn—k)
n—k
X (A(n,wx,§)+(n—k) max Ti )7

2tk — ei(n=k)o

where v = ||Ce wyl| and A(n,wz, &) can be obtained from (11).
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Abstract. A matrix is called totally negative if all its minors are negative. In
this paper we characterize two decompositions of totally negative matrices:
the QR decomposition and the symmetric-triangular decomposition.
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1. Introduction and background

This paper deals with two factorizations of totally negative matrices relevant in
numerical analysis: QR decomposition and symmetric-triangular decomposition
(see [9]). A matrix is totally negative (TN) if all its minors are negative. Totally
negative matrices belong to the class of N-matrices (matrices with all principal
minors negative), which play an important role in Economy (see [3], [10] and [13]).
Others aspects of totally negative matrices have been considered in [2], [5] and
[7]. Besides, they belong to the class of strictly sign regular matrices, which will
be defined below and which are very important in many applications due to their
property known as variation diminishing property (see [1], [11] and [12]). Let us
start with basic notations.

Following [1] and [6], for k,n € N, 1 < k < n, Qk,, will denote the set
of all increasing sequences of k natural numbers not greater than n. For each
a € Q. n, its dispersion number d(«) is defined by d(«) := Zi:ll (ip1 —a;—1) =
o —oq — (k—1), with the convention d(«) = 0 for o € Q1,5 Let us observe that
d(a)) = 0 means that a consists of k consecutive integers.

For a = (a1, ag,...,ak), 8= (61,02, -, 0k) € Qrn and A an n x n matrix,
we denote by Ala|B] the k x k submatrix of A containing rows aj,ag, ..., ax
and columns (i, fa,...,0k of A. If « = 3, we denote by Ala] := Alala] the
corresponding principal minor. A column-initial minor of A is a minor of the form
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det A[a|1, ..., k], where o« € Qg with d(a) = 0 and 1 < k < n. Analogously,
a row-initial minor of A is a minor of the form det A[l, ..., k|a], where o and
k are given as above. Let A be an n X n lower (resp., upper) triangular matrix.
Following [4], the minors det A[o|5] with o > By (resp., ax < By Vk) are called
nontrivial minors of A because all the remaining minors are obviously equal to
zero. A triangular matrix A is called ATP if its nontrivial minors are all positive.
We remark that these matrices are also called ASTP in other papers (see [8]).

By a signature sequence we mean an (infinite) real sequence ¢ = (g;) with
le;l = 1,4 = 1,2,.... An n x n matrix A verifying e det A[e|F] > 0 for all
o, € Qrrnandk =1,...,nis called strictly sign reqular with signatureeq, ..., ep,
and will be denoted by SSR.

Two important subclasses of the strictly sign regular matrices are the totally
positive matrices (with all its minors positive) and the totally negative matrices
(defined above). This terminology is more frequent nowadays, although these ma-
trices also have been called in the literature as strictly totally positive and strictly
totally negative, respectively.

The first part of the following result comes from Theorem 3.1 of [4] and the
second part is provided by Remark 3.6 of [7].

Theorem 1.1.

(i) A lower (resp., upper) triangular matriz M is ATP if and only if all column-
ingtial (resp., row-initial) minors of M are positive.

(i) Let A = (aij)i<ij<n be a nonsingular matriz and any, < 0. Then A is TN if
and only if all its initial minors are negative.

An LDU-factorization of a matrix A is the decomposition A = LDU where
L (resp., U) is a lower (resp., upper) triangular, unit diagonal matrix (i.e., with all
diagonal entries equal to 1), and D is a diagonal matrix. From now on, A = LDU
will refer to this decomposition.

Let us recall the following result, which will be used in the following sections.
The proof can be seen in Proposition 2.1 of [7].

Theorem 1.2. If A is SSR, then A = LDU with L (resp., U) a ATP and lower
(resp., upper) triangular, unit diagonal matriz and D a diagonal nonsingular ma-
trix.

Finally, let us recall the well-known Cauchy-Binet formula. If A, B are n xn
matrices, then we have the following determinantal identity:

det(AB)[«|f] = Z det Ala|w] det Blw|3], «,8 € Qg n-
wWEQk,n

Section 2 contains some auxiliary results. In Section 3 we characterize the QR
factorization of totally negative matrices. Section 4 contains the characterization
of the symmetric-triangular factorization of totally negative matrices and includes
an example showing that a condition used in our characterizations (the fact that
ann < 0) cannot be suppressed.
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2. Auxiliary results

We are going to define some special classes of matrices which will play a key role
in the characterizations of this paper.

Definition 2.1. A nonsingular matrix A is said to be lowerly TN if it can be
decomposed in the form A = LDU and LDY is ATP, where X is a diagonal
matrix with diagonal entries —1,41,...,+1. If, in addition, U~! satisfies that
YUY is ATP, then the matrix is called strict v~ -matriz.

In the previous definitions, since L is unit diagonal, the fact that LD is
ATP implies that L and DY are ATP.

The following result relates the two concepts introduced in the previous def-
inition.
Proposition 2.2. If A = LDU and (A7)~ are lowerly TN, then A is a strict v~ -
matriz. Therefore, an orthogonal matriz is lowerly TN if and only if it is strict
v -matrix.

Proof. We have to see that, under the conditions of the proposition, U 1% s
ATP. From the factorizations A = LDU and (AT)~! = LDU we get

(UT)~t = DL (A")~' = DLY(LDU). (2.1)
Since A and (AT)~! are lowerly TN, we have from (2.1) that
S(UT)~'y = (DLY)(LDX)(XUY), (2.2)

where the upper triangular matrix XDL” and the lower triangular matrix LDY,
are ATP. Moreover, SUY. is an upper triangular, unit diagonal matrix.

By the Cauchy-Binet formula, for all o € Q. with 1 <k <n and d(a) =0
we can derive from (2.2)

det Bla|1,..., k] =det Cla|l,... k] det F[1,...,k] = det Clo|1,..., K], (2.3)
where B := X(UT)'%, C:= (SDLT)(LDY) and F := XUY.

Again by the Cauchy-Binet formula, for all & € Qf,, with d(a) = 0, we have

det Clall,....kl = > det(SDL")[a|B]det(LDE)(BI1, ..., k. (2.4)

BEQK,n

From (2.4) and taking into account that XDLT and LDY. are ATP, we ob-

tain det Cla|l,...,k] > 0 for all & € Qg with d(a) = 0. Then, from (2.3)

det Bla|1,..., k] > 0 for all & € Q. with d(a) = 0. Therefore, all column-initial

minors of the lower triangular matrix B are positive and so, by Theorem 1.1 (i),
B =X(UT)"'S is ATP, which implies SU~Y is ATP. O

The following result for lowerly TN matrices will be very useful in this paper.

Proposition 2.3. Let A be an n X n matriz. If A = CV with C lowerly TN and
V' upper triangular with positive diagonal, then all column-initial minors of A are
negative.
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Proof. Since C'is lowerly TN, we have that C' = Lo DcUe and the matrix Lo DeX%
is ATP, where ¥ is a diagonal matrix with diagonal entries —1,+1,...,4+1. Then
by the Cauchy-Binet formula, we get for k=1,...,n

0 < det(LeDeX)[all,. .. k] =det(LeDe)all, ... k]det X[1,... k] =

—det(LeDe)all,. .. k]

for all @ € Q. and d(a) = 0. So, the sign of det(LcDe)[e|l, ..., k] is —1.

Again by the Cauchy-Binet formula, we get

det Clal, ..., k] =det(LeDo)all, ... k] det Uc[l, ... k] =
det(Lch)[aH, ey k]

for all & € Qy,» and d(a) = 0. So, all column-initial minors of order k of C are
negative. Applying again the Cauchy-Binet formula to A = CV, we obtain

det Ala|l, ..., k] =det Cla|l,...,k]det V[1,... K] (2.5)
for all @ € Qg and d(a) = 0. Since V has positive diagonal entries, we deduce
from (2.5) that all column-initial minors of A are negative. ]

3. R decomposition of TN matrices

The following theorem gives a characterization of TN matrices by their QR fac-
torization.

Theorem 3.1. Let A be an n X n matriz. A is TN if and only if apn <0 and
A=QR, AT =QR, (3.1)

where Q and Q are orthogonal and strict v~ -matrices and R and R are upper
triangular and ATP matrices.

Proof. If B is a TN matrix, then b,,, < 0. Since B is nonsingular, B = QR with
@ orthogonal and R upper triangular with positive diagonal entries. If LoDqoUg
is the LDU-factorization of ), then we have

B = LoDo(UgR). (3.2)

Since R is upper triangular with positive diagonal, we can write UgR = DU,
where U is upper triangular, unit diagonal matrix and D is a diagonal matrix
with positive diagonal. So, from (3.2) we get

B = Lgo(DgD)U. (3.3)
Since B is TN (so that, B is SSR with signature ¢; = —1 for all ¢, by Theorem
1.2, B = LDU with D a diagonal nonsingular matrix and L (resp., U) ATP and
lower (resp., upper) triangular with unit diagonal. The uniqueness of the LDU-
factorization implies by (3.3) that Lo = L, D = DoD, U = U, and so Lg is ATP.
The diagonal entries d; of D satisfy

det B[1,...,1]
d; = 4
det B[1,...,i —1] (34)
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and so sign(d;) = €;/e;_1 = +1fori =2,...,n, and sign(d;) = €1 /ep = —1, taking
€o := +1. Hence, if ¥ is a diagonal matrix with diagonal entries —1,+1,...,+1,
DY = DQDZ has positive diagonal entries and so DgX is also a diagonal matrix
with positive diagonal. Therefore, @) is lowerly TN and by Proposition 2.2 it is a
strict v~ -matrix.

Since B = @R,

B'B=R"R (3.5)
and RTR can be computed from R by multiplying each row by a positive number
and adding a linear combination of the previous rows. Therefore, the row-initial
minors of RT R have the same sign as the corresponding minors of R. Since the
product of two TN matrices is TP by Theorem 3.1 of [1], we deduce from (3.5)
that RT R is TP. Then the row-initial minors of R” R and R are positive, and by
Theorem 1.1 (i), R is ATP.

Now, since A and A” are TN, applying the previous reasoning to A and A”
(3.1) follows with the stated properties.

Conversely, applying Proposition 2.3 to the matrices A and A7 with C =
Q, Q and V = R, R (respectively), we conclude that all the initial minors of A
are negative. Then, taking into account that a,, < 0, by Proposition 1.1 (ii)
A is TN. O

4. Symmetric-triangular decomposition of TN matrices

Recently, Golub and Yuan have introduced in [9] a symmetric-triangular decom-
position of a nonsingular matrix. We now characterize TN matrices in terms of
this decomposition.

Theorem 4.1. Let A be an n X n matriz. A is TN if and only if apn <0 and
A=SR, A" =38R, (4.1)

where S and S are symmetric and lowerly TN matrices and R and R are upper
triangular matrices with unit diagonal.

Proof. Let B be a TN matrix. By Theorem 1.2, B = LDU with D a diagonal
nonsingular matrix and L (resp., U) ATP and lower (upper) triangular with unit
diagonal. If we write B = (LDL™)(LT)~1U, then we can consider

S:=LDL" R:=(LT)"'U, (4.2)

where S is a nonsingular and symmetric matrix and R is an upper triangular
matrix with unit diagonal.

Now, let us see S is lowerly TN. So, we have to prove that LDY. is ATP, where
3 is a diagonal matrix with diagonal entries —1, +1,...,+1. Reasoning through
(3.4) as in the proof of Theorem 3.1, it can be deduced that DX is a diagonal
matrix with positive diagonal. So, LDY, is ATP because L is ATP. Then, from
(4.2), we conclude that S is lowerly TN.
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Since the matrices A and AT are TN, applying the previous reasoning to A
and AT, the necessary condition holds.

Conversely, if we apply Proposition 2.3 to the matrices A and A7 with C =
S, S and V = R, R (respectively), then we conclude that all the initial minors of
A are negative. Then, taking into account that a,, < 0, by Proposition 1.1 (ii) A
is TN. (I

The following example shows that the condition a,, < 0 cannot be sup-
pressed in theorems 3.1 and 4.1.

Example. Let A be a nonsingular matrix given by

=0

Then A = QR with @ orthogonal and R upper triangular with positive diagonal
entries given by

Q= (~UV2Z UV2\ (V2 O1V2
—1/vV2 1/V2 ) 0 1/v2)°
We also have AT = A = QR. The matrix R is ATP. Besides, Q = LoDqU where

(09 2em (57 2) o-(3 )

Clearly the matrices

LoDgXY = G;g \%) SUE = ((1) D

with ¥ = diag{—1,+1}, are ATP, and so Q is strict v~ -matrix. However, A is not
TN because det A[2] = 0.

As for the symmetric-triangular decomposition, we have A = SR with S
symmetric and R upper triangular with unit diagonal given by

s=(09) m=( )

We also have AT = A = SR. The matrix S = LDLT where

10 -1 0
L‘<1 1)’ D‘(o 1)'
10
LDE<1 1>

with ¥ = diag{—1,+1}, is ATP, S is lowerly TN. However, A is not TN.

Since the matrix
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QR-factorization of
Displacement Structured Matrices Using
a Rank Structured Matrix Approach

Steven Delvaux, Luca Gemignani and Marc Van Barel

Abstract. A general scheme is proposed for computing the QR-factorization
of certain displacement structured matrices, including Cauchy-like, Vander-
monde-like, Toeplitz-like and Hankel-like matrices, hereby extending some
earlier work for the QR-factorization of the Cauchy matrix. The algorithm
employs a chasing scheme for the recursive construction of a diagonal plus
semiseparable matrix of semiseparability rank r, where r is equal to the given
displacement rank. The complexity is O(r*n?) operations in the general case,
and O(rn?) operations in the Toeplitz- and Hankel-like case, where n denotes
the matrix size. Numerical experiments are provided.
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Keywords. Displacement structures, QR-factorization, lower semiseparable
plus diagonal matrices, chasing procedure.

1. Introduction

In this paper we present a novel unified approach for computing the QR-factoriza-
tion of displacement structured matrices, including some cases of main interest,
namely Vandermonde-like, Toeplitz-like and Hankel-like matrices. Cauchy-like ma-
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trices can also be treated in this framework, provided they have at least one set
of data points lying on the unit circle of the complex plane C. Generalizations
of the algorithm to deal with Toeplitz-plus-Hankel-like matrices and Cauchy-like
matrices with data points on the real axis R are also possible and will be discussed
elsewhere.

In the literature, some algorithms for the QR-factorization of Toeplitz-like
matrices are already known, see [1, 12] and the references therein. These methods
typically compute the upper triangular factor by factoring the normal equation
matrix via the generalized Schur algorithm. If the input matrix is ill-conditioned
or exactly rank deficient, then the computed factorization of these algorithms can
be very poorly accurate or even not an exact QR-factorization [12].

In contrast to these existing methods, the algorithms of the present paper pro-
ceed by translating the QR-factorization problem for a given displacement struc-
tured matrix into an equivalent chasing problem for an associated unitary rank
structured matrix.

The approach followed in the present paper is motivated by the result in [7],
where the QR-factorization of the classical Cauchy matrix with real data points
was translated into a chasing problem for an associated Hermitian diagonal plus
semiseparable matrix of semiseparability rank one. However, differently from [7]
here we will focus on those displacement structures leading to unitary rank struc-
tured matrices, since this is the case for some of the more important classes such
as Vandermonde-like, Toeplitz-like matrices and so on. Incidentally, let us point
out that also transforms of a Toeplitz matrix into a Cauchy-like matrix with data
points lying on the real line R are possible [9, 10, 11], but these will not be covered
in the present paper.

The unitary rank structured matrices in this paper will be represented and
manipulated as a product of Givens transformations [5, 8]. This representation
leads to an asymptotically optimal number of O(rn) parameters. Moreover, in con-
trast to the so-called sequentially semiseparable, quasiseparable, uv and Givens-
weight representations used to represent rank structured matrices in the literature,
the Givens product representation has the advantage that the unitarity of the ma-
trix is an explicit part of the representation.

Chasing problems for tridiagonal and banded matrices are generally solved
by using bulge-chasing techniques. The rationale for employing these techniques
is that band matrices have a specified sparsity pattern and we can annihilate a
bulge by moving it along this pattern downwards or upwards until it disappears
by using a sequence of Givens rotations applied as a similarity transform. Rank
structured matrices are generally dense so that the occurrence of a bulge in the
rank structure is not visible. Our major contribution is to show that appropriate
generalizations of bulge-chasing techniques still work for unitary rank structures
represented in factored form thus leading to an efficient solution of the associated
chasing problem. The cumulative similarity transformation returned as output by
the chasing procedure allows to determine the Q-factor of the QR~factorization of
the given displacement structured matrix.
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The total complexity of this algorithm for QR-factorization is O(r?n?) oper-
ations in the general case, and O(rn?) operations in the Toeplitz-like case, where
r denotes the displacement rank, and where n denotes the matrix size. It is worth
pointing out that the algorithm computes the QR-factorization of the given dis-
placement structured matrix A = QR in full form, i.e., the R-factor is computed as

a full upper triangular matrix having @ entries, while the Q-factor is computed

to consist of a full product of @ Givens transformations. Hence, the proposed
scheme does not lead to a sparsity in the representation of the QR-factorization,
but rather to an efficient way for computing these parameters.

The methods introduced in this paper are also strongly related to the chasing
methods for diagonal plus semiseparable matrices in solving inverse eigenvalue
problems [15]. More precisely,

e we present methods which can be literally used for solving some of the inverse
eigenvalue problems too,

e we explain the mechanism behind a source of numerical instability, which
may illuminate the numerical experiments for inverse eigenvalue problems as
well.

The remainder of this paper is organized as follows. In Section 2 we establish
basic notation and briefly recall some rank structure concepts. In Section 3 we
describe the general scheme for the QR-factorization of a displacement structured
matrix and its relation to a chasing problem for an associated lower semiseparable
plus diagonal matrix. Sections 4, 5 and 6 specify this scheme to the case of Cauchy-
like, Vandermonde-like and Toeplitz-like matrices. Finally, Section 7 reports on the
results of some numerical experiments, and it discusses some interpretations of the
observed numerical stability issues.

2. Rank Structure Preliminaries

Let us first define in more detail the rank structures arising from the methods of
this paper.

Definition 1. We define a rank structure R on C"*™ as a collection of so-called
structure blocks R = {By}k. Fach structure block By, is characterized as a 4-tuple

Br. = (ik, Jks Ths Ak)s

where iy is the row indezx, ji the column index, ri the rank upper bound and A\, € C
is called the shift element. We say a matriz A € C"*™ to satisfy the rank structure
R if for each k,

RankAy (i :n,1: jg) <71, where Ay = A — NI

Thus after subtracting the shift element A\, from the diagonal entries, we must get
a low rank block.
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As a special case, when a structure block By, has shift element equal to zero,
or when it is situated strictly below the main diagonal, then we call it pure. We
sometimes denote such a structure block by Bpure k-

Figure 1 shows an example with two structure blocks.

Rk 3
N=<0.89

Rk 1

FIGURE 1. Example of a rank structure with two structure blocks. The
left structure block B; intersects the diagonal and has shift element
A1 = 0.89, while the second structure block Bs is ‘pure’. The notation
‘Rk 7’ denotes that the structure block is of rank at most r.

As a special case, a matrix is called lower semiseparable plus diagonal of
semiseparability rank r if it satisfies a set of structure blocks By, : (i, jk, Tk, A\k) =
(k,k,7, Ak), k= 1,...,n.Here the A\ € C are an integral part of the rank structure.
We will sometimes refer to them as the diagonal elements of the rank structure.
Another remarkable special structure is defined by Bpure k : (ik, Jk: Tk, M) = (s +
k. k,0,0), k=1,...,n—s. If A e C"*" satisfies all the Bpure r then A has lower
bandwidth s— 1. Therefore, rank structures are a generalization of band structures.

A unitary rank structured matrix admits a condensed representation as the
product of Givens rotations. For computational purposes it is useful to describe
pictorially this product by means of an associated Givens product representation
graph [5]. The following example clarifies these concepts. Let A € C6%% be a
unitary lower semiseparable matrix of semiseparability rank 1, i.e., A satisfies a
set of structure blocks By : (ig, ji, 7%, ) = (k, k,1,0), & = 1,...,6. The QR-
decomposition of A yields a condensed parametrization of the matrix as a product
of Givens transformations A = G5,6G45 - - - G1,2; here the notation G; ;11 denotes
a Givens transformation, i.e., a unitary transformation which equals the identity
matrix except for its entries in rows and columns 4,7 + 1. We represent the above
matrix product by the following graph
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Here each little line segment represents a Givens transformation G; ;41 ‘acting’ on
the rows of an (invisible) matrix standing on the right of it. The row index i of the
Givens transformation G; ;1 can be derived from the height at which the Givens
transformation is standing in the figure, e.g., the top rightmost line segment in the
above figure corresponds to G1,2, and so on.

Now let us suppose that A is modified both in the third and in the fourth
column in such a way that the perturbed matrix A is still unitary and, moreover,
G{{Q e GEI){6A =I> ® G5 4 @ I>. The ‘bulge ‘in the rank structure of A is revealed
by the associated graph

At the core of our proposed chasing methods for unitary rank structured ma-
trices is the basic observation that, similarly as in the banded case, this bulge can
be moved along the graph by a sequence of unitary similarity transformations de-
termined by swapping techniques applied to short sequences of consecutive Givens
rotations.

3. QR-factorization of displacement structured matrices

In this section we start with some general theory for the QR-factorization of dis-
placement structured matrices. We will assume that A € C"*™ is an invertible
displacement structured matriz, i.e., a matrix satisfying a displacement equation of
the form

YA—-AZ =Rk, (1)
where Y, Z € C™"*" are fixed coefficient matrices, and where the right-hand side
Rk r has to satisfy the constraint that it is of rank at most r, where r € N is
the displacement rank. Examples of such displacement equations could be those
defining Cauchy-like, Vandermonde-like, Toeplitz-like matrices and so on, each of
them having a specific choice for the coeflicient matrices Y and Z as well as for
the displacement rank r. The treatment of these specific classes is deferred to the
next sections.

Remark 2. Some comments are in order concerning the assumption that A is
invertible. This condition seems to preclude our method to be applied in many
interesting cases where the matriz is rank-deficient or it is ill conditioned. However,
in [2] it has been proved that the assumption can be removed by using a continuity
argument and, indeed, our approach still works in the singular case. More precisely,
since the QR decomposition of a singular matriz is not essentially unique, we can
show that a QR decomposition of A exists such that the Q-factor is the solution of
a chasing problem for an associated unitary rank structured matriz.



234 S. Delvaux, L. Gemignani and M. Van Barel

Let us now assume a general displacement equation (1). Inserting the QR-
factorization A = QR into this equation leads to

Y(QR)— (QR)Z =Rk r (2)
< (Q"YQR—RZ=Rkr (3)
& (Q"YQ)=RZR '+Rkr, (4)

where Rk 7 and Rk r are new matrices of rank at most 7. Note that we assumed
here R~! to exist.

Now we would like to use the above relations to obtain an alternative way of
computing the QR-factorization A = Q R. We will have to assume to this end that

e both Y and Z are upper triangular matrices. (5)

By the above assumption, the matrix RZR~! occurring in (4) must also be an up-
per triangular matrix. A closer look reveals that it has diagonal elements precisely
equal to those of Z: z;;, i =1,...,n.

Hence, the right-hand side of (4) will be a lower semiseparable plus diagonal
matriz of semiseparability rank r, with diagonal elements of the structure precisely
equal to the z; ;.

In order to exploit this observation, let us partition

| y11 Yip | Zin Zi2
S o B I el )

where y11 and 222 denote the top left and bottom right elements of ¥ and Z,
respectively. We also partition

Air a1
A= ’ ’ 7
{ A1 Az } ’ (M

where a; 2 is the top right element of A.

From the assumptions on the upper triangularity of Y and Z, it follows
that the submatrix Ay ; inherits the displacement structure from A. Indeed, this
follows by evaluating the last block row and first block column of the displacement
equation (1), and using (6), from which Y5 2451 — A3121,1 = (Rk )2 1. Thus the
matrix Aj ; is displacement structured too.

This suggests a recursive procedure: Assume that a QR-factorization has been
computed for the displacement structured matrix Ay ;:

A1 = QR. (8)

Clearly, given the knowledge of the QR~factorization (8), the full matrix A in (7)
can be transformed into a Hessenberg matrix H, and hence its QR-factorization
can be completed by applying a single downgoing sequence of Givens transforma-
tions to the rows.



QR-factorization of Displacement Structured Matrices 235

On the other hand, we know that the QR-factorization (8) leads to an asso-
ciated lower semiseparable plus diagonal equation (4), i.e.,

Q"Y22Q = S, (9)
where
S:=RZ R+ Rkr (10)
is already lower semiseparable plus diagonal of semiseparability rank r, with di-
agonal elements of the structure equal to z;,, i = 1,...,n — 1. By embedding this
relation in a full n by n form, it follows that
1 0 Y1 Y12 L 0| _ | v Y1 2Q (11)
0 Qf 0 Yoo 0 @ 0 S '

We should stress that (11) has been obtained from the QR-factorization (8)
of size n— 1. But we would like now to bring it to the required form (4), induced by
the QR-factorization of the full n by n matrix A. It was already mentioned before
that this aim can be achieved by incorporating a downgoing sequence of Givens
transformations Gf_lm, ey G{{Q into the matrix Q. Applying these transforma-
tions to both unitary factors in the left-hand side of (11), and applying them also
to the right-hand side of (11) transforms the latter to

N Y]
S = GrI;I—l,n e G{{,Q |: le.,l 15262 :| G1,2 tee anlﬂr (12)

This relation (12) is the basis of the chasing procedure of this paper. It means that
given the lower semiseparable plus diagonal matrix S of size n — 1, we must apply
a similarity operation with a downgoing sequence of Givens transformations, such
that the resulting matrix S in (12) is lower semiseparable plus diagonal of size n.

Under quite mild assumptions on the rank structure of S it can be proved
[2] that the unitary Hessenberg matrix Gq 2 - - - Gp—1,, satisfying (12) is essentially
unique. Roughly speaking, this means that the Q-factor in the QR decomposition
(8) of Az 1 can be updated in an essentially unique way to obtain a solution @ of
(4). Whence, this latter Q must be the Q-factor of a certain QR factorization of
the full matrix A in (7).

The above description, and in particular (12), suggests that we could use a
structure-preserving chasing procedure to determine the subsequent Givens trans-
formations G ;11,7 =1,...,n— 1.

In fact, one could retrieve more details about the intended chasing procedure,
by comparing the position of the diagonal elements of the structure z; ; before and
after the chasing, cf. (10). This reveals that each of the original diagonal elements
of the structure 2;;, ¢ =1,...,n—1 should be chased one position upwards, while
a new diagonal element z, , is ‘installed’ at the bottom of the matrix (12).

To manipulate the lower diagonal plus semiseparable matrix (12) efficiently
during the chasing scheme, we would like that not only the lower, but also the
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upper triangular part of this matrix has bounded ranks. We will realize this by
assuming that

e Y is a unitary/Hermitian plus low rank matrix. (13)

Indeed, it is known that this type of structure is preserved under unitary
similarity transformations, and moreover, that the rank structure in the lower
triangular part of such matrices, induces rank structure in the upper triangular
part as well. Applying this to the lower semiseparable plus diagonal structure of the
matrix S in (9) shows that this matrix must be upper semiseparable plus diagonal
as well, or semiseparable plus diagonal for short. This will allow the use of efficient
representations to represent the matrix S during the chasing scheme, such as
sequentially semiseparable, quasiseparable, uv, or Givens-weight representations,
see, e.g., [6, 3]. The best choice of representation depends on many factors. For
example, for each of the practical examples of the next sections we will have that
the matrix Y, and hence the matrix S in (9), are purely unitary matrices, and
consequently we will make use there of Givens product representations [5].

Incidentally, note that for the special case where Y in (13) is exactly unitary
or Hermitian, combining this with the upper triangularity of Y reveals that Y
must be diagonal. However, note that the diagonality of ¥ does not imply the
diagonality of the matrix S in (9), since the latter is semiseparable plus diagonal
with semiseparability rank determined by the displacement rank, cf. (10).

One element is still missing in the above scheme. Namely, there is the fact that
the structure-chasing procedure will unavoidably break down for the determination
of the first r, as well as for the final r Givens transformations G; ;41 in (12),
since the corresponding Rk r structure blocks are ‘trivially satisfied’, and hence
preserved by any Givens transformation G; ;+1. Hence, we should be able to find
these Givens transformations in a direct way, using the fact that they belong to
the QR-factorization of A.

To this end, recall the Hessenberg matrix

A1,1 a2
R Q"Ay

into which the matrix A has already been brought by means of the unitary matrix
QY of size n — 1, where R := QHA271 is already upper triangular. We should then
be able to derive the first and last r columns of this Hessenberg matrix, since the
action of making these columns upper triangular will reveal the required Givens
transformations G ;11 needed for doing this.

Let us assume by induction that we have already knowledge of the first and
last r columns of the submatriz R in (14). It will clearly suffice if we can determine
the required elements of the first row and last column of the matrix H in (14).

Let us begin with the first row of H. It is clear from (14) that this row is
equal to that of the original displacement structured matrix A. Due to the supposed
upper triangularity of Y and Z, we will be able to derive these entries by means
of the original displacement equation (1) which the matrix A has to satisfy, which

H= { (14)
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we restate here for convenience:
YA—-AZ =Rk r. (15)

Indeed, evaluating the last row and first column of (15) reveals that (yn», —
z1,1)0n,1 = (Rk 7)p1, from which a, 1 can be derived. One can then gradually
proceed towards the top right direction of the matrix A, using a recursive scheme
to determine the subsequent entries of this matrix. Note that we have to assume
here that the displacement operator is invertible, i.e., that y; ; # z; ; for all i and j.

It is clear that the complexity of determining all entries of the matrix A in
this way will require O(n?) operations in the general case, which we consider to be
unacceptably expensive. In order to obtain a better complexity, we assume from
now on that, in addition to being upper triangular, we have that

e both Y and Z have upper bandwidth at most b, with b < 7.

Using this assumption, the complexity of determining all entries of A from its
displacement equation is easily seen to reduce to O(b*n?) operations. We remark
that we need each time only those entries in the first and last » columns of the
top row of (14), but in the process of determining the latter, the computation of
the elements in the other columns seems to be an unavoidable step. determined
one by one in a recursive way. (Exception to this is when the bandwidth b = 0,
thus in case where Y and Z are diagonal matrices, in which case each entry of the
displacement structured matrix A can be determined independently.) We mention
also that the condition that Y and Z have limited bandwidth can be replaced
by the more general condition that they are rank structured, but we will not go
further into this.

Now we consider the computation of the last column of H in (14). To this
end, let us characterize this Hessenberg matrix in an alternative way. From the
decomposition A = QH (we write here @Q instead of 1@ @ by abuse of notation),
one can derive in an analogous way to (2), (3) that

Y(QH) — (QH)Z =Rk r
& (QU"YQ)H —HZ =Rk r,

where Rk 7 is a new matrix of rank at most . Evaluating the last column of this
last equation leads to
n—1 -
[(QHYQ) - Zn,nI]Hcol n — Z Zk,anol K+ (Rk T)col ny (16)
k=n—b
where the subscript col & is used to denote the kth column of a matrix, and where
b denotes again the supposed bandwidth of the coefficient matrix Z.

This equation can be used to solve for the last column H.) , in terms of the
previous columns of H. Note that the coefficient matrix QY Q occurring in (16)
is nothing but the lower diagonal plus semiseparable matrix S used during the
chasing procedure, cf. (9). Since this matrix is rank structured, it will be possible
to solve (16) in an efficient way; see further.
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Summarized, we have now specified how to determine the entries of the first
and last r columns of the matrix H in (14), whose information is important for
determining the first r and last r Givens transformations G; ;1 in the chasing
scheme of (12). This ends the description of one inductive step n — 1 +— n in the
QR-factorization of the displacement structured matrix A.

At the end of performing all these inductive steps k — 1 — k, k =2,...,n,
we will finally have obtained the Givens transformations constituting the Q-factor
of the QR-factorization A = QR.

To end the description of the method, we should still specify how to compute
the subsequent columns of the R-factor of the QR-factorization. But this can be
easily done by solving again the subsequent columns of the relation (3). Note
that doing this for all columns of R will lead to the same order of complexity
as computing all the column vectors H. ,, during each of the inductive steps
n — 1 +— n, as described above.

We point out that the complexity of computing all the columns of the R-factor
of the QR-factorization, and hence the complexity of computing each of the column
vectors Heo , during the algorithm, typically requires O(r?n?) operations, and
O(rn?) operations in the Toeplitz-like case. Hence, these computations typically
form the dominant term in the total complexity of the QR-factorization, since the
chasing steps usually require only O(rn?) operations.

In the next 3 sections we will show how the general scheme for the QR-
factorization of displacement structured matrices described in the current section
can be specified to the displacement structures of most interest.

4. The Cauchy-like case

In this section we describe the QR-factorization in case where A € C"*" is a
Cauchy-like matrix:

D,A—AD, =Rk, (17)
where the coefficient matrices D,, D, € C"*™ are diagonal matrices whose diag-
onal entries y; 4, 2;; are called data points, with y; ; # z;; for all 4, j, and where
the displacement rank r is supposed to be known; note that » = 1 in case of a

classical Cauchy matric A = [71 ] .
Yii — 25514 5=1,...n

It follows from the general scheme of Section 3 that the matrices S in (10)
will now be lower diagonal plus semiseparable matrices, with diagonal elements of
the structure given by the z; ;. In fact, for reasons that will become clear soon, we
will prefer to keep these diagonal elements out of the representation, and to work
instead with the induced pure rank structure of S, which is situated just below
the main diagonal: see Figure 2.

For the scheme to be described in this section to be of practical interest, we
will need the following specification of (13):

e D, is unitary.
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FiGURE 2. Induced pure rank structure for a lower diagonal plus
semiseparable matrix S of semiseparability rank r = 3.

This unitarity will imply the matrices S in (9) to be unitary as well. Thus, the
chasing techniques of this section will be expressed in terms of unitary diagonal
plus semiseparable matrices.

We turn now to the practical representation and manipulation of the unitary
diagonal plus semiseparable matrix S of semiseparability rank r. From Section 2
this can be achieved by means of a suitable Givens product representation graph
[5]. In the present case, the representation takes the form of Figure 3.

FI1GURE 3. Givens product representation graph for a unitary diagonal
plus semiseparable matrix S of semiseparability rank r = 3.

To explain the specific pattern formed by the Givens transformations in Fig-
ure 3, it is useful to think in terms of the QR-factorization S = QR of the given
unitary diagonal plus semiseparable matrix S of semiseparability rank r. Due to
the unitarity of S, the R-factor of its QR-factorization can be chosen to be the
identity matrix. The above QR~factorization is then equivalent to the equation

Qs =1,

IThe specific pattern formed by the topmost Givens transformations in Figure 3 corresponds to
the so-called zero-creating variant of the Givens product representation, as introduced in [5].
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the identity matrix. Thus we should apply to the rows of S a set of unitary oper-
ations Q* in order to eliminate all entries in the lower triangular part of S. Due
to the rank structure of S, this process can be applied efficiently via a two step
procedure. The first step in this process is to peel off all Givens transformations
in the left branch of Figure 3, i.e., to multiply S with the Hermitian transposes of
these Givens transformations to the rows, going from bottom to top, and hereby
compressing the structure blocks of the given rank structured matrix .S into blocks
of zeros. Incidentally, this reveals that the width of the left branch of the Givens
product representation directly reflects the underlying ranks of the rank structure,
which is r = 3 in the case of Figure 3.

What remains after peeling off the Givens transformations of the left branch
of the representation will be a Hessenberg matrix with three subdiagonals, which
is nothing but the right branch of the representation of Figure 3. The fact that
the right branch has the same width as the left branch, indicates that the struc-
ture is situated here just below the main diagonal. For more details about the
representation indicated in Figure 3 we refer to [5].

With the aim of manipulating the Givens product representation, we recall
the following result.

Lemma 3 (Pull-through lemma). Given a unitary 3 by 3 matriz Q which is fac-
torized as

Q = G ,G23G 2,
then there exists a refactorization

Q= Gé,géméz,&

— -

FI1GURE 4. Pull-through lemma applied in the downward direction. One
could imagine that the leftmost Givens transformation is really ‘pulled
through’ the two rightmost Givens transformations.

See Figure 4.

We will now use the above representation for the unitary diagonal plus
semiseparable matrix .S to determine the subsequent Givens transformations G; ;11
used in the chasing procedure (12). First we will show how to determine the Givens
transformations G; ;41 with i =r+41,...,n —r — 1; the determination of the first
and last 7 Givens transformations G; ;41 will be discussed later in this section.
From the general scheme of Section 3, we know that the similarity transform with
Giit1, GfIl 11 has to preserve the diagonal plus semiseparable structure, while each
of the diagonal elements of the structure z;; is chased one position upwards by
the chasing procedure.
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We will neglect here the information about the diagonal elements z; ;, and
put our focus only on the induced pure structure, situated just below the main
diagonal, since the latter structure can be read off directly from the sparsity pattern
of the representation in Figure 3, as explained above. Note that this induced pure
structure must be preserved during each step of the algorithm.

We will use this latter observation to derive the required Givens trans-
formations. Suppose that we are in the ith step of the chasing process, i =
r4+1,...,n —r — 1, and that we have to determine a Givens transformation
G := Gji4+1 such that a similarity transformation with G preserves the pure in-
duced rank structure of the unitary diagonal plus semiseparable matrix S.

This condition can be ensured by requiring that, after pulling G downwards
through the left branch, and G downwards through the right branch of the
representation, by using each time r subsequent applications of the pull-through
lemma, then the pulled through Givens transformations must precisely annihilate
each other. Stated another way, the pulled through versions of G and G¥ must be
related to each other as H and H¥, for a suitable Givens transformation H: see
Figure 5.

FicURE 5. Elementary chasing step for the unitary diagonal plus
semiseparable matrix S of semiseparability rank r = 3. The preser-
vation of structure is ensured when the pulled through versions of G
and G are related to each other as H and H, hence cancelling each
other out in the middle of the figure.

We want now to exploit this observation to obtain a practical scheme for
determining G. To this end, we will first investigate more closely the leftmost of
the two pull-through relations between G and H in Figure 5: see Figure 6.

By expanding the middle Givens product on the left-hand side of Figure 6
into its full matrix form, it turns out that this relation can be restated in terms of
the lower triangularity of a certain 2 by 2 matrix A being preserved by multiplying
with G on the left and with H on the right: See Figure 7.

In a similar way, one can consider also the rightmost of the two pull-through
relations between G and H in Figure 5. Taking the Hermitian transpose of this
relation will lead in exactly the same way to a 2 by 2 lower triangular matrix B,



242 S. Delvaux, L. Gemignani and M. Van Barel

FIGURE 6. The figure expresses the fact that the pulled-through version
of G is precisely H, and hence can be removed by multiplying with H#
on the right. This guarantees the existence of a refactorization having
the shape shown in the right part of the figure.

jan)
-

>

XXX
HKXAKXK
XAHXAK XX
XXAKPKXK

XXX
XX XX

XXX X
XX KX X
XX KX X
XX XX

FiGURE 7. Equivalent formulation of Figure 6 in its full matrix form.

whose lower triangularity must be preserved by multiplying with G on the left and
with H on the right.

The determination of the required Givens transformations G and H reduces
then to the following problem.

Problem 4. Given two lower triangular matrices
A:[X 0}, B:[X 0}.
X X X X
We are interested in finding two non-trivial Givens transformations G and H such
that the lower triangularity of A, B is preserved in

GAHH:[X 0], GBHHZ[X 0],
X X X X

where the generically nonzero values are denoted as X.

It is clear that there always exists a trivial solution (G, H) = (I3, I2) to this
problem, where I5 is the identity matrix of size 2. But we will be interested in the
non-trivial solution.

It turns out that this non-trivial solution can be easily obtained. First we are
going to determine G. We will search it in the form

c S
o= 3]
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where ¢ and s are unknown complex numbers such that |c|? +|s|?> = 1, and where
the values that will be irrelevant in the computation are denoted as x. We compute

CA — |: cai 1 —:sag’l Saj’Q :| ’ CB — [ Cbl’l 1—5[)271 Sbi’g . (18)

Now it is clear that the existence of the column operation H¥ occurring in Problem
4, is equivalent to the condition

cai,l + Sas1  Sa22

cbi,1 +sba1 sbao =0

A trivial case where this equation is satisfied is when s = 0. This corresponds to
the trivial solution (G, H) = (I3, Iz) mentioned before.

But recall that we were interested in the non-trivial solution. This non-trivial
solution can be obtained by skipping the factor s in the second column of the above
determinant, and expanding the remaining part of this determinant as

(01,1b2,2 - a2,2b1,1)0 = (02,252,1 - CL2,152,2)S,

or alternatively in matrix-vector form as

a1,1ba2 —az2b611 | | O
¢ a2,2b2.1 — as,1b2.2 } - [ X } ’ (19)

It is clear that, provided at least one of the two components of the vector on
the left-hand side of (19) is non-zero, then the required Givens transformation G
is essentially uniquely determined from this equation.

Given the knowledge of G, one can now determine H as well. Indeed, we
know that H should be chosen to restore the lower triangularity of each of the
two matrices in (18), i.e., to create a zero in the (1,2) position of both matrices.
We point out that in principle, it does not matter which of these two matrices
is taken to determine H, but for stability reasons, one should use the one whose
top row has the largest norm, or alternatively a least squares variant containing
information of both top rows.

We should still clarify one point here. Suppose that we insert the computed
value of GG in the left part of Figure 6, and subsequently pull it through, so that this
Givens transformation is chased to the bottom right. Will it then be guaranteed
that we end up with (essentially) the computed value of H at the end of this pull-
through process, so that the factor H¥ on the left of Figure 6 can be cancelled,
ending up with the Givens pattern on the right of Figure 67

Maybe surprisingly, the answer to this question is no, since the pull-through
operation may be badly determined. This means that in certain cases, the pull-
through of two Givens transformations which are equal up to the machine precision
€ ~ 10716 may lead to relatively large differences in the pulled through Givens
transformations. Stated in another way, inserting G does not always guarantee
that (essentially) the computed H will come out at the other side.

The solution to this problem is to use the information of both Givens trans-
formation G and H, and to perform an explicit refactorization procedure of the
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unitary matrix ¢ in the left-hand side of Figure 6. In other words, we are given
the matrix @@ and our aim is to refactorize this matrix into a new Givens product
having the form of the (unknown) right-hand side of Figure 6.

Let us assume that » = 3, and let us denote the required refactorization as

Q = G2.3G12G3.4G23G45G3.4, (20)

where we have to search each of the Givens transformations C;’HMJFQ and CNJMH,
i1=1,...,3; cf. Figure 6.

To obtain the refactorization (20) in a stable way, we will determine the
subsequent Givens transformations éi+1,z’+2 and éi,i+1v i=1,...,3 as illustrated
in Figures 8 and 9.

XXX X XX XX
><><>< XX XX
><><>< = KAXAKXK

XX
><><>< XXX

FIGURE 8. Determine the first Givens transformation 65{3 from a least
squares condition.

Ixxx 1

DX XX XXX
XXXX = KKK X
XXX X XXX X
XXX XXX

FIGURE 9. Determine the second Givens transformation C:’fIQ

Let us comment on these figures. The first step is to note that the multiplica-
tion of the matrix Q on the left with the Givens transformation G4'5 should create
a zero in the (3, 1) element as well as in the (2,5) element of Q, i.e.,

=~ 0
aH 42,1 9255 | _ X 7 21
23 [ 3,1 435 0 x (21)

see Figure 8. In practice, it is advisable to determine C~7’£{3 by using a pivoting
or least-squares strategy based on these two requirements. Let us then update
Q= Gé{s

The second step is to note that the multiplication of () on the left with the

Givens transformation G{IQ should create a zero in the (2,1) element of @, i.e.,

GH_ | qi1 | | X 99
1’2[(12,1 0]’ (22)
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see Figure 9. Note that we can obviously determine CNT'{JQ from this equation. We

can then update @ := @{{QQ.

The first column of @) has then been brought completely into upper triangular
form and hence, due to the unitarity, also the first row of this matrix will vanish: see
the right-hand side of Figure 9. Since the situation at the end of Figure 9 is similar
to the one we started from in Figure 8, but with smaller dimension of the problem,
the determination of the next Givens transformations of the refactorization (20)
is not shown anymore.

A suited use of the pull-through lemma enables the above refactorization
scheme to be carried out in O(r) operations, rather than the O(r?) suggested in
the above figures. The clue to this speed-up is to represent the matrix @ by its
Givens product representation rather than expanding it in full form. The initial
Givens product representation of () is provided by the left-hand side of Figure 6.

For each of the updates ) := éﬁ-1,i+2Q and @ := GfiHQ, we then update the
Givens product representation of () by applying the pull-through lemma maximally
two times in the upward direction; note that this requires only O(1) operations.
Moreover, it turns out that in this way, the required elements g2 1,¢s,1 in (21) and
q1,1,92,1 in (22) can be computed from the Givens product representation of @
using only O(1) operations. Applying this method for all the Givens transforma-

tions éi+177;+2 and éi7i+1, i =1,...,r, reveals that the total complexity will be
O(r) operations.

To complete the above description we should then show that also the elements
42,042, 43 r+2, - - - in (21) during this and the next steps of the refactorization pro-
cess can be computed in O(r) operations. But since these elements all belong to
the rightmost column of @, this can be realized by just precomputing the latter
column in its full form, and next updating it during the refactorization process. It
is easy to see that the total cost of this process is O(r) operations as well.

Summarized, we have described now how to implement the basic chasing step
in Figure 5 in a practical way, using not more than O(r) operations. Applying
this scheme for ¢ = r + 1,...,n — r — 1, we can obtain the subsequent Givens
transformations G := G; ;11 of (12) using a total number of O(rn) operations.

To complete the description of the QR-factorization in the Cauchy-like case,
we should still explain how to determine the first and last » Givens transformations
Giit+1 in (12), and how to update the representation under the action of these
operations.

First, let us consider the computation of the first » Givens transformations
Giit1, © = 1,...,7. This can be done by just specializing the general scheme
of Section 3 in a straightforward way. Hence, it will suffice if we can show how
the representation of the matrix S should be updated under the influence of a
similarity transform with these operations. This is done in Figure 10.

Let us comment on this figure. First, we embed the given Givens product
representation of size n— 1, in a larger n by n representation. This can be achieved
by pulling the two original branches apart, as done in Figure 10(a), and inserting
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FIGURE 10. Absorbing the first Givens transformations into the representation.

some identity Givens transformations between them, as indicated by the dashed
line segments in Figure 10(a).

Next, we multiply with the next unitary diagonal element y; 1, indicated by
the fat dot, and with the first 7 Givens transformations G; ;11 on the left, G/,
on the right, indicated by the fat line segments in Figure 10(b).

One can now immediately absorb the rightmost added Givens transforma-
tions into the representation, and place them on the position of the dashed lines,
without any actual computation: see Figure 10(c). Having done this, one should
apply the pull-through lemma r x r = r? in the downward direction to bring the
leftmost added Givens transformations downwards, so that they ultimately appear
on the positions of the remaining set of dashed lines in Figure 10(c). Clearly, the
complexity of this entire process is only O(r?) operations, which can be considered
as negligible w.r.t. the other parts of the algorithm. Having done these operations,
the Givens product representation will be brought back into its usual form, as in
Figure 3.

We move now to the absorption of the last » Givens transformations G; 41,
Gfi_‘_l into the representation, ¢ =n —r,...,n — 1. This can be done even simpler,
using straightforward pull-through operations as indicated in Figure 11.

We wish to point out here the striking fact that absorbing the first and
last r Givens transformations into the representation both requires about O(r?)
operations, and essentially the same number of pull-through applications.

Finally, to conclude the description of the QR-factorization algorithm in the
Cauchy-like case, we should still explain how each time the linear system is solved
to compute the last column of the Hessenberg matrix H, as in (16). Since this
linear system contains as coefficient matrix S — z, ,I = QH DyQ — zpnI, with in
general z,, , # 0, one can not proceed here with the Givens product representation
anymore. Instead, we suggest to transform the Givens product representation first
into a Givens-weight representation, using the O(r?n) transformation algorithm
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FIGURE 11. Absorbing the final Givens transformations into the representation.

described in [5]. Once the Givens-weight representation has been computed, the
diagonal correction term —z,1 is easily added to the matrix, and one can then pro-
ceed by the standard Givens-weight solvers, including also O(r2n) operations [4].

5. The Vandermonde-like case

In this section we briefly consider the QR-factorization in the case of a Vander-
monde-like matrix A. Denoting the upshift matriz

_ 0 Infl
Za_|:0[ 0 :|7

for any a € C, and with I,,_; the identity matrix of size n — 1, we will work with
the Vandermonde-like matrices described by the displacement equation

Z1A— AD, =Rk, (24)

(23)

where Z; is the circulant upshift matrix, having a = 1, and where D, € C"*" is a
diagonal matrix. We also assume that the displacement operator (24) is invertible
and, therefore, that the spectra of Z; and D, do not intersect each other. The diag-
onal elements z; are sometimes called the interpolation nodes of the Vandermonde-
like matrix. The displacement rank r is assumed to be known; note that » = 1 in
case of a classical (transposed) Vandermonde matriz A = [Z;‘]i,j:O,...,nfl-

It should be observed that the displacement equation (24) does not allow
the general scheme for QR-factorization in Section 3 to be applied, since the first
coefficient matrix of the displacement equation violates the requirement of being
upper triangular.

The solution consists in working instead with the matrix A := FH A, where F
is the Fourier matrix. From the well-known spectral decomposition Z; = FD,FH,
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see, e.g., [13], the equation (24) transforms then to
D,A— AD, =Rk r, (25)

where D, is now a unitary diagonal matrix containing roots of unity. Clearly,
the problem of QR-factorization has been reduced now to the Cauchy-like case
described in the previous section. The total complexity of the QR-factorization
remains O(r?n) operations.

6. The Toeplitz-like case

In this section we consider the case where A has Toeplitz-like structure. A first
idea could be to use the displacement equation

ZlA — AZO = Rk r,

where we use the notations of (23) above. The displacement rank r is again
assumed to be known; note that r = 2 in case of a classical Toeplitz matriz
A=[tijlij=1,.n-

Using again a premultiplication with the Fourier matrix F', the above problem
of QR-factorization can be reduced immediately to the form

D,A— AZy =Rk,

where D, is again a unitary diagonal matrix containing roots of unity, and where
we defined the updated matrix A := FH A.

It can be observed now that in this case, the coefficient matrix Z := Zj is
strictly upper triangular, i.e., z;; = 0 for each ¢. This has two important conse-
quences:

e also the main diagonal is involved into the lower semiseparable structure;
e the coefficient matrix in (16) is the matrix QY Q itself, i.e., there is no
diagonal correction which has to be added to this coefficient matrix.

This last observation will allow for an O(rn?) solution of the QR-factorization
problem; this should be compared to the O(r?n?) solution in case of Cauchy-like
matrices, see further.

Let us illustrate here the corresponding unitary rank structured matrix S:
see Figure 12.

The difference for the corresponding unitary representation is now that the
left branch of the representation of the unitary rank structured matrix S is slightly
thicker than the right one, by the fact that the diagonal is part of the rank struc-
ture. This has the important consequence that the left and right Givens transfor-
mations G and G¥ with G := G i+1 do not influence the same structure block any-
more, i.e., the algorithm has obtained a well-determined flow direction. In practice,
this amounts to the fact that the Givens transformation G := G, ;11, after pulling
it through the representation, arrives on the right of the right branch of the repre-
sentation, one position lower than it was originally standing. This pulled-through
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FIGURE 12. Rank structure in the Toeplitz-like case; we have here r = 3.

Givens transformation determines then immediately the Givens transformation
Git1,i+2 to be applied during the next step, and so on. See Figure 13.

F1GURE 13. The figure shows the ith chasing step in the Toeplitz-like
case, i € {3,...,n — 4}. Note that the original Givens transformation
G = G41 is pulled through to the right, leading to a new Givens
transformation H = G;y1 ;42. The latter serves then as input for the
(i + 1)th chasing step. In the figure we assume that r = 3.

Applying the above scheme for ¢ = r,...,n — r — 1, one can obtain the
subsequent Givens transformations G; ;41 in (12).

We should then show how to obtain the first  and last r — 1 Givens trans-
formations G y1. This can be done by just specializing the general scheme of
Section 3 in a straightforward way. Hence, it will suffice if we can show how the
representation of the matrix S should be updated under the action of the first
r — 1 operations on the left and the first r operations on the right. But this is
completely similar to the Cauchy-like case: see Figure 14.

Concerning this figure, note that the only difference w.r.t. the Cauchy-like
case is that the symmetry between the number of Givens transformations on
the rows and columns has somewhat changed, due to the asymmetry of the two
branches of the representation. In case of Figure 14, this implies the absorption
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FIGURE 14. Absorbing the first Givens transformations into the repre-
sentation in the Toeplitz-like case.

of the first three Givens transformations on the right, but only of the first two
Givens transformations on the left. Indeed, this reflects the fact that starting from
the third Givens transformation Gz 4 on the left, one can start with the chasing
scheme of Figure 13.

In a similar way, one can treat the absorption of the last r Givens transforma-
tions on the rows and the last r — 1 Givens transformations on the columns, where
now also the symmetry between the number of Givens transformations on the rows
and columns has changed, in an obvious way. The details are straightforward.

7. Numerical experiments

In this section we discuss the practical behavior of the proposed algorithms for
the recursive QR-factorization of displacement structured matrices and report on
the results of some numerical experiments. The algorithm for the Cauchy-like case
described in Section 4 has been implemented in Matlab and then tested on both
random and specific input matrices. In each experiment we measured the accuracy
of the computed QR factorization of the input matrix C' by evaluating the errors
1Q- Q" —I||F, ||C — Q- R||r and ||tril(QH - C, —1)||r, where tril(A, —1) denotes
the strictly lower triangular part of the matrix A and ||-|| is the Frobenius matrix
norm. Our program also returns as output the estimates of the conditioning of C'
and of the maximal conditioning of the lower-left submatrices of C' employed in
the recursive factorization process.

In our first test session the input matrices were generated as follows. We
started from a Toeplitz matrix T € C"*" determined by the entries a;, j =
1,...,2n — 1, with a;, j = 1,...,n corresponding to the first row and a;, j =
n,...,2n — 1 corresponding to the first column of T'. Applying a similarity trans-
form C := FTFH, with F the Fourier matrix of size n, transforms the Toeplitz
matrix 7" into a Cauchy-like matrix C' satisfying D,C'—CD, = Rk 2, where D, and
D, contain interlaced roots of unity; this is the same construction as we used in
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FIGURE 15. Average accuracy for subsequent values of n in the Cauchy-
like case. The used norm is the Frobenius norm.

[2]. This Cauchy-like matrix C' was then used as input for the QR-factorization al-
gorithm. Recall that our scheme computes the Q-factor of the QR~factorization as
a product of @ Givens transformations G; ;+1, while the R-factor is computed
column by column by means of (3). The results are shown in Figure 15.

Let us comment on these figures. The figures were constructed from a Cauchy-
like matrix C' := FTFH where T is a Toeplitz matrix with uniformly randomly
generated entries a; on the interval [0,1], j = 1,...,2n — 1. The lower lines show
the accuracy of our method (continuous line) compared with the accuracy of the
standard QR Matlab routine (dot line). The upper lines show the reciprocal of
the condition number and the reciprocal of the maximal condition number of the
lower-left submatrices. It can be noticed that both C and its relevant submatrices
are fairly well conditioned and the fast algorithm behaves quite well even if it is
probably not backward stable.

To investigate better the role of the conditioning of the matrices involved for
the accuracy of computed results, in the second test session we considered the case
where T equals the prolate matrix with parameter a € {0.45,0.48,0.6}, i.e., the
matrix having a; = sin(2ra(n — j))/(7(n — 7)) and an4; = sin(—2way)/(—nj) for
j=1,...,n—1,and a, =2 X a.

It turned out that now the accuracy of our algorithm was substantially worse,
with even not a single significant digit left for @ = 0.6 and n = 400. The reason was
a catastrophic rank-one (instead of rank-two) submatrix detected in the very first
step of the chasing procedure making the corresponding Givens transformation
very badly determined. To remedy this, we applied a randomization of the last
two rows and first two columns of the obtained Cauchy-like matrix C'. We realized
this by means of a random update of the last two rows and first two columns of the
generators of the low displacement rank matrix Rk 2 in the right-hand side of (1).
The fact that we have applied a low rank perturbation to the matrix C' can then be
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FIGURE 16.
a = 0.48.

FIGURE 17.
a = 0.45.
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Figures 16 and 17 report the results for a = 0.48 and « = 0.45, respectively.
It is seen that the initial randomization improves substantially the accuracy of the
method. Moreover, Figure 17 seems to indicate that the accuracy is influenced by
the conditioning of the matrices involved in the recursive factorization process.
This claim sounds reasonable since from the classical perturbation analysis for the
QR factorization of a nonsingular matrix C' it follows that the magnitude of the
perturbation AQ of the Q-factor of C' under a small perturbation AC of C can be

amplified by a factor depending on the conditioning of C' [14].
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However, we want to conclude by stressing that the mechanism of error ampli-
fication in the chasing-based procedures for the QR factorization of displacement
structured matrices in not yet completely clear. This is specifically true for not
diagonal displacement operators as those occurring with Toeplitz-like structures.
Some very preliminary numerical experiments with Toeplitz matrices suggest that
in that case the accuracy of computed results can be seriously worse than it is
predicted by the conditioning of the problem. At this time we have no analysis
or informal explanation for this phenomena and more research is still required for
the design of numerically robust algorithms.
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To Georg Heinig

Abstract. A projection method to reduce large scale discrete systems which
has been introduced in [12, 21] will be generalized to continues systems with-
out to transform it bilinear. To achieve that goal depending on an algebraic
curve v C C and a rational function h € C(z) a non negative function
F : C™ — R is introduced whose minimizer provides an approximant of
degree m. Special cases are obtained via specification of v and h.
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1. Introduction

The paper concerns an approximation problem. Let v C C be a curve which
divides the complex plane C in two parts C;, and C,, and h € C(z) be a stable
strictly proper rational function, that means all it poles, denoted with o(h), are
located in C,; and lim,_. h(z) = 0. We are interested in the approximation of
h by a low (Mc-Millan) degree strictly proper rational function hyeq such that
along v the least squares distance between h and hyeq is satisfying and hpeq is
again stable. As usual the degree of h is defined by the degree of ¢ € C[z] where
p/q is a coprime fraction representation of h. That approximation problem admits
a system theoretical interpretation via definition of h by the transfer function
hs(z) := C(2I — A)~!B of the systems

Tpy1 = Axp + Buy (t) = Ax(t) + Bu(t)
yr = Cmg ’ y(t) = Cx(t) '

% = (4,B,C) € R™m x R7*1 5 RIX™
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which transform the inputs
u,::CAij, u(t) := C, exp(A,t)B
o b ) £ R g, TN
to the outputs
yp = Cu AR B, + CAFB,  y(t) = C, exp(Aut)B, + C exp(At)B
By :=hx(Ay)By, B:=hs, (A)B.

As usual exp(A) and h(A) are defined, respectively, by > ro k, * and p(A)q(A)~1L.
Among other things, large n makes the computation of the outputs infeasible
in acceptable time. That is one reason why one is interested in the replacement
of 3 by a smaller triple ¥,.q which generates systems that have similar transfer
behavior. To explain the term ‘similar transfer behavior’ we restrict ourself to

ve{T,iR}, T:={z€C:|z|=1}, iR:={z€C:R(z)=0}.
Here, R(z) designates the real part of the complex number z. For such 7 the
left-hand parts C; are the unit disc and the left half-plane
D:={ze€C:|z|<1}, H_ :={zeC:R(z)<0}.
Thus, the matrices A¥ and exp(At) tend to zero as k,t — oo such that for large
enough k and ¢ the quantities yz and y(t) are in essential equal to C, A* B, and

Cu exp(Aut)ﬁu. Consequently, two stable systems X and X,.q possess similar trans-
fer behavior relative to the input signal class

Sy ={2y, 1 0(4y) C v}
if for all ¥, € ., the number d(A ) == ||hn(4y) — hs,., (Ay)||lF is small. For
Y, € 7, the smallness of ||hy — |3 leads to the smallness of d(A,). Here,

|.|lr denotes the Frobenius matrix norm [| Al := />, |ai;|?, [[18], p. 56] and

Sred |

||l.|l3 the Lo-norm along ~, defined by

13 =V FINT, (Fla)s = 2= [, Faw(®)g(w(t)|it)|dt
vi=Aw():t€la,b]}, w:la,b] CR— C.

Hence, for a stable X, stimulated by elements of .7, the reduction problem is
equivalent to approximate hy; along v by a stable strictly proper low degree rational
function hyeq. The desired reduced system ;4 is provided by a realization of hyeq.
For v € {T,iR} the balanced truncation method [[35], Section 21.8, Chapter 7]
represents a prominent reduction procedure. An overview with respect to the huge
number of papers which deal with approximation problems of this nature offer
[4, 5]. The optimal y-approximation problem of order m consists in finding

hopt € Ry, :={g € C(2) : 0(g) € Cy,degg = m}

such that
I = hop ] = min 1 — gll] : g € R} (1.1)
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Since R}, does not not form a subspace of {g € C(z) : ||g||3 < oo} the determina-
tion of an hpy becomes difficult. Via the specification v = iR the so-called optimal
Hs-model reduction problem is obtained. There exists a lot of corresponding in-
vestigations, consult for instance [30, 32, 34].

We do not determine hqpt but we try to provide an hreq such that

17 = Preally = [1h = haptl; -
To achieve that goal we associate h with two ordered polynomial sets
o ={ag,...,an-1}, Z :={ro,...,"n-1}

and consider as approximation candidates the rational functions

ha(z) = am<> Cico 2x0k(2)
Zk 0 w2k

To find appropriate weight vectors x, depending on % and 7 we define a non
negative function F': C™ — R and derive the representation

F(2)? = row(z*, —=1)Gypyicol(z, —1), G, € C™*™, (1.2)

, zeC™ areo, 0<m<n.

It turns out that the minimizer £ of F' generates an h¢ having all desired properties
of hreq and that G := G,, admits the factorization

G =R'B ' (q)R. (1.3)

We call G the Gramian of h with respect to v. Due to B,(q) is representing the
Bezoutian of ¢ with respect to -, that factorization brings together the Bezout
concept with rational approximation problems, admits a natural generalization of
the Bezout concept and justifies paper’s title. The context to [12, 21] is established
by the possibility to compute £ via a projection method which has been introduced
there.

To analyze the properties of h¢ the class of admissible curves will be restricted
to the class of algebraic curves

v:={2¢€C:py(2,72) =0}. (1.4)
Here, p, is a bivariate polynomial with Hermitian coefficient matrix I':
py(z,y) = ¢V+1($)F7/)E+1(y)z 0<, I'= [”Yij];/,jzov Yn() = I"OW(fEJ);I 01-

That restriction allows us to associate h and v with the Hermitian matrix L defined
by

L:=L,(Cy;,M)eC™ M:=G!
) ) 1.5
L,(AX):C" —C", Ly(AX) = szzo i A XA, A e Chen, (1-9)

Remember, that for A, B € C"*" ~ =T and v = 1 the matrix equation
L,(A,X)=B
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is said to be a Stein and for v = iR a Lyapunov equation. We pay our main
attention to the case v = 1. Then the curvature of v is constant such that C, is a
disc or a half-plane and non-positive L implies

a(he) C Cp:=CrUH.
Furthermore, for positive
A :=+/—detD
the desired non-positivity is guaranteed by the existence of v € C™ satisfying
L = —Aww™. (1.6)

Our construction of to is derived from the special cases v € {T, iR}. In particular, in
the unit circle case Parseval’s identity states the equivalence between the definition
of the denominator polynomial @ of he provided here, definition (10) of @, in [12]
and definition (3.4) of ), 4 in [21]. Numerical experiences show that a small distance
between o(h) and v is preserved by o(h¢) and that o(he) possesses an element
nearby to a € o(h) supposed the associated partial fraction coefficient is large. A
heuristical discussion of that observations took place in [13]. The theoretical part
of the present paper finishes with a mathematical foundation.

Their dependencies determine the paper’s structure. In Section 2 we define
F and G precisely and deduce representation (1.2). Afterwards, an estimate of
the distance between h and h, directly proportional to F(z) is derived such that
the definition of x via its minimizer £ becomes natural. Due to factorization (1.3)
Section 3 is dedicated to Bezoutians. In Section 4 we prove o(he) C C; by ex-
ploitation of the matrix equation (1.6) and give an explicit construction of w. The
paper’s main theorem (Theorem 4.4) combines the pole separation result with the
distance estimate along v such that we arrive at a generalization of [[12], Theorem
2] and [[21], Theorem 3.1.]. As mentioned above, the construction receipt for tv is
derived from the special cases v € {T,iR}. Therefore, Section 5 and 6 deal with
that cases. Section 7 focuses on the computation of h¢ starting from the knowledge
of a minimal realization of h. That happens by identification of G as the observ-
ability Gramian of the controllability realization of h with respect to . In the
extreme situation h = 1/q the set & becomes a singleton consisting only of the
zero polynomial such that as approximant the zero function is only in question. To
overcome that collapse, in Section 8 a second minimization step is concatenated
to the minimization of F' which defines the numerator of he more sensitive such
that for the resulting rational function hg the relation

1B = RN3 ~ 1B = hoptll

is achieved. In particular by introduction of the mirror image of o(Q) with re-
spect to v the numerator polynomial & of hg can be obtained as solution to an
interpolation problem. In Section 9 the limit behavior of o(h¢) is studied when
some pole of h moves to the border - or a partial fraction coefficient tends to in-
finity. The main tool to analyze such limit processes are the generating functions
of Bezoutians. Since there exist bilinear transformations between D and H_ the
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statements with respect to D can be translated in corresponding statements with
respect to H_. In Section 10 we sketch that approach. Finally, in Section 11 we
illustrate our theoretical results by means of numerical examples. The both last
examples touch the concept of positive realness. It turns out that the direct as well
as the transformation approach do not preserve the underlying mapping property.
In a forthcoming paper that problem will be studied.

2. The construction of h,

Depending on a differentiable curve 7, a positive measure p acting on v and poly-
nomials r; € Z C C,[z] := {p € C[z] : degp < n} we define F': C™ — R, m < n,
according to
-1
F(z) = llpalla, Pa(2) =rm(2) = 205 @r;(2),
Il = {1Ha. (Flog, = [, fodu

To adapt F' to our approximation problem relative to p/q := h, p,q € C|z], the
sets & and Z are specified by the solutions to

2p=ajq+r;, vj € Chlz], aj € Cylz], j=0,...,n—1, Co[z] := {0}.

We call r; the (j+ 1)*® residue of p with respect to q. Cayley-Hamilton’s Theorem
[[35], p. 21] shows the coincidence of the coefficient vector t; of r; regarded as an
element of C* with the j*® column of p(C,). Thus, the definition

R := [ o ... Tph_o1 ] e crxm

leads to R = p(Cy). Due to 79 = p the first column of R coincides with the
coefficient vector p of p. Moreover,

p(Cq) = H#(Cq,p), H(A,B):= (A B), H(A,B):=row(A'B)|Z}.
The measure p is specified by

_ uw@)l veo={w(t):t€[a,b]}, . d d.
- W " w:la,b CR — C, w = E%(w) +15\$(w).

As approximation candidates now the elements h, of the rational function set
P(z) .= —ymt
Ru(h) = { £ D)= am(@) = 2my mh0k(2). ¢ om
Qz) = 2" =3 o T2,
are in question. Note that for fi := r/q we have

fr(2) = 2Fh(2) — ar(2) = CAF(2I — A)~'B,
ap(2) =0, ap+1(z) = Zf:o hi—iz', hy = CA*B.

dp(t) :

Here, (A, B, C) represents a realization of h as for example the controllability real-
ization Yo := (Cy, e1,b*) [[14], p. 288] or the controller realization (CJ , €5, 4, 'pT)
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where (regard blank spaces as filled with zeros)

‘ :CIO/CIn P = tnp
1 q1/dn
Cy = . . 4= Ynt1q 1)
1\—%-1/% h CO( )170
61::[1 0 ... O}T, en::[O ... 0 1]T.

The equation ag41(2z) = Z?:o hi—i2z* and the definition of P admit to express the
coefficient vector w of P according to

ho ... hpm_1 e
W= SO { e (“1”@')1':1 ] (2.2)
ho
Therefore, R,,(h) forms the set of all strictly proper rational functions of degree m
whose first m Laurent coefficients coincide with (hy)}";'. For discrete systems that
property means the coincidence of the unit impulse responses up to the length m.
If one renounces to preserve that system property, the gained freedom to choose P

can be used to proceed with a second minimization step after minimization of F'.
Section 8 focuses on the corresponding details. To estimate ||h— h;||3 we introduce

min(f) = min{|f(w)] s w €7}, max(f) = max{|f(w)] : w € 7).

Proposition 2.1. Supposed o(Q) N~y = 0 the estimate |h — hy |5 < % holds.

Proof. Replacement of r; by z/p — a;q yields
Do = Tm — Z;n:_ol zjr; = (2™p — amq) — Z;’L:_()l z;j (29p — a;q)
-1 -1
= (zm - 2% szj) p— (am -2 fcjaj) q=Qp— Pq.
Thus |7 — hell3 = lIp=/(Qa)ll3 < maxy(Q7Y) llpe/alls = mgy P2l - O

Consequently, to get along v a small distance between h and h,, the choice
of x via the minimizer £ of F' is natural. To determine £ note that

m—1 m—1 v
F@P = (rm=Si5tam | rm = S75 )
[z — et " w
SRS | T N A
Using the abbreviations

-1
G =Gy G = lgil] Z s 955 = (i l75)4,

the factorization (1.2) is obtained. We call G the Gramian of h with respect to .
In addition we set

Gm = col(gim)ggl e C™.



Bezoutians Applied to Least Squares Approximation 261

If one defines a,, € C,[z] and r,, € C,,41[2] via 2"p = a,q + 1, then the vector g,
is defined and ¢ admits the representation

q(z) = qn (2" — wn(Z)Gilgn»

Proposition 2.2. Supposed p and q are coprime F achieves its minimum in G,  gm.
Thus, we set

Q(2) = 2" = Pm(2)€, €:= Gl gm- (2.3)
Proof. Obviously,

G =R [<zi | 29} R (2.4)

d“L j=
,J=0
where the positivity of the middle factor is a consequence of the positivity of pu.
Since p and g are coprime, together with R = p(Cj;) the invertibility of R follows.
Thus G is positive. We proceed with the principal axis transformation of G,,. Let

G, = Udiag(dg) U™
where U is unitary and all dj, are positive. With z := Uz and §,,, := Ug,, we get
F(2)® = goam + S51 f (i Gim), (2, ) 1= d]2? — 2R(g7).
Therefore, the minimum of F? is equal to
Gmm + D pey minzec f(2, diy Grom)-
The condition f, = f, =0, z = = + iy, leads to
2dx — 2R(g) =0, 2dy —23(g) =0.

Hence, 21, = §rm/dx that means G, ! g,, represents the only one stationary point of
F2. Since the (2 x 2)-matrix of the second derivations of f is equal to diag(dy, dx,)
and dj, is positive, I’ attains its minimum there. O

3. Bezoutians

We introduce now the Bezout concept for ¢ with respect to . The classical Be-
zoutians are special Hermitian matrices that were introduced to study the root lo-
cation problem of polynomials. The naming of Bezoutians goes back to J. Sylvester
[31]. Historical remarks can be found in [25, 26, 33]. In view of (1.3) and (2.4) we

set -
B = ([ |05, )

In Section 5 and 6 for v € {T,iR} and o(q) C C; the coincidence of B,(q) with
the classical Bezoutians

Bd(Q) = H[> (Qh ey Qn)H> (E’ s 7%) D(qn—h L] 7q_0)H> (qn—h .. qu)

Bu(q) = L, (T (or- s G ) H, (@ e ) — T (@0 oG D) H (G012 )
(3.1)




262 S. Feldmann

will be proved, a fact that justifies to refer B, (q) as Bezoutian. Here, q := I, q and

1 1 ... T x1
—1
I, ::[ . ],Hb(xl,...,xn)::lz ’TD(xl""’x”)::[f ]
T, Z1

Ty Ty ...

The right-hand side of (3.1) is said to be the Gohberg-Semencul representation
of B,(q) [[14], p. 206]. In view of [[26], Theorem XVa/|, [[24], Theorem 4.4], [[15],
Theorem B2], [[14], Theorem 9.1.5.] the relations

o(q) CD <0< B4lg), olq) CC\LE@Bd(q) <0
o(q) CH_ <0< B:(q), o(q) CC\H_ < B.(q) <0

hold. To find the vector to satisfying L = —Atoro™* it is worth to consider appro-
priate representations of the bivariate polynomial

By(¢,%,) = ¥ (2) By ()15 (1)-
According to [[14], Theorem 9.1.5, p. 256] we have

7(2)q(y) — q(z)qy)
1—2xy

(3.2)

q(2)7(y) — q(2)q(y)
z+y (3.3)

q(2) = q(z71)z", q(2) = q(=2), q(2) = q*Yy 14 (2).
The first factors of the products arising in the numerators provide now 1. Indeed,
v = R~ 'v where for v = T the polynomial v =: ¥,b is the first residue of E
with respect to ¢ and for v = iR the first residue of ¢ with respect to g. The
representation (3.3) of B,(q, z,y) is said to be the generating function of B, (q).

Bd(anay) =

s Bc(‘]amay) =

4. The matrix L for v = 1 and indefinite I

We specify v by (1.4) and set

Cp:={2€C:py(27) <0}
Our proof of o(he) C Cy needs the following representation of (). Remember that
M is defined by G~

Proposition 4.1. Let M be partitioned according to [Mij]ij:l, My € C™*™ Then
Moo is invertible and QQ admits the representation

Qz) = Z?:mﬂ ¢imj(z), = Mgglel eC" ™ mj =, Me; € Cp,lz].
Proof. Since G is positive, the same holds for M. Consequently, Moo is invertible.
Remembering the equation

Gy'\Gro = —MisMy,', [Gyl? =G, My, Gy e C™™
with G11 = Gu, gm = Gi2e1 and € = G g,, one concludes
Q(2) = 2™ = P (2)€ = 2™ + P (2) M1 Moy €1
= 2™ 4 Y (2) Mi2€ = P (2)col(Mi2)7_ ¢ = Y75 11 Gy (2). O
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We state and prove now our stability result assuming v = 1 and the non-
positivity of L. As mentioned above, v = 1 implies the coincidence of C, with an
open disc or an open half-plane.

Proposition 4.2. For v =1 and L < 0 we have U(hg) c Cy. In the circle case he
s stable.

Proof. A not vanishing ¢(a) provides the inversion formula

aO n—2
n—1
qn ... lh «
_ () 0
(ol =Gy = N . o
Un aO . o
0

According to Proposition 4.1 the polynomial ) admits the representation
Q=v,1, T:=Mp, 0:=co0l(0,().

Since deg @ = m the vector 7 is of the form col(Q,0), Q € C™*L. Assume Q(a) =
0, g(a) # 0 and let € € C" be defined by € := (ol —C,)” " 0. Then € and 7 are
orthogonal:

€T =0 (al —Cy) 7

) 0 o ... "2
qn --- ¢ o . ) .
=0 - :1 : —Q(a){o] 0 {Q}:O.
. q. 0;0 (@) ¢ SO 0
! 0

Together with the definition of the real numbers
Y:=€Le<0, kK:=€Me>0, A:=0"Mp>0
and the equations €*Cy = ae™ — p*, 7 = Mp we get
¥ =11 CeMCye+ yi0e*CyMe + yo1€* M Cye + yooe* Me

= 1 (ae* — o*) M (ea — o) + vi0(ae™ — %) Me + Y01 M (e — 0) + Yook
=y1(aak — 7€ — ae*T + ) + 10(ak — 7€) + Y01 (@K — €°T) + Yook
= (110@ + Y100 + Y01@ + Y00) K + V11X = Py (o, @)K + Y11 A

Thus

py(a,@) = (¥ —711A) /K <0

that means a € C,. For positive v;; the inequality p(c, @) < 0 holds that means
a € Cy. O

In Example 2 we meet the situation o(he) Ny # 0 actually. Thus, without
additional assumptions the statement of Proposition 4.2 cannot be strengthened.
In particular, for the case where 7 is a line and h := 1/q the localization of o(Q) is a
consequence of Fejér’s convex hull theorem [[9], Thm. 10.2.2], [10]. In Section 6 for
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h =p/q and m := deg q — deg p we prove that @ becomes stable also for the half-
plane case, and in [11] it will be shown that for m € {degq—degp+1,...,n—1}
the polynomial @ is generic stable.

The proofs of Proposition 4.3 and 6.1 apply the bilinear transformation

az+b
cz+d’

with appropriate parameters a, b, c,d € C. The associated n-dimensional M&bius
matrix My is formed by the coefficient vectors of

{(az + b)Y ez +d)" 7 :5=1,...,n}.

$:C—C, ¢z)=

ad —be #£0

For vanishing ¢ we extent the coefficient vector of (az + b)7d"~7 to an element
of C" via a corresponding number of zeros such that M, becomes a right upper
triangular matrix. If one sets

Py (2) = p(¢(2))(cz +d)" ™", degp<n
then the associated coefficient vectors p and p, are related by Myp = p,. For the
transformations z~! and —z the M&bius matrices read as J := [1 1} and I .
Thus

a: Jq, ﬁ: Jq, ﬁzfi% EZIJ-
For the parameters a = —1 and b = ¢ = d = 1 the properties of My are described

in [[27], p. 37]. Note, that for v = 1 the quantity A is equal to v/|v01]? — Yo0Y11
and is assumed to be positive.

Proposition 4.3. Stable h implies the existence of o € C™ with L = —Atoto*.

Proof. By assumption A is positive. Thus for positive 711, the curve = represents
a circle and for vanishing 11 a line. Let w(t) := ¢(2(t)) where ¢(z) := az + b
(¢c=0,d=1)and t € .. Then w(t) is a parameterization of v where a,b, z(t), .
are defined by

a b z(t) 54
0 <~y | A/yii | —v1/71 | exp(it) | [0,27]
0="11| 1/710 | =v00/(2710) it R

Using the abbreviations 7' := ¢~ (), B := B,(q), B’ := B,/(qs) immediately by
definition the identities

B' = |a|MgBM}, aCy, My = My(Cy— bl)

follow. Combination of (1.3) and (1.5) with the commutator equation RCy, = C4R
yields
L=R'L,(CyB)R™*.

Hence, setting to := R_IM(;ln it remains to compute the appropriate v.
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In the circle case we have 110 = A. Thus
Ly(Cq,B) = ~1((Cq —bI)B(Cq —bI)" —a®B)
= Aa(M,'Cq,MyBM;Cy M, * — B)
= AM;Y(C,,BC; — B )M ™.

Due to v/ =T and U(q) C (Cg < 0(gg) C D Proposition 5.2 states the existence of
v such that Cy, B'Cy, — B' = —vv*.

In the hne case we have |a|~! = A. Thus
’Y(Oq7 B) = ’}/10(0,1 — bI)B + B(C - bI)*’701
= y0a M, ' Cy, MyB + BM;Cy, M, " a1
~— ~~
=1 =1
= AM;Y(Cy, B +B'Cy )My ™.

Due to 7' = iR and o(q) C C; < o(gs) C H_ Proposition 6.2 states the existence
of v such that Cq, B’ + B'Cy, = —vov”. O

The combination of the Propositions 2.1, 4.2 and 4.3 generalizes [[12], Theo-
rem 2] and [ [21], Theorem 3.1].

Theorem 4.4. In general we have o(hg) C Cy. Moreover, for the circle case he is
stable. Supposed o(h¢) Ny =0 the approzimant he satisfies

Ih = hell} < F(&)/ min(Q).

Proof. Proposition 2.1 provides the estimate and Proposition 4.3 states the as-
sumption of Proposition 4.2 which provides the location of o(hg). (]

5. The unit circle case v = T

The entries of G read as
T
9i5 = (rilri) . (fla)a, = oL [T Flet)gle)]q(et)| 2 dt.

Moreover, for o(q) C D the coincidence of B_(q) with the Toeplitz Bezoutian By(q)
can be proved. The name Toeplitz Bezoutian is justified by the fact that Bgl(q)
is a Toeplitz matrix. Matrices whose entries are constant along each diagonal are
called Toeplitz matrices. To prove the asserted coincidence we use the semi-infinite
Hankel matrix H generated by 1/¢:

H o= [higg 3500 hoz ' iz 2+ hae ™ o = q(2) 71

Matrices whose entries are constant along each anti-diagonal are called Hankel
matrices.

Proposition 5.1. 0(q) C D < By(q) = B.(q).
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Proof. Due to o(q) C D the complex number sequence (hy)7>, belongs to £o
where as usual £5 denotes the normed vector space of all square-summable complex
number sequences:

1/2
e€ly & elz = (leof® + | +--+) P <o

The Schwarz inequality [[29], p. 77] provides the existence of H*H. The Hankel
structure of H implies the solution property of H*H with respect to

CrXCq— X = —en|qn| e, (5.1)
By exploitation of the structure of C;; one shows that the product
qA(C’;‘)_lqglc)i/(C;‘7 en)dJ
solves that equation as well. Since the solution is unique we get
N Pats * —1 . * —1—
Kq(Cy)=(H"H) ", K:=JX(Cj,en) Un-
The left-hand product
Kq(Cy) (5.2)
is known as Barnett’s factorization of Bq(q) [[14], p. 204], hence B;'(q) = H*H.
Finally, Parseval’s identity [[29], p. 85] provides
- * 2T i xf i i it\|— —
By'(q) =H"H = 5 [;" ¥y (e")un(e)|g(e")|72dt = B} (q).
Suppose now Bg(q) = B;(q). Because B, (q) is positive, the assumption yields the
positivity of B4(q). With (3.2) relation o(g) C D follows. O

As we have seen B *(q) solves the Stein equation (5.1). To create for G and
B.(q) corresponding equations, we generate their right-hand sides, respectively, by
b defined as in (2.1) and by the coefficient vector v of the first residue v of § with
respect to q:

’U(Z) = ¢n(2’>°7 U(Z) = E(Z) - an(Z)a ag = CTO/qn

Proposition 5.2. Supposed o(q) C D the Gramian G and the Bezoutian B.(q)
solve, respectively,

CiXCy— X = —hb*, C,XC;—X = —vo*. (5.3)
Proof. In view of (1.3), Proposition 5.1, R = p(Cy) and e R = q,h* with the
abbreviation B := B_(q) we obtain
CiGCy— G =R (C;B™'Cy — B"" )R = —R'e,|qn| *ej R = —bh".

According to the proof of Proposition 5.1 the matrix B can be replaced by Kq(C;).
Thus

C,BC; — B = C,Kq(C;)C — KG(Cy) = (CuKC: — K)G(CL).

The definition of v implies v = E(C’q)el. The identity C;KC; — K = —ve] com-
pletes the proof. O
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Let @2 € C™*™ be the observability Gramian of ¥ := (A, B, C) with respect
to v meaning that 2 solves the matrix equation

[/7(14*7 X) = —AC*C, LV(A’ X) = ’}/00X + ’YOlAX + ’YlOXA* + ’yllAXA*.

Here, ¥ is a minimal realization of h meaning that the size of A is small as possible.
For stable h the matrix 2 exists and is unique. Consideration of the controllability
realization Y., of h reveals G as the observability Gramian of ¥, with respect to
the unit circle.

For o(¢q) C D Proposition 5.3 states the equivalence of definition (2.3) of Q,
definition (10) of @, in [12] and definition (3.4) of x, . in [21]. As usual, let the
Moore-Penrose pseudo inverse of A be denoted by AT [[18], p. 243].

Proposition 5.3. Supposed o(q) C D the minimizer ¢ of F satisfies ¢ = H} V where

i,7=0 i=m>

H,, = [hiﬂ']m’m_l, V := col(h;)$2 Sp o hizr D = %. (5.4)
Proof. Parseval’s identity states G,,, = H,, H,,, and g,,, = H,; V. Thus,

HIV = (H},H,) " HLV = €. 0

Hence, the vector H,,& represents the projection of V' on the linear subspace
A =span(Hy,) = {Hpx:x € C™} C ly

meaning that the statement of Proposition 5.3 can be interpreted as projection
method, moreover, since H,, possesses Hankel structure, as a semi-infinite struc-
tured least squares problem. Together with formula (2.2) where z is to replace by
&, the computation receipt proposed as in [12] is obtained. The projection point
of view allows us to express the approximation error via the /5-distance between
V and its projection on 7,.

Proposition 5.4. Let for o(q) C D and x € C™ the {a-sequence € be defined by the
components of the infinite-dimensional vector Hy,x — V. Supposed o(Q)NT = ()
we have || — hyl|§ < |lla/ mine(Q).

Proof. In virtue of Proposition 2.1 it suffices F/(z) = ||¢||2 to show. Obviously, the

4 column of [H,,, V] coincide with the Laurent coefficient vector generated by

f;. Thus, the definition of ¢ and the equation fx(2) = 2¥h(2) — ak(2) lead to

B(z) 1= 22 ez ) = S0 fi(2)zn — fm(2) = P(2) — h(2)Q(2).
Together with p, = Qp — Pq we conclude

E/Q=hy —h=-p/(Qq) = E=-ps/q = |E|z = |pzlla, = F(a).

Parseval’s identity yields || E||Z = |||l d
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6. The imaginary axis case v = iR
The entries of G read as g;; = (7“,|7“]> where

(flo)y, = 2= Jo Jit)g(it)|q(it)| 2 dt.

To represent G as for the unit c1rcle case the Hankel Bezoutian B.(q) is in question.
The name Hankel Bezoutian is justified by the fact that B, !(q)I . is a Hankel
matrix.

Proposition 6.1. 0(q) C H_ < B.(q) = Bz (q)-

Proof. Using the bilinear transformation ¢(z) := 1 : D — H_, the generating

functions (3.3) imply Ba(gs) = 2MyBc(q)Mj. Th -t ransformatlon of ¢ and r;
leads to
(6.1)

o(ge) CD, (i >i‘R% =2( 1ig | Tjg >Td
q

PAE
Thus, with 7;(z) = 27, Ry := row(t;s)}= '~ and Proposition 5.1 the equations
n—1
Crelr)® | =2 (el )
i,j=0 2rlagl® 14 j=0
= 2R{B'(g9)Rs = 2R;B; " (00 Ry
= R{My"B:'(q)M; Ry = R*B'(q)R

are obtained. Finally, R = I completes the proof of “=". Supposed B.(¢) = B (q)
the Bezoutian B.(q) is positive such that (3.2) implies o(q) C H_. O

n—1

-m
= |
—
—
i)
=

rz’?f\ql2

As we have just stated, for stable g the (i, j)-entry of B;'(q) and B !(q)
admits the representation

= fW Z'27|q(2)|~2ds.
Supposing o(¢) C {z € C: 0 < I(2)} such a representation
ani J, U la(t)|72dt

of the (i,j)-entry of B(q,q)~! have been proved already in [[22], Corollary 6.1].
Here, $(z) designates the imaginary part of the complex number z.

To relate G and B, (¢) to Lyapunov equations, we generate the corresponding
right-hand sides by § and by the coefficient vector v of the first residue v of ¢ with
respect to 5:

v(z) = Yn(2)o, v(2) = q(2) —aoq(z), a0 :=(=1)"qn/Tn.
Note, that v coincides with the last column of By, (q).

Proposition 6.2. Supposed o(q) C H_ the Gramian G and the Bezoutian B, (q)
solve, respectively,

CiX +XCy=—bh*, CuX +XC} = —ov". (6.2)
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Proof. Using the abbreviations B := B, (q) and K := H_(q1,...,qn) Barnett’s
factorization of B reads as

I, K*q(Cy).
The definition of v implies v = —g(C,)e1ao. In addition one concludes

K*C; = C_QK*7 (C‘ZI:!: + Ii?tI)qn = U<_1)ne* Ke, = e1qq.

Using that identities one gets
CyB+ BC; =CyI K*q(C;) + I K* (C’*)C* = (Col . K* + I, K*C7)q(Cy)
= (C I +1.C)E*q(Cy) = va,, ' (—1)"e;, K*q(CY)
—og, (1)@, e1d(C;) = o'
—_——

= ao
With G = R*B™'R, C,R = RC, and ¢},R = q,,b* one obtains
C;G+GCy=R*(C;B™'+ B 'Cy)R=R*B"(BC; + C4B)B™'R
= —R*B 'o0*B 'R = —R*e,qy 'q; e R = —hh*. O

Note, that the solution property of B_!(q) with respect to
Cy X + XCy = —epey,

n

is a special case of [[23]. Theorem 4.1].

Consideration of the controllability realization Y., of h reveals G as the
observability Gramian of Y., with respect to iR. As a consequence of Theorem 4.4
for real h all coefficients of () are non-negative. Thus, the relation G, lg,, € R™
can be stated where R_ :={r e R:r <0}.

As in the unit circle case, £ can be obtained as solution to a least squares
problem in /5.

Proposition 6.3. Supposed o(q) C H_ the minimizer ¢ of F satisfies & = M Vi,
where

My, = [hig 155057 Vi = col(him) 220, Yo iz Y = TM(Z))

1,j=0 40 (2

Proof. Parseval’s identity states B;l(q(b) = H*H where H is generated by 1/¢.
From above we know that G = 2R:;Bd71(q¢)R¢. Thus M,, = HRy, 2M; M, = G
and

MV = (M M,,) " MV = Grlgm = €. O
As counter part of Proposition 5.4 we have Proposition 6.4.

Proposition 6.4. Let for o(q) C H_ and x € C™ the £2-sequence € be defined by the
components of the infinite-dimensional vector M, x — V. Supposed o(Q) NiR = ()
we have [[h — hy|[§ < V2||z]l2/ mingz(Q).
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Proof. According to Proposition 2.1 it suffices to show F(z) = v/2||g||2. Obviously,

m—1

Pag(2) rmg(2) N Tie(2)
4(2) 0(2) = as(2)

<

o) m—1 o) o)
= Z himz ™ (T — Z T; Z hz‘jz*(iﬂ) = Zeizf(iﬂ).
=0 j=0  i=0 =0
Thus, transformation formula (6.1) and Parseval’s identity lead to

2w
0

Pz (it)

q(it)

l‘ :27rfR

Pao (' )’ dt*ZZz 0|52‘2 0

q4 elt)

For the line case only o(he) C Cy is stated. Numerical experiences collected
as in Example 2 show that actually the relation ¢(Q) C ~ holds, supposed the
degree m of @ is less than § where

0:=n—k, n:=degq, r:=degp, h=p/q.

In addition, for m = § the polynomial @) becomes stable. To suppress technical
difficulties, we prove these observations only for real h and v = iR. Moreover, for
m € {6+ 1,...,n — 1} and accidently generated p and stable ¢ the polynomial
@ becomes always stable. In [11] it is proved that this situation is generic. For
acquainting the reader with the proof idea for the case m < § we consider the
Lyapunov equations (6.2). As a consequence the entries g;; of G satisfy

Gij + gi—1j+1 = —hi—1h;, i=1,...,n, j=0,...,n— 1. (6.3)
Thus, setting g; := ¢i; and h;; := h;h; for real h the coincidence of [G4|g4] with
- oo o |

9o B —g1 — ho1 -5 ho2 | g2 — hoz + hi2
hoo h11 hao
- g1 - —g2 — hi2 —— — hi3
2 2 2 (6 4)
hi1 haa ’
—g1 — ho 5 92 5 —g3 — hag
ha o, _he s
L 5 02 g2 12 B) g3 D) ]

is obtained. Consequently, for hg = h; = hy = 0 the product G4, becomes a
Hankel matrix generated by the vector [go, 0, —g1,0, g2,0, —g3]T and g4 is equal to
(92,0, —g3, B]T, B := —hs3/2. Here, depending on the vector col(h;)?" 2 we set

H(ho, ..., ham—2) := [hit;]]" 0.

The zero distribution in the coefficient matrix and the right-hand side of the equa-
tion system G,,x = g, can be used now to give a mathematical foundation for our
observations. But at first for m = § we relate the Gramian G5 to the Bezoutian
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Proposition 6.5. Let £ € R™ and col(gi)ﬁgl € R™ be related by Gé = gm(B)
where

Gm = HI_, H:= H(fo,0, f1,0, f2,. .., fm—2,0, fm—1), fi == (=1)'gi;, BER

and

,0,...,0,8m—2,0, —gm_l,ﬁ] T, if m is odd,
[(—1)% g,0,...,0,8m-2,0,—gm—1,6] , if m is even.
Then for invertible Gy, the polynomial Q(z) := 2™ — Y (2)€ satisfies
GnB:(Q) = —2041.
Proof. According to [[24], p. 19, Theorem 1.1’] we have
Y (@) H ™y, (y) (@ — ) = Ta(2)S(y) — S(2)Ta(y)
where the polynomials T, and S are defined by
Talz) == 2" = m(2)H™ f(a),  S(2) = tm(2)H !
T . .
R R IRy iy v

Here, o represents an arbitrary real number. The substitution x := —x and the
equation G, = HI, lead to

B(x,y) = ¥m(2)Gy v (v) (2 +y) = S@)Taly) — Ta(2)S(y),  S(z) = 5(~2).
For odd m we have I g,,,(8) = f(8). Thus Q(2) = 2™ — Ym(2) H L f(B) = Ts(2).

Since the distribution of the vanishing entries in H will be preserved by its in-
verse, together with the zero distribution in f(3) it follows that the product
(I. + ) H'(f(B) — emf3) is equal to the zero vector. Thus

Q(2)+Q(2) =Tp(—2) + Ts(2) = —tbm(2)(I. + HH ()
= —Ym(2)(Le + DH(f(B) = emB + emp)
= _2ﬁwm('z)H71€m = _265(2)

On the same way for even m we get Q =7T_g and @ — @ = —2p3S. Thus

—28B(x,y) =—285(x )Tig(w Tip(z) (=265 (1))
= (Q(2) F Q(x))Q(y) — Q(x)(Qy) F Qy))
= Q@)Qy) — Q(=)Q(y).

Finally, in view of the generating function (3.3) the statement follows. O

Proposition 6.6. Let h € R(z) be stable. Then for m < ¢ we have o(Q) C iR and
for m = 6 the polynomial QQ becomes stable.
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Proof. Due to § = deg g — deg p the Laurent coefficients hg, ..., hs_o of h vanish.
Hence, in view of (6.3) the entries of G satisfy

9ij + 9i-1,j+1 =0, i=1,...,6—1, j=0,...,6—2. (6.5)

That equation establishes a recurrence relation within the entries along every anti-
diagonal of G. Here, the k*!" anti-diagonal A}, is formed by all entries gi; for which
i+j =k For k =2i—1 equation (6.5) passes over to g;;—1 + gi—1,; = 0. Since
h is real, we have g;; = gj;. Thus, g;;—1 = 0 holds. Consequently, all entries of
Ag;—1 vanish. For k = 27 equation (6.5) passes over to ¢;; + gi—1,i4+1 = 0. Thus, all
entries of Ay, are equal to g; or —g;. Collecting these observations we get

G5 = H(gOa 07 _glvoa e 70a (_1)67195—1)1:(:-

For m < § the structure of Gs leads to a polynomial Q(2) := 2™ — ¥, (2)G;. gm
whose coeflicients of all even or of all odd powers vanish. In addition, Theorem 4.4
states 0(Q) C H_ UiR. Since all zeros of such a polynomial are located on iR, the
first statement is proved.

For m = § the vector ¢ satisfies Gs¢ = gs(—h3_,/2). Thus, € and col(g;)=}
are related as in Proposition 6.5. In combination with hs_1 = p, the matrix
equation

GtsBc(Q) = pil
is obtained. Since h is stable, the Gramian Gs is positive. In combination with
pr # 0 the same holds for B.(Q). Finally, (3.2) yields the stability of Q. O

As mentioned above, the statement of Proposition 6.6 for m < J is a simple
consequence of Fejér’s convex hull theorem, the case m = ¢ have been treated here
in detail and the case m € {§ +1,...,n — 1} is subject of [11].

7. Computation of h, via its minimal realizations

There is a third approach to get he. Depending on a minimal realization ¥ :=
(A, B,C) of h we set K := (A, B) and consider the observability Gramian 2 of
> with respect to 7.

Proposition 7.1. For stable h the Gramians G and 2 are related by G = K*2K.

Proof. The minimality of ¥ provides the invertibility of K and the stability of i
the existence of 2. Immediately by definition the equations

CK =b*, AK =KC,

follow. It turns out that (5.3) and (6.2) can be generalized to Ly(Cy,G) = —Abh*
that means G represents the observability Gramian of the controllability realization
Yo with respect to . Thus, we have

Ly(A*, K*GK) = K *L5(C},G)K ' = —AK"ph*K ' = —AC*C.

Finally, the uniqueness of 2 provides the statement. ]
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Assuming that A = diag(e;)}~', B = col(1)™,, and C' = row(c;)j. o, we
define the Vandermonde matrix V' and the Cauchy matrix Q by
; —Agie; 1M
V=", Q= {2] . 7.1
[ 7,]2,]—0 p’y(Oéj,Oéi) im0 ( )

Then K =V and 2 = Q such that supposed a; € C; the Gramian G admits the
factorization G = V*QV. Supposed that all poles of h are simple, we call 2 the
Cauchy matrix generated by h and 7. For numerical examples which are generated
by prescribed a; € C; and ¢; € C the matrix G can be obtained by the product
V*QV. In particular, for o, 8 € C; the identity

|b(¢)|de — _—2mA ;
fy (w(t) oc)(w(t) 8) — py(Ba)y S € {[0727T]aR}7 v e {T71R}

holds where w(t) is defined as in the proof of Proposition 4.3.
With the abbreviation V := J, (A, B) we get V*2V = G,,, meaning that
V*2QV is invertible and appropriate to define Z := (V*2V)"1V*2.

Proposition 7.2. The triple (ZAV, ZB,CV) realizes h¢.

Proof. We have
ZAV = (V*QV) 'W*2[AB,...,A"B] = [ea, ..., em, (V*2V) 'V*24™B].
Together with G, = V*2V and g, = V*2A™B one gets ZAV = Cq. Finally,
ZB=(V*2V)"'V*2B =¢;, CV =lho,. ., hm_1]

thus, above triple represents the controllability realization of he. O

8. The construction of hg

The renouncement on the disappearance of the first m Laurent coeflicients of h—h¢
admits to proceed with a second optimization step resulting in a rational function
hg with

1h = hell3 ~ I = hopt|l3-
Instead to apply (2.2), the numerator polynomial & of hg¢ will be defined now via
the minimizer n € C™ of

F.C™ =R, F(x):=|h¢ — hl|3, hi(2) = Q(Z Zk o TRz"

such that

—2/Q, P(2) = bul2n.

As in Section 2 the minimizer £, the minimizer n turns out to be the solution to

i . m—1 i m—1
(51 ] ew wmm(( 2 2)) o
214,5=0 2/ 4=0

Therefore, for the determination of 7 it suffices to find the stable polynomial @
and to apply (8.1). In addition, the definition of B, (Q) implies n = B, (Q)W. That
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approach becomes essential for the case where the first m Laurent coefficients of A
are small in comparison with the subsequent coefficients. Then according to (2.2)
the numerator of h¢ becomes approximately the zero polynomial, a circumstance
which does not lead to satisfying approximation results. Here, we say that a com-
plex number is small, if its magnitude is small. For h :=1/¢q,v:= Tand m :=n—1
the approximant hg can be expressed explicitly in terms of ¢:

* = laol* + a(2)F0 — 7(2)an

an(a(=)Tr — 2(2)d0)

Note, that z represents a common divisor of the numerator and the denominator
such that the degree of hg’ is actually equal to n — 1. Moreover, that formula
reveals an interesting interpolation property of hg Let 3 be a pole of hg Then its

In

denominator vanishes in 3 such that ¢(8)q, = /ﬁ\(ﬁ)qo. Supposed 3 # 0 together
with q(z) = 2"¢(1/z) that equation implies

4 (@(B)an —T(B)a0) = a(B)(lanl” — laol*). a(B)ao ~ AB)an =0, B:= 5T
Thus, h{(8 (B) = q(B)~! = h(B) holds. The coincidence of h{ and h on the mirror
image Set o (o ( ) along ~ will be maintained, if one sets
Yoo + Y012
Y10+ 1m1Z
Proposition 8.1. Let h be stable and 3 € o(h{). Then h(¢,(3)) = hi (¢~ (5)).

Py (2) == —

Proof. Since h and hg are strictly proper for infinite ¢-(3) the statement holds.
Suppose |¢~(F)] < oo. To avoid technical details, we prove the implication only for
real h and v = T meaning that ¢, (8) = B-1. Let Q(2) := 1", Q12" be an arbi-
trary real stable polynomial of degree m. Combination of Barnett’s factorization
(5.2) with JBg(Q)J = B4(Q) leads to

Ba(Q) = JQ(C)H,, H, =H_ (..., Q).
The Hankel matrix © generated by 1/Q fulfills ©* = H_'row(Cfe1);2, thus the
vector W defined as in (8.1) satisfies
W = ©*col(hi)2, = H 'row(Che1)2gcol(hi)2g = HZ ' Y272, Cherhi.

First, we consider for & > 0 the special case h(z) := z~*. Then all Laurent co-
efficients h; of h(z) vanish excepted hi_; which is equal to 1. Consequently, W
simplifies to

W=H'Cf " es
such that the coeflicient vector 7 of the numerator polynomial &) of hg" gener-
ated by @ and z~* admits the representation

e = Ba(@QW = JQ(Co)Cy ex
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The assumption Q(3) = 0 implies now ¢, (3)C¢ = 8¢ (). Thus,
P (57Y) = B (8)Ink = B (B)Q(Co)Cl e
= BRI Ym(B)CE ter = 8FQ(B™1)

proving the statement for h(z) := z~*. Finally, let h(z) := Y po, hi/2""! be real
and stable. Then the coefficient vector n of &7 admits the representation

N=3 et Mhr—1

such that
h(B7HRW™) = X0l b1 B Q(B™Y) = 172, Zr(B~ hi—1 = 2(671).
Because h, Q, 2 are real the equation h(6~1)Q(3~1) = Z2(3~1) holds. O

In the case where all zeros of () are simple, the computation of n via B, (Q)W
can be replaced by solving the interpolation problem

(i) = h(n)Q(vi), = ¢y(Bi), i=0,...,m—1 (8.2)

Example 1 and 4 show the improved performance of hg in comparison with he.

9. The limit behavior of

For simplification let v € {T,iR}, h € R(s) and ¢(z) = H?;Ol(z — ;). To study
the limit behavior of ), remember its sum representation

Q(2) = X mi1 Gmy(2)
provided as in Proposition 4.1, the equation R = p(C,) and the definition of the
polynomial v and the vector tv as in the end of Section 3. As usual we set ¢’ := %q
and assume the stability of h. Vanishing ¢(«) provides v, (a)p(C, ) p(a)n (o).
Therefore, w(z) := 1, (z)w satisfies the interpolation condition w(a) = v(«)/p(c).

We establish now a recurrence relation within the numbers m; (a) and express
my (a) explicitly. With the definition

9., (2) = Q<¢'y(z))(71o +7112)"
we get g, = q and q, = q- In addition, we set
M) e,
py(z,y) q'p

Proposition 9.1. For a € o(q) the numbers (m;(a))}_, satisfy the recurrence re-
lation

7=T: mjti(a) =amj(a)—agjmn(a) +w;q(e)/p(e) (9.1)
=iR:  my(a) =mn(a)g; —amjii(a) + (=1)""w;g(a)/p(e)
where mo(z) = 0. In the case where all zeros «; of q are simple, the polynomial
my(2) satisfies the interpolation conditions

ma(en) = () Y14 K (i), i=0,...,n— 1. (9.2)

K(z,y) :=—
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Proof. In the circle case the equation C;MCy — M = —toro™ holds. Thus the
companion structure of C;, provides for the columns of M the equation
mjy1 = Cq(mj — mnCIj) + toto;;.
Left multiplication with v, (o) yields
mj1(a) = a(m;(a) — ma(a)q;) + w(a)w;.

Since w(a) = v(a)/p(a) and v(a) = g(a) we have w(a) = q(a)/p(a).
In the line case M satisfies C;M + MC; = —toro*. Thus the companion
structure of C;; provides for the columns of M the equation

m; = m,q; — Cqmj+1 — o,
Left multiplication with ¢, («) yields
mj(a) = my(a)q; — am;ji(a) — w(a)w;.
Since w(a) = v(a)/p(a) and v(a) = (—1)""g(a) we have w(a) = (71)"‘“1M

p(a)”
To prove in the circle case the validity of the asserted interpolation conditions,

we introduce the diagonal matrix
2 = diag (7o)}, -
Then the generating function of By(q) yields

VBy(qV* =292, V:=[al]'7L,, Qi=[1- a2

Furthermore, R admits the factorization V~'diag(p(a;))i=; V such that

~ n—1
M =G '=R'By(q)R~* =V~'DAD*V~*, D :=diag (ZEZ;) . (9.3)
1)/ i=0

Since the last column of V~* is equal to col(¢’(@7) 1)}y and ¥y () = eIV we
have

ma(ai) = (e Me, = e DAD*col(q’ (@)~ )

_ 00 oo (@) T o) a(aj)
0ol >j_ plas) 2= (1= ai)p

plev) p(@5)q' (@) ) ;g (@) (@)
The proof of the statement with respect to iR is left to the reader. O

We describe now the influence of p on o(he). The statements are formulated
and proved only for the unit circle, but to ensure their validity for the half-plane
Example 3 concerns that case. Instead of considering the variation of p, we consider
the variation of ¢ := p(a) € C, a € o(q). Since the associated partial fraction
coefficient reads as ¢/¢’(a), the case where that coefficient tends to infinity is in
question. The dependency of a function f and a matrix M on ¢ will be designated
by f(.,¢) and M., respectively. In addition, we use the abbreviation M (k, ) :=
[mij]% j—k- For simplification of the proofs we assume a; # a;.

Proposition 9.2. Let o € 0(q) C D. Then « is a zero of limy_.o0 Q(., ).
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Proof. W.lo.g.let a := «. It suffices to show the existence of the limit vector
limg, o C, arising in the sum representation of Q(., ¢) and that a becomes a zero
of all polynomials m;(.,¢) as ¢ — o0o. According to Proposition 9.1 we have

n—1
mo(a, @) =0,  lim my(a, ) = ¢'(a) Z lim K(a,aj,¢) =0.
@—00 p—00

j i —
=0

The recurrence relation (9.1) implies lim,_,oo m; (e, ) = 0. In factorization (9.3)
only D depends on ¢. Therefore,
M, =V "D, QDLV ™"
Since a; # o and o(g) C D the Vandermonde matrix V' is regular and the Cauchy
matrix € is positive. Let
[ o1 ] col(za)iy | i=row(c;)joy =V, 3reC* ! ¢ eC™
Since the (1, 1)-entry of D, tends to zero as ¢ — oo the limit My, := lim,_,oc M,
satisfies
My = col(3;)" 1 D(2,n)Q(2,n)D(2,n) row(37 ).
Since ejVe; =1 Cramer’s rule implies the independence of {33, ...,35}. Thus, for
k > 1 the sub-matrices
Moo (k,n) = col(3;);= D(2,n)2(2,n) D(2,n) Tow(5;) iy,
are invertible. Finally, lim,_.o (o = Moo (m + 1,n) Ley. O

We observe now the behavior of ¢(Q(.,«)) if the conjugate complex pair
{a,@} C o(q) C D tends to the dotted boundary T, := T\ {o(p) U {£1}}.

Proposition 9.3. For m > 1 and o € o(q) C D the relation o € limq_, 0(Q(., @)
holds.

Proof. It suffices to show that lim, 1, m;j(a) = 0 and that for & > 2 the limit
limg 1, Ma(k, n) is invertible. W.lL.o.g. let {ag, a1} = {@,@}. According to Propo-
sition 9.1 we have

lim e, —, M (00) = ' (a) 3720 lima, 7, K (a0, )

q(@;) H?::){i#j(l — apa;)

¢'(a0)p(ao)q (e5)p(a;)

Because q(z) = H?;Ol(l — za;) and @1 = ag, for j = 0 the second factor of g(a;),
and for j # 0 the first factor of H?:_ol,#j(l — apay;) is equal to 1 — |ag|?. Thus
K(ag,a5) — 0 as ag — T,. Regarding (9.1) by induction lim,—t, mj(a) = 0
follows.

To show the invertibility of lim, .1, Ma(k,n) observe that all factors in (9.3)
depend on a:

K(O‘Oaa_j) =

My =V, 'DQoDLV, "
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Obviously, for o« — T, the both first main diagonal entries of D, vanish. The
(1,1)- and the (2, 2)-entry of Q, are equal to 1/(1 —|a|?). Thus, the corresponding
entries of D,Q,D}, coincide with

q(a)q(@)
p(@)(1 = |a?)p(a)
Since g(a)g(@) possesses the factor (1 — |«|?)? the limit limq_T aﬁ)lz(g) vanishes.

Consequently, Mr := lim, .1, M, satisfies

Mt = row(c;)j_gD(3,1n)(3,n) D(3,n)*row(c; )~ s, row(c;)7_y o= ( lim Vi)'

P

Note that &1 € T}, ensures the invertibility of lim,_,t, V. Finally, the invertibility
of the main sections Mry(k,n), k > 2, is obtained as in the proof of Proposition
9.2. (I

For v = iR Example 3 illustrates the validity of Propositions 9.2 and 9.3.

10. Bilinear transformation between D and H

The least squares method for the discrete case can be applied to the continues case
as follows. Let ¢(2) := 27+ and h, be defined by

)
he(2) := h(¢(2)).
For 1 € 0(A) the identity
(p() — AP = (T - AP +2(I - A)2(2I — (I + AT - A~ H!

holds. Due to o(A.;) C H_ we have 1 &€ o(A.). Thus, supposed (A, B, C.) realizes
h, the rational function hy admits the representation

ho(2) = Co(I — A) ' Bo+2C.(I — A)"2(2I — (I + A)(I — A)~H)™1B, (10.1)
= h(l) =:Cy =: Ay

meaning that (A4, B, Cy) realizes hy—h(1). Consequently, the Laurent coefficients
hf of hy read as (CqAXB.)2,, the vector wy can be computed according to (2.2)
and due to 0(Aq) C D the vector £4 can be computed as the vector £ in Proposition
5.3. Finally, as approximant of A the rational function

142

hied®(2) = he, <:

Py
. he, :=h(1)+ —
) s Q¢
is in question. Example 5 compares the approximant h¢ obtained directly with the
approximant obtained as just carried out.
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11. Examples
According to (2.3) for v € {T,iR} the minimizer ¢ := col(&;)7,' € C™ of F' can
be computed as solution to G,,x = g, where G, := [gl-j];f‘j_:lo, Jm = col(gim):-i_ol
and
271' AT i
v = T: gij = % 0 fi(e‘t)fj(e t)dt
v=iR: gij = limyoe o= [0 Filit) £ (it)dt (11.1)
fr(z) == CA*(2I — A)~'B.

By approximation of h via he the coeflicient vector w of its numerator polynomial
P has to be computed according to (2.2) where x has to be replaced by £. By
approximation of h via hg the coefficient vector n of the numerator polynomial &
of hg can be obtained by B, (Q)W where W is defined as in (8.1), or equivalently
as solution to the interpolation problem (8.2) supposed that the zeros §; of @ are
known and simple. Thus,

ho ... hm—a

v L [ —col(&)i" ]
: ] : ]

he == 57 P = {nw, ho i N m—1

Q1= 2™ — Pk, n = B,(Q)W, W := col (< ) h >2)i_0
hi = %, P =Y, or equivalently

, -1
ni= (B0h) el (h)QG
Vi = ¢7<ﬁ2)

(11.2)
Examples 1, 2, 5 use that computation receipt. If one refuses the computation of the
integrals (11.1) and if large enough subsections of (hg)3 ), h(2) = 3 pe g iz~ FFHD,
and (04)52, Q(2) 7! = Y50, Okz~**+ are known, then in the unit circle case the
vectors £ and 7 can be obtained as limits of the truncated computation procedure

en = HY col(h) N4, HY = [hig] V75", iy €y — € )
nN ‘= @%Tcol(hi)i]io, @z = [914_]’]2;3:0_1, liInN_,oO nN —1n

which has been used in Example 4. If one knows g and the residues r;, and is able
to compute g4 and rj4, then according to Proposition 6.3 for the continues case
the minimizer £ can also be obtained via a projection method applied to elements
of ¢5. But when o(h) is close to v, only the application of solution algorithms,
which address the Hankel structure of HY and ©X | lead to satisfying numerical
results. Thus, it is natural to ask for algorithms which compute H by exploitation
of its structure. In the literature the Toeplitz structure is exploited in two differ-
ent directions: one approach leads to algorithms of low complexity (fast and super
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fast algorithms) and a second approach to algorithms which take care for accuracy
and stability (high performance algorithms). For fast and super fast algorithms
consult among others [1, 2, 3, 6, 7] and for high performance algorithms consult
[16, 17, 20]. The paper [19] goes in both directions. Numerical problems arising in
connection with the computation of the integrals (11.1), of the sequences (hx)32,

and (0x)5,, or of H,J,\L’Jr and @,]XT are not addressed in this paper. Supposed a
fraction representation p/q of h is known and v € {T,iR}, the Bezoutian B, (q)
can be computed via (3.1) and G via the product p(Cq)*B; ' (¢)p(Cy). In Exam-
ple 3 and 6 we use that formula, but for large n the inversion of B,(q) becomes
very expensive which reflects the disadvantage of that approach. Finally, in the
case where a minimal realization of h is available Proposition 7.2 can be applied.
A disadvantage of that computation approach is the necessity to know the cor-
responding observability Gramian £ completely. To overcome associated storage
and condition problems, in [28] a low rank approximation of 2 is recommended
which is found by a low-rank Smith type method. Observe that by exploitation of
GmZ = gm the knowledge only of the m x (m + 1)-dimensional left upper corner
of G is necessary, and that according to (6.4) the matrix [G,,, gm] is completely
determined by the numbers g;;, h;, t =0,...,m — 1.

The approximation procedures will be illustrated now by means of some
examples. Here, we pay our main attention to the line case, the special case h = 1/¢
and the situation where o(h) is close to v or the partial fraction coefficient of a
pole is large in comparison with the coefficients of the other poles. For the unit
circle and general p a lot of examples are available in [12, 13, 21].

Ezxample 1. We consider the m-degree approximation of

K

1 & Cl Ck k(. 1 2
h(z) := — , =—|i—-—)eH_, =k* c:=
(2) ZC;z—ak+z—a_k O 8 ! 2K -0 ¢ ];Ck

with respect to v := iR. Due to hy = ¢ 'RY5 | c;ak for k = 10 we have
[ho hi hs hg ]=[1 —0.049 —1.026 0.1680 ].
For N = 5000 the computation of the truncated integrals (11.1) yields

1550 —0.500 —1.671  1.027
Gy = o] = | 0500 1.720 —0.001 —2.113
4 = 9iglij=0 ~1.671 —0.001  2.063 —0.526
1.027 —2.113 —0.526  2.807

gi="[gos - g ] =[1945 0534 —2635 —0.014]"

what can be verified by utilization of (6.4) or of G = V*QV where V and Q are
defined as in (7.1). The solution & to G4z = g4 and the vector w computed via
(11.2) read as

¢:=—[0865 0652 2126 0578 ', w:=[0123 1.072 0529 1] .
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FIGURE 2. n = 2k = 200, m = 14, solid line = h(iR), dashed line
= he(iR), dashed line = A/ (iR)

In Figure 1 the Nyquist plots of h and h¢ are compared to each other. According
to Theorem 4.4 the zeros of @ belong to H_. Actually,

o(Q) = {~0.18 £ 0.751i, —0.109 £ 1.2i} =: {Bo, ..., B3}
holds. With ¢,(z) = —% the solution to the interpolation problem (8.2) reads as

ni=1[ 0106 1.012 0515 0.949 ] .

Since 1 ~ w there is no significant difference between h¢(iR) and h/(iR). Enlarge-
ment of ¥ and m shows the improved performance of hg more better. Figure 2
plots for £ = 100 and m = 14 the sets h(iR), he(iR), 2/ (iR) where G14 and g14
have been generated by the factorization G = V*QV. In particular

[h — hell5* = 0.093, [|h —hZ|I5* =0.087, |[|5* = 0.463.
Ezample 2. To illustrate the situation o(Q) C v we consider the line

vi={w(t):teR}, w(t) =1+ (24 1)t
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and the monic polynomial ¢ generated by the zeros
ap :=—1+05i, ap:=-01+1i, ap:=03+1.51, az3:=15+1.1i
It turns out, that o(q) is located on the left-hand side of y, if ¢ runs over (—oo, +00).
The setting h := 1/¢ simplifies the integral (11 1) to
gy = my—oo 5 [Ty w t)?q(w(®)| 2| (t)] dt.
For N =400 and m = 3 we get
¢=1[-0972-1819i —0.32+2.503i 2.358-0.321i |"
Actually, the parameters
1:=—0.8325, t5:=—0.0684, t3:=0.5795
satisfy o(Q) = {w(t1), w(t2), w(ts)}.

Ezxample 3. We give an example for the limit situations as described in Proposition
9.2 and 9.3. We have to consider a rational function h with the property, that some
of its partial fraction coefficients are large in comparison with the others. Let o(q)
be given by
Qp,1 = —1ii, Qg3 1= —2+i
and p be defined via the interpolation conditions
p(ao) = p(ar) =50, p(az) = p(as) = 1.
Then h := p/q where
p(z) = —19.62% — 88.22% — 137.22 — 48, q(z) = z* 4+ 62° + 152% 4 182z + 10.

For 7 := iR and m := 2 the relation o(Q) ~ {ap, a1} is to be expected. To be
exact we use G = p(C)B. ' (q)p(Cy). Then we have

f—_ 1.984 | G las G — 108.237 —192.08 | 166.685
T 1986 | T U2 92 U271 19208  409.555 T | —432.18
Thus, actually o(Q) = {—0.993 £ 0.999i} holds. To illustrate Proposition 9.3 we
move ag,; close to v: ap,;1 := —0.01 i, let ap, oz be unchanged and choose p

according to

plao) =plen) =1, plaz) = plas) = —1.
As above ¢ = —[0.99,0.075]T is obtained, thus o(Q) = {-0.037 £ 0.994i} ~
{ap, a1} as expected. It turns out that for N = 103 the utilization of the truncated
integrals (11.1) yields the same result.

Ezample 4. To illustrate for n := 20 and large py € R the advantage of a second
optimization step as proposed in Section 8, we approximate h := p/q along T by
rational functions he and h? of degree m := 7 where

ol piy 8 3k 8k?

p(z) = ;szrpm q(z) = kl;[()(zfo‘k)(zfa_k)’ T w1 (n+ 10)2i.
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FIGURE 3. n=20,m="7,+ := o(q), X := o(Q)
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FIGURE 4. n =20,m =7,+ := h(U), x := h}(U), * := he(U)

Figure 3 shows the distribution of the aj marked by “+”. We choose pg := 10,
N := 200, and form the sequences (hy), ;™ and (6;)~_, to find e and h{. Then
(11.2) and (11.3) provide

¢ = [0.336, —1.562, 2.889, —2.948, 2.879, —3.652, 3.057]" ,
w = [0.677,0.752,0.769, 0.866, 0.786, 1.085, 1.000]",
n = [120.391, —226.509, 170.689, —143.321, 183.663, —126.761, 34.052]" .

For sufficiently large N Theorem 4.4 states the relation ¢(Q) C D. Figure 3 con-
firms that localization where {0y, ..., 36} := o(Q) is marked with “x”. It is easy
to check, that &, Q, h satisfy the interpolation conditions

P(vi) = h(:)Q(7i), i :=1/Pi.
In Figure 4 the Nyquist plots of h, he, hg along the unit roots U := ¢ (2390 — 1)
are compared to each other. Obviously, hg fits more better than h¢, precisely

ey lhw)=he()? _ ¥ weu lh(w)—h ()2
\/ S TR = 0571, \/ S = 0.183.
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FEzxzample 5. We approximate

1 1
h(z) =) + ap = —24Ti, ag = —242i, ay = -2+ 1i

—>
zZ—« Z—
=0 k k

along v := iR by h¢ and h?;geb of degree m := 3, and compare the corresponding
approximation quality. Obviously, h admits the fraction representation

hz) = 62° + 602" 4 4562° + 177627 + 3570z + 2916
T 2641225 + 11424 + 59223 + 178522 + 29162 + 2120

Since hy = 2R Z?:o af the first 3 Laurent coefficients of h read as
[ho h1 hy |=[6 —12 —84].

The computation of g;;, i = 0, 1,2, via the integrals (11.1) and application of (6.4)
yield the system

4.832 —-18  —8.934 576
—18 80.934 =72 | z= | —2303.242
—8.934 —72 1295.242 —3528

Its solution £ and the resulting w read as
¢=—[ 152464 69.145 7.619 |', w:=[239.439 33.714 6] .

The Laurent coefficients hf of hg are obtained via CdA’éBC where (Ag4, B, Cy) is
defined as in (10.1) and

A, = diag(ag, a1, a2, 0, a1, a2) € C%¢, BT :=C.:=[1 ... 1]€eRS

For N = 190 the truncated computation procedure (11.3) provides as approxima-
tion of hg along T the rational function he, := h(1) + Py/Q4 where

Qo(2) = 22 —1hs(2)&y, Ep 1= — [ 0.303 1.238 1.904 " = [n? 119028 o) (o193

i+jli, =0
. 0.099 he nS hg —¢?
qu .—_¢3w¢> , we = 0.448 _ hgﬁ htlb _ggﬁ
h(1) = 1.165 0301 ! h
: 0

that means

Py(2)  1.1652% +2.6092% + 1.889z + 0.453
he,(2) = h(1) + =22 =

Qs(2) 23 4+1.90422 4+ 1.2382 + 0.303

Finally,
B2 1= h, (

In Figure 5 the Nyquist plots of h, he and hﬁ;geb with respect to iR are compared
to each other. Obviously, for some intervals of iR the approximation quality differs
significantly. Along i[—5, 5] the approximant hf;geb fits better than h¢, and along
i(R\ [-5,5]) the approximant h¢ is to be preferred. Remember, a positive (real)

1—z2) 23 4+ 25.49622 + 91.4392 + 147.452°

1+ z) ~ —0.2432% + 11.76422 4 94.772z + 202.879
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FIGURE 5. a= h(iR), b= he(iR), c= AP (iR)

function h(z) is a (real) function whose real part is positive when the real part of z
is positive [[8], p. 197]. According to [[8], Theorem V] a real rational function h is
positive, if (k) C H_ and R(h(iR)) C R, . The definition of the numbers «; and
Theorem 4.4 ensures the stability of h and h¢. Thus, Figure 5 shows the positivity
of h and h¢, and the non-positivity of hf;geb. Consequently, if one like to preserve
positivity, then h¢ is to be preferred. Unfortunately, also the direct approach does
not preserve positivity in general. We finish the paper with a counter example.

Ezample 6. Let h(z) := Zi:o cx(z — o) 7t where

ap:=—14+1i, ag :=ag, agc = =3, ¢g :=c1 := 1, ¢cg := 2.
Then with p(z) := 422 + 12z + 10 and ¢(z) := 23 + 52 + 82 + 6 the equation
h = p/q follows. Because all ¢ are positive, and h is stable with respect to iR,
we are dealing with a positive real function. To avoid the approximation of the

integrals (11.1) we use factorization (1.3). The representation (3.1) of B.(q) and
R = p(Cy) provide

680 0 —816 10 —24 48
Bg)=rgk| 0 816 0 [,R=|12 —12 40
—816 0 6528 4 -8 18

|B.(q)| = 55488.

By exploitation of B.(¢) = Bir(¢) and G = RBi&l(q)R* one gets the equation
system
224672 —443904 . 884544
—443904 891072 } v [ —1775616 }

= G2|B.(q)| = 92| Be(q)
to determine ¢ € R2. Thus, ¢ = —[0.0034, 1.9944]T. Since [ho, h1,h2] = €1 R we
have hg = 4 and h; = —8 such that in view of (11.2) the coeflicient vector w of the
numerator polynomial of ke becomes [—0.023, 4]. Consequently, he(0) = —wo /& <
0 in contradiction to the stipulation he : H, — H, :=C\ (H_ UiR).
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FIGURE 6. solid line := h(iR), dashed line := h/(iR)

But, if we replace w by 7, then a positive real approximant is obtained. To
get n it is sufficient to compute the product B.(Q)W. The generating function
of B.(Q) yields B.(Q) = 2& diag(&o, —1) = diag(0.013,3.989). In addition, for
N = 300 as approximation of

1 T 17 a6
W = lim —/ {.l]wdt
-~ L] Qi)
we get [0.334,0.997]" such that 1 := B.(Q)W becomes [0.005,3.977]*. To check
the positivity of h? we represent it as continued fraction:

mz—+m 1

=
22 =61z —& (az10) +

h(z) =

(mz+no)

Then the positivity of all coefficients a, b, , 19, n1 implies the desired mapping prop-
erty hg :H, — H_ . From above we know that 7y and 7, are positive. Comparison
of the coefficients yields

a=1/m, b=—(ano+&)/m, =& —bn
thus a = 0.251, b = 0.501, and » = 0.001. Figure 6 confirms the positivity of h and
hg A mathematical exploration with respect to the preservation of positivity will
be provided in a forthcoming paper.
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0. Introduction

This paper is closely related to the authors’ recent investigations [FKL1] on the
matricial Carathéodory problem in both nondegenerate and degenerate cases. In
[FKL1] the authors obtained a parametrization of the solution set of a general
(possibly degenerate) matricial Carathéodory problem in terms of a linear frac-
tional transformation. Using this parametrization we study the set of values of
matrices which will be attained by the solutions of the matricial Carathéodory
problem in a prescribed fixed point of the open unit disk. We show that this set
of values fills a (closed) matrix ball and present explicit expressions for the center
and the semi-radii of this matrix ball which is also called the Weyl matrix ball as-
sociated with the concrete matricial Carathéodory problem under consideration.
Following the classical monograph [Akh] the terminology “Weyl circles” or later

The work of the third author of the present paper was supported by the German Research
Foundation (Deutsche Forschungsgemeinschaft) on badge LA 1386/2-1.
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“Weyl matrix balls” was consequently used in the Soviet literature (see, e.g., [Or],
[KP], [Ko], [Du], and [Mi]). As explained in [Akh, Chapter 1] or in [Ev], the history
of the scalar case is intimately related to the classical papers [We], [He], and [Ne].

In the case of a nondegenerate matricial Carathéodory problem the corres-
ponding Weyl matrix balls were computed by Kovalishina [Ko] and alternatively
by the first and the second authors in [FK1, Parts IV and V). In view of the general
theory of matrix balls due to Smuljan [Sm], the semi-radii of a matrix ball are not
uniquely determined. In his investigations [Du] on the matricial Schur problem,
V.K. Dubovoj has constructed a clever normalization of the left semi-radius. This
normalization was adopted to the case of the matricial Carathéodory problem in
[FK1, Parts IV and V]. In the case of the nondegenerate matricial Carathéodory
problem the normalized semi-radii of the Weyl matrix balls can be nicely rewritten
with the aid of the Gohberg-Heinig formula (see [GH, Theorem 1.1], for the inverses
of block Toeplitz matrices. This will be described at the end of Section 4.

In the scalar case the Weyl disks associated with the Carathéodory problem
were already handled by Geronimus (see, e.g., [Gel], [Ge2], and [Ge3]). A modern
view on various aspects of Geronimus’ work was presented in the paper [CG] of
Chang and Georgiou who particularly worked out the role of the centers of the
Weyl disks in the context of maximum entropy extension. In the paper [FKL2] the
authors discussed similar questions and closely related matters for the matrix case
of the nondegenerate matricial Carathéodory problem. The limit behaviour of the
normalized semi-radii of the Weyl matrix balls associated with a nondegenerate
matrix-valued Carathéodory function was studied in [FK2].

This paper is organized as follows: In Section 1, after presenting some no-
tations and preliminaries we formulate the main result of this paper (see The-
orem 1.1). In Section 2, we recall the parametrization of the solution set of a
matricial Carathéodory problem which was obtained in [FKL1] and we give some
additional comments concerning the uniqueness of the functions which appear as
parameters in this description. It turns out that much information on the Weyl
matrix balls associated with a matricial Carathéodory problem is contained in a
distinguished rational matrix-valued function ©,, built from the data. For this rea-
son, the study of this function ©,, is one of the central themes of the paper. In Sec-
tion 3, we introduce the function ©,, and show that the restriction of this function
onto D is a matrix-valued Schur function. Hereby this Schur function is inner if and
only if the considered Carathéodory problem is nondegenerate. In the particular
case that the given sequence (I';)'_, of data satisfies det I'g # 0 we associate with
(Fj)}l:o a second rational matrix-valued function ©F,. The interplay between both
functions ©,, and ©F, is described in Proposition 3.11. In Section 4, we will prove
the main result of this paper. More precisely, we will compute the Weyl matrix
ball associated with an arbitrary matricial Carathéodory problem. In Section 5,
we consider in detail the case that the given g x ¢ Carathéodory sequence (Fj)?:o
satisfies det 'y # 0. We indicate that the above-mentioned rational matrix-valued
function ©F, is intimately connected with the so-called reciprocal Carathéodory
sequence (1"2-)?:0 corresponding to (I'j)7_,. This enables us to describe the Weyl
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matrix ball associated with (Fg‘)?zo with the aid of ©F (see Theorem 5.2). The
main results of Section 6 are Theorem 6.8 and Theorem 6.11 which contain useful
recurrence formulas for the functions 0,, and ¢, respectively. Finally, in Section 7
we discuss the central ¢ x ¢ Carathéodory function 2, ,, corresponding to (Fj)}Lo
from the view of Weyl matrix balls.

1. Preliminaries

Throughout this paper, let p and g be positive integers. We will use C, Ny, and N
to denote the set of all complex numbers, the set of all nonnegative integers, and
the set of all positive integers, respectively. If m € Ny and if kK € Ny or Kk = o0,
then we will write N,, ,, for the set of all integers k satisfying m < k < k. The
set of all complex p x ¢ matrices will be designated by CP*4. For each A € CP*4,
let AT be the Moore-Penrose inverse of A. If A € C?%4, then det A stands for the
determinant of A and tr A denotes the trace of A. Further, for each A € C9*9 let
Re A and Im A be the real part of A and the imaginary part of A, respectively,
i.e., ReAd:=1(A+A*)and Im A := 5-(A— A*). The zero matrix which belongs to
CP*? will be denoted by 0px4 and the identity matrix which belongs to C9*¢ will
be designated by I,. If the size of a zero matrix or a identity matrix is obvious,
we will omit the indices. A complex p X ¢ matrix A is said to be contractive if the
operator norm of A is not greater than 1. Obviously, a complex p X ¢ matrix A is
contractive if and only if the matrix I — A* A is nonnegative Hermitian.

Let n € No. If (I';)?_, is a sequence of complex ¢ x ¢ matrices, then we

j=0
associate with (I’j)?zo the block Toeplitz matrices S,, and T, given by

Ty 0 0 .. 0

L Ty 0 .. 0

Spi=1| T2 Tn Ly o (1.1)
; ; 0

I, Th-1 Tho ... Ty

and
T, := Re S,.

A sequence (Fj)?:o of complex g X ¢ matrices is called g x ¢ Carathéodory sequence
(respectively, nondegenerate ¢ x ¢ Carathéodory sequence) if the matrix T;, is non-
negative Hermitian (respectively, positive Hermitian). Obviously, if (I';)7_, is a
g X q Carathéodory sequence (respectively, a nondegenerate ¢ x ¢ Carathéodory
sequence) and if m € Ny ,,, then (T';)7., is also a g x ¢ Carathéodory sequence (re-
spectively, a nondegenerate g x ¢ Carathéodory sequence). In addition, a sequence
(Tk)5, of complex g x ¢ matrices is said to be a ¢ x ¢ Carathéodory sequence
(respectively, a nondegenerate q X q Carathéodory sequence) if for every choice of
a nonnegative integer m the sequence (Fj)}":O is a ¢ x ¢ Carathéodory sequence
(respectively, a nondegenerate ¢ x g Carathéodory sequence).
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Let D:={2€ C:|z] <1} and T := {z € C: |z|] = 1} be the unit disk
and the unit circle of the complex plane, respectively. A complex ¢ X ¢ matrix-
valued function Q : D — C?%*9 which is holomorphic in D and for which the real
part ReQ(z) of (z) is nonnegative Hermitian for each z € D is called ¢ x ¢
Carathéodory function (in D). The set of all ¢ x ¢ Carathéodory functions (in D)
will be denoted by C4(D). It is a well-known fact that a matrix-valued function
Q : D — C?2%7 which is holomorphic in D with Taylor series representation

Qz) = kazk, z €D,
k=0

belongs to Cq(D) if and only if (I'y)(2, is a ¢ x g Carathéodory sequence (see, e.g.,
[FK1, Section 4 in Part I]).

The matricial version of the classical Carathéodory interpolation problem
consists of the following:

Let n € Ny and let (Fj)?:o be a sequence of complex q X q matrices. Describe
the set Cy[D, (I'j)7_o] of all ¢ x q Carathéodory functions Q (in D) such that

1 .

—0W) =1

j!Q 0)=T; (1.2)
holds for each j € Ng r,, where QU(0) is the jth derivative of Q at the point z = 0.

If n € Ny and if (Fj)?:o is a sequence of complex ¢ X ¢ matrices, then the set
Cq[D, (T'})}—o] is nonempty if and only if (T';)}7_, is a ¢ x ¢ Carathéodory sequence
(see, e.g., [FK1, Section 4 in Part I]). Several approaches to parametrize the so-
lution set Cy[D, (T';)7_o] of the matricial Carathéodory problem can be found in
the literature (see, e.g., [AK], [Ko|, [Dy], [FK1], [BGR], [FF], [Sa], and [FFGK]).
An essential common feature is that the discussions are mainly concentrated on
the so-called nondegenerate case which is connected with nondegenerate g x ¢
Carathéodory sequences built from the interpolation data. Nowadays, quite differ-
ent approaches to handle also degenerate cases of matrix interpolation were used
(see, e.g., [BH], [BD], [Br], [CH1], [CH2], [DGK?2], [Dy, Chapter 7], and [Sa, Chap-
ter 5]). The starting point of the present paper are the descriptions of Co[D, (I';)_]
via linear fractional transformations in the general case, i.e., without additional
assumptions, given in [FKL1], where the parameters of the linear fractional trans-
formations are expressed explicitly by the given data of the problem. For the
convenience of the reader, we recall the main idea of these parametrizations in the
following section (see Theorem 2.1). For this and our forthcoming considerations
we need some further notation.

If m € Ny, let ey, q and €, 4 be the matrix polynomials defined by

2™,
271,
em,q(2) 1= (Iq,zlq,z2lq,...,zmlq> and  ep4(2) = _r (1.3)
Z1iq
I
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for all z € C. Let e be a ¢ x ¢ matrix polynomial of degree not greater than m,

i.e., there is a complex (m + 1)g X ¢ matrix E such that e(z) = ey, 4(2)E for each

z € C. Then the reciprocal matriz polynomial ¢/ of e with respect to the unit

circle T and the formal degree m is given, for all z € C, by él™l(2) := E*e,, ,(2).
If n € Ny and if (Fj)?:() is a sequence of complex ¢ X ¢ matrices, then let

L1 = Re Fo, Rl = Re Fo, (14)
and moreover (in the case n > 1) we will use for each k € Ny ,, the notations
I
1 1| L2
Zi ::-(rk,rk,l,...,rl) Vo==| |, (1.5)
2 2|
L'y
and
Li+1:=Relo— Z,T,F | Z}, Rii1:=Relo—Y T\ V. (1.6)

For each k € Ny, the matrices Lj; and Rjy; are nonnegative Hermitian if
(I'j)j—o is a g x g Carathéodory sequence (see, e.g., [DFK, Lemma 1.1.9]).

In the sequel, let n € Ny and let (I‘j);?zo be a ¢ x g Carathéodory sequence.
In the case n > 1, the sets

Vo :={VeC:T,,V=Y,} and Z,:={WeCP»™:WT,_1=2,}

will be linking elements in the studies below, since the matrix polynomials a.,, b,,
¢n, and d,, defined by

- Ty if n=20
a"(z) T { Ty +Z€n71,q(z)szflv7l if n>1 ’ (17)

o 1, if n=0
bn(2) = { Iy —zep_14(2)V,, i n>1, (1.8)
o To if n=0
en(2) = { W,S% zen14(z)+T0 if n>1, (1.9)
and
- 1, if n=0
dn(2) := { —Whzen_14(2)+1; if n>1 (1.10)

with some V,, € Y, and W,, € Z,, if n > 1 play an essential role in [FKL1]. Note
that, if n > 1, the matrix T,'LtlYn belongs to V), and the matrix ZnT;Ll belongs
to Z, (cf. [FK3, Remark 1.4]). Moreover, in the case n > 1, [FK3, Proposition 2.2]
implies that TntlYn actually belongs to the set )7n of all V,, € V,, such that det b,
vanishes nowhere in I and from [FK3, Theorem 2.3] one can see that Z,T. ,
actually belongs to the set z;,;n of all W,, € Z,, such that detd,, vanishes nowhere
in D, where b,, and d,, are the matrix polynomials defined by (1.8) and (1.10).

A main goal of this paper is to present a parametrization, for every choice of
w in D, of the set {Q(w) : QeCy[D, (Fj);?zo]} in terms of the matrix polynomials

tn, by, ¢, and d,, defined by (1.7), (1.8), (1.9), and (1.10) with some V,, € Y, and
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W, € En if n > 1. We will prove that these sets are matrix balls. Recall that, for
each M € C?2%%, each A € C?7%, and each B € C?4, the set R(M; A, B) of all
X € C9%7 which admit a representation X = M + AK B with some contractive
complex g X ¢ matrix K is called the matriz ball with center M, left semi-radius
A, and right semi-radius B. In order to describe the parameters of the concrete
matrix balls in question we introduce the rational matrix-valued function

n =V n+1b 1d \/ n+1

It will turn out that the function ©,, is holomorphic in I and that the restriction
of ©,, onto D belongs to the Schur class Syxq(D) of all ¢ x ¢ Schur functions (in
D). Recall that a matrix-valued function S : D — C%*? which is holomorphic in D
is called ¢ x ¢ Schur function (in D) if at each point z € D the value S(z) of S is
a contractive matrix. We will prove that the following theorem holds.

Theorem 1.1. Letn € Ng and let (I';)_, be a gxq Carathéodory sequence. Ifn > 1,
then let V,, € YV, and let W,, € Z,. Let the matriz polynomials a,, b,, c,, and d,
be defined by (1.7), (1.8), (1.9), and (1.10). Furthermore, let the complex matrices
L,y1 and R,11 be given by (1.4) and (1. 6) For each w € D, then by setting

On(w) = \/Rn+1(b( ) A w)y s Fiw) = VI 0L w)yRar,

and G (w):=+/Lp4+107( Ry " the identity
{fz(w) :QeC,D, <rj>;;o]} = & (M1 (w); 200" A1 (), B (w)
1s fulfilled, where

Mo ()= (dn(w) — [wPCR @) @) (calw) + [wPERw)al (), (111
A () 1= (dn(0)) Vi [Ty — (0P (@)On(w) . (112)

Buoa(w) i= /1, ~ 0P, (05 (w) VFor (ba(w)) " (113)

and where the matrizc Mn+1( ) also admits the representation

and

-1

Myia(w) = (an(w) + w22 (w) F2w) ) (ba(w) = w2 ) Fr(w)) . (1.14)

2. On a parametrization of the solution set C,[ID, (I';)%_]

In the present section we recall at first a description of the set Cy[D, (I';)}_o] of
all solutions of the matricial Carathéodory problem via linear fractional transfor-
mations which is derived in [FKL1]. Moreover, we give some additional comments
concerning the uniqueness of the function f € S;x4(ID) appearing as parameter in
these linear fractional transformations.
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Theorem 2.1. Let n € Ny and let (I‘ )J o be a g x q Carathéodory sequence. If
n>1, thenletV, € yn and W, € Z,. Let the matriz polynomials a, by, c,, and
d, be given by (1.7), (1.8), (1.9), and (1.10). Furthermore, let the matrices Ly 1
and Ry 41 be defined by (1.4) and (1.6).

(a) If f € Syxq(D), then the matrices zci[ " 2)v/Ln+1 f 2)\/Rnt1 + bn(2) and

28/ Lnt1f(2)\/Rn+t1 Tplnd (2) + dn(z) are nonsingular for each z € D cmd the
function Q : D — C9*9 given by

O(z) = (—zegﬂ (2)F () + an(z)> (zd,[ﬂ(z)F(z) + bn(z)) (2.1)

belongs to Cy[D, (T';)7_,] and satisfies, for each z € D, the representation
- 3l
(2) = (.G +da(2)  (—2GEENE) + (), (22)
where F := \/L,41 +f\/Rn_H and G := \/Lpy1fv/Rn+1 *

(b) If Q € Cy[D, (T';)7_o], then there is an f € Syxq(D) so that Q admits, for
each z € D, the representations

0(2) = (28 )FE) +an() (2l FE) + ()
and (2.2), where F:=\/Ly 1 f«/ w1 and G: \/Ln+1f\/Rn+1+.

A proof of Theorem 2.1 is given by [FKL1, Theorems 3.2 and 3.7]. Contrary
to the well-known circumstance in the nondegenerate case (see, e.g., [AK], [Ko],
[Dy], [BGR], [FF], and [FK1]), the underlying function f € S;x4(ID) by the linear
fractional transformations stated in (2.1) and (2.2), respectively, is not uniquely
determined via f in general. The following results clarify this fact.

Proposition 2.2. Let n € Ny and let (FJ)Z;O be a q x q Carathéodory sequence.
If n > 1, then let V,, € YV, and let W,, € Z,. Let the matriz polynomials an, by,
Cn, and dy, be defined by (1.7), (1.8), (1.9), and (1.10). Let the matrices L,4+1 and
Ry +1 be given by (1.4) and (1.6). Further, for j € {1,2}, let f; be a g x ¢ Schur

function (in D), let Fj:=/Lyp41 +fj\/Rn+1, and let Q; : D — C9*9 be defined by

(2) = (—2e ) F(2) + an(2)) (201 () Fy () + bu(2))
(a) Let w € D\ {0}. Then the following statements are equivalent:
(i) Qi(w) = Qa(w).
(ii) Ln+1L:+1f1 (w)Rn+1R:L_+1 = Ln+1L:+1f2(w)Rn+1R:+1
(b) The following statements are equivalent:
(i) Q= Q.
(iV> Ln+1L:+1f1Rn+le+1 = Ln+1L;t+1f2Rn+1R::+1
Proof. For j € {1,2}, we also use the setting

Y n+1f] n+1
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First we prove that (a) holds. Let w € D\ {0}.
(i) = (ii): Suppose that (i) holds. Thus, part (a)
(G () () + du(w))  (~wGr(w)al (w )—|—cn(w)) .
= (—wdl (@) Fi (w) + an(w) ) (wdl) (@) Fy (w) + ba(w))
(w

= (—wé%] w) Fa(w) +an(w)) (wd[n] Vo (w) + (w))_l
and consequently

w? G (w)ay! (w)d ) (w) Fa (w) + en(w)by (w) — wGi (w)af (w)by (w)
+ wep (w)d M (w) Fy (w)
(

)
= (~wGi(w)all (w) + ca(w) ) (wdl (w) Fa(w) + bu(w))
= (WG (W) (w) + dn(w) ) (—wel (w) o (w) + an(w))
=~ w2 Gy ) ()l ) Fa) + () 1) + wG () ) ()
— wdy ()il () Fy(w). (2.3
Moreover, from [FK3, Theorems 1.7 and 2.3] and [DFK, Lemma 1.2.2] we get
dp(W)an (W) = cn(wW)by (w) and @™ (w)d ™ (w) = bl (w)el (w). (2.4)
By virtue of [FKL1, part (b) of Proposition 2.4] we have
al!l(w)by, (w) + b (w)an, (w) = 20" Ry i1, (2.5)
en(w)d ™ (w) + dp, (W)™ (w) = 20" Ly 1. (2.6)
Using (2.4), (2.5), and (2.6) from (2.3) we can conclude
Qw"HGl(w)RnH = 2w"+1Ln+1FQ(w).

of Theorem 2.1 yields

(
(

Multlplymg the last equation from the left by 5— — - ™ and from the right
by /Rn+1 we get the identity stated in (ii).

(ii) = (i): From (ii) it follows Fy(w) = Fa(w) and hence (i).

Therefore, part (a) is verified. Part (b) is then an easy consequence of (a) and a
continuity argument (note part (a) of Theorem 2.1). O

Remark 2.3. Let the assumptions of Proposition 2.2 be fulfilled. Then a com-
bination of Theorem 2.1 and part (b) of Proposition 2.2 shows that there is a
bijective correspondence between the solution set C4[D, (Fj)?:o] and the set of all

matrix-valued functions f € Syxq(D) satisfying Ly1 L)}, | fRos 1R} = f.

Remark 2.4. Let the assumptions of Proposition 2.2 be fulfilled. Furthermore, for

je{1,2},let Gj := \/Lnt1fj/Rnt1 ' In view of Theorem 2.1 we mention that
from Proposition 2.2 one can see that the following statements are equivalent:

(i) @ 92
(ii) F
(iii) G
)

(iv n+1f1Rn+1 Lyt foRnta.
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3. Particular matrix-valued Schur functions associated with given
q % q Carathéodory sequences

In this section, we will discuss particular rational matrix-valued functions the re-
striction of which onto D are g x ¢ Schur functions (in D) and which are constructed
from given finite g x ¢ Carathéodory sequences based on the complex ¢ x ¢ matrix
polynomials ay,, by, ¢, and d,, defined by (1.7), (1.8), (1.9), and (1.10). For this
reason, we firstly prove certain identities for these matrix polynomials.

If G is a nonempty subset of C and if ¢ : G — C9%7 is a matrix-valued
function, then let

Ng :={w € G : dete(w) = 0}.

Remark 3.1. Let n € Ng and let (I';)}_, be a ¢x ¢ Carathéodory sequence. If n > 1,
then let V,, € V,, and let W,, € Z,,. Furthermore, let the matrix polynomials a.,,
b, Cn, and d,, be defined by (1.7), (1.8), (1.9), and (1.10). In view of b,(0) = I,
dn(0) = I, and [DFK, Lemma 1.2.2] one can immediately conclude that the set
N:= N, UNBET'] UNg, UN i consists of at most 4ng complex numbers. Similarly,
if the matrix T’y is nonsingular, then from a,(0) = Ty, ¢,(0) = Ty, and [DFK,
Lemma 1.2.2] one can see that the set MM := N, UN&M UM, U./\/E[n] consists of
at most 4ng complex numbers. ! "

Lemma 3.2. Let n € Ny and let (T'; )J o be a g x g Carathéodory sequence. Let the
matrices Lpy1 and Ry41 be given by (1.4) and (1.6). Furthermore, if n > 1, then
let Vi, € Y, and let W,, € Z,.

(a) The matriz polynomials by, and d,, defined by (1.8) and (1.10) satisfy for each
w € C\ N the identity
1

(B () ™ Ry (b (w)) ™ = (d (w))
where N := N, UN[n] UNg, U./\/ [n] -

(b) Let the matriz polynomzals an, and Cn be defined by (1.7) and (1.9). Suppose
that the set M := N, U./\/d[n UM, U./\/é 1 does not coincide with C. Then

(@77 (w)) ™ Roer (an (@) ™ = (ea(w)) ™ Lo (&7 (w))
is satisfied for each C\ M.

-1 1

Lon(@Pw) ™, @)

—1

(3.2)

Proof. We know from Remark 3.1 that 91 consists of at most 4nq complex numbers.
Applying [FK3, Theorems 1.7 and 2.3] and [DFK, Lemma 1.2.2] we get (2.4) for
each w € C. From [FKL1, part (b) of Proposition 2.4] we see that the identities
(2.5) and (2.6) are satisfied for each w € C. Since (2.4), (2.5), and (2.6) imply
2" Ry = al™(w)b, (w) + bl (w)a, (w)
= O )l (w) (A7) () ™ () + B w) (d
= Bb ) (dn () ™ (dn ()Pl () + cnlw)d) ]<w>) (ei,&“] () "ba(w)
= 20"B () (dn(w)) " Lo (] (w)) b
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for each w € C\ (Ng, UNjm), we can infer that the equality (3.1) is satisfied
for each w € C\ (MU {0}). ﬁinally, a continuity argument yields that (3.1) holds
actually for every choice of w in C\ M. Now suppose that 9t # C. From the first
equation in (3.3), (2.4), and (2.6), we obtain then

20" Rpy1 = A (w)(en(w)) " dn(w)an (w) + al (w)d} (w) (e (w)) ™ an (w)
=l w) (en(w)) ™" (dn (W)l (w) + ca(w)df (w)) (&) w) ™ an(w)
= 2uw"al’ (w) (cn(w)) L (& (w)) an(w)

for each w € C\ 9. By continuity, (3.2) follows for every choice of w in C\9. O

Remark 3.3. Let n € Ny and let (Pj)?:o be a ¢x q Carathéodory sequence. If n > 1,
then let V,,, V,, € Y, and let W,,, W,, € Z,. Let a,, b,, ¢, and d,, be the matrix
polynomials which are defined by (1.7), (1.8), (1.9), and (1.10). Furthermore, let
a,, b,, ¢,, and d,, be the matrix polynomials which are defined analogously as a,,
bn, Cn, and d,, using the matrices V,, and W,, instead of V,, and W,,, respectively.
From the definition of these matrix polynomials and Lemma 3.2 one can see that
= -1 -1 = -1 -1

(b%](w)) Rnt1 (bn(w)) = (bL](w)) Rt (bn(w))

for all w € C\ (Np, UN;m UNp, UNGm) and that
-1 7ln -1 J[n

(dn(w)) Ly (d[ ](w)) = (dn(w)) Lyt (d’[ﬂ](w))

for all w € C\ (Mg, UN; [n] 1 UNa, UN; [n] 1) hold, where the matrices L,1 and

R,11 are given by (1.4) and (1.6). Surmlaurly7 if My := Na,, UN;m UNG, UNm
does not coincide with C and if w € C\ My, then

(@ () ™ R (an () " = (@7 (@) ™ R (n (w)
and if Ny := N, UN1nlUNe, UN, i does not coincide with C and if w e C\Ny, then

Ln+1 (GL?] (w))

-1 -1

-1

(ca(®@) ™ Luga (@ () ™" = (en(w))
For every positive real number p let

K(0;p) :={weC: |w| < p}.

-1

Proposition 3.4. Let n € Ny and let (T )J 0 be a g x q Carathéodory sequence.

If n > 1, then let V,, € Y, and let Wy, € Z,. Let the q X q matriz polynomials
by, and d be given by (1.8) and (1.10). Furthermore, let the matrices L,11 and
R,+1 be defined by (1.4) and (1.6). Then there is a real number p > 1 such that
the rational matriz-valued function

= /Rozib 1 dM Ty (3.4)

is holomorphic in K (0; p). Moreover, ©,, admits the representation

O = / Rzt B /Tt (3.5)
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for each w € D the inequalities
0, (w)0;,(w) < Rps1 Ry and  ©5(w)O,(w) < i1 Ly (3.6)
are fulfilled, and for each z € T the equations
0,(2)0;(2) = Rn+1Rn+1 and ©5(2)0,(z) = Ln+1LI+1 (3.7)
hold. In particular, the restriction of ©,, onto D is a g x g Schur function (in D).

Proof. Because of the choice of V,, and W,, (in the case n > 1), for each w € D
the matrices b, (w) and d,,(w) are both nonsingular and

On(w) = /Ryt (bn(w)) ™' (w)y/Loir

holds. Using Lemma 3.2

On(w) = VR n+1 1
- VR, L ( (w)) ‘1Ln+1 (4 (w) " w) Ty

V n+1 bl ( w)) - \/m

for every choice of w in . Hence (3.5) follows by a continuity argument. According

to Remark 3.1 the set 91 := N, UN JUNG, UN | consists of at most 4nq complex
numbers. Because of (3.5), [DFK, Lemma 1.2. 2} and Lemma 3.2 we obtain

CHE Rot O (2) (dn(2)) ™ Loyt (d(2)) 7 (B ()" VRt

\/Rm*bw (2)(Adn(2) ™ Lasr (AF22) b (2) VR
+

V n+1 n+1 V n+1 * = RnJrlR:LrJrl

for each z € T \ 7M. Based on (3.4) one gets analogously
0, (2)0,(2) = Ln+1Li+1

for every choice of z in T\ M. Hence the rational matrix-valued function ©,, fulfills
the identities in (3.7) actually for each z € T and there is a real number p > 1
such that ©,, is holomorphic in K(0; p). In particular, from LnHL:{+1 < I we see
that for each z € T the matrix ©,(z) is contractive. Thus the maximum modulus
principle for holomorphic functions yields that the restriction of ©,, onto D belongs
to Syxq(D). Let w € D. Multiplying the inequality 0} (w)©,,(w) < I from the left
and from the right by Ln_HL;ZIr +1 and using (3.5) we get the second inequality in
(3.6). The first one follows analogously. O

we get then

Corollary 3.5. Let the assumptions of Proposition 3.4 be fulfilled. Then the follow-
ing statements are equivalent:

(i) There is a unique Q € Cq(D) such that (1.2) holds for each j € No .

(ii) Op(w) =0 for each w € C.

(iii) There is some zo € T such that ©y(20) is strictly contractive.

Proof. The matrix Ln+1L:+1 is strictly contractive if and only if L, 11 = 0. Thus
Proposition 3.4 and [FKL1, Lemma 6.1] yield the asserted equivalences. O
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In the next result, we will analyze the construction of a ¢ x ¢ Schur function
given by Proposition 3.4 for the case that the underlying ¢ x g Carathéodory
sequence (1"]»)?:0 is nondegenerate. Recall firstly that, by a g x ¢ Blaschke-Potapov
elementary factor (with respect to the signature matrix I,;) with zero at wy € D
we mean a rational complex ¢ x ¢ matrix-valued function B,,, which is given via

Buy, = Vi(Ig + (buy — 1)P) V2, (3.8)

where Vi and V5 are some unitary g X ¢ matrices, where P is some non-zero
idempotent and Hermitian g x ¢ matrix, and where b,,, is the elementary Blaschke
factor corresponding to wy, i.e., by, is the rational function defined by

w for each w € C if wg =0

buo (W) 1= ﬂw foreachwE(C\{%} if wy#0.
|wo| 1 — Wow wo

The notion finite ¢ X g Blaschke-Potapov product (with respect to I;) will be used
to denote a constant unitary g x ¢ matrix-valued function or a finite product of g x g
Blaschke-Potapov elementary factors defined as in (3.8). Moreover, we note that
each ¢ x ¢ Schur function f (in D) has radial boundary values A-almost everywhere
on T, where A stands for the linear Lebesgue-Borel measure on T. If f is a ¢ X ¢
Schur function in D such that its radial boundary values are unitary A-almost
everywhere on T, then f is called an inner ¢ x g Schur function (in D).

Corollary 3.6. Let the assumptions of Proposition 3.4 be fulfilled. Then the follow-
ing statements are equivalent:
(i) The g x q Carathéodory sequence (I';)7_, is nondegenerate.
(ii) For each z € T the matriz ©,,(2) is unitary.
(iii) There is some w € DUT such that the matriz ©,(w) is nonsingular.
(iv) The restriction of ©, onto D is an inner q¢ X q Schur function.
(v) O, is a finite Blaschke-Potapov product (with respect to I).

Proof. Proposition 3.4 yields that the identities in (3.7) hold for each z € T, that
the inequalities in (3.6) are satisfied for each w € D, and that the restriction of ©,
onto D belongs to Syxq(D). Thus the equivalence of (i), (ii), (iii), and (iv) follows
from [FKL1, Lemma 5.1], whereas the equivalence of (iv) and (v) is a consequence
of [FFK, Corollary 13 and Proposition 31]. O

In the second part of this section we present now a similar construction of a
q %X q Schur function as in Proposition 3.4, where the matrix polynomials a,, and
¢n defined by (1.7) and (1.9) are involved instead of the matrix polynomials b,
and d,, defined by (1.8) and (1.10). Note that, in view of (1.7) and (1.9), it is not
hard to accept that one has to take for granted then a given ¢ x ¢ Carathéodory
sequence (I'j)"_, with the additional condition that the matrix I'g is nonsingular.

Remark 3.7. Let n € Ny and let (Fj)?:o be a g x g Carathéodory sequence with
nonsingular matrix I'g. If n > 1, then let V,, € ), and let W, € Z,. From [FK1,
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Remark 30 in Part V] and [FK3, Remark 1.1, Theorem 1.7, and Theorem 2.3] one
can see that the functions det a,, and det ¢,, vanish nowhere in D.

Proposition 3.8. Let n € Ny and let (T ) _o be a q x q Carathéodory sequence

with nonsingular matriz Ty. If n > 1, then let V,, € yn and let W,, € Zn. Let the
matriz polynomials an and ¢, be defined by (1.7) and (1.9). Furthermore, let the
matrices Lpt1 and Ryy1 be given by (1.4) and (1.6). Then there is a real number
p > 1 such that the matriz-valued function

0° := \/Rpsra @™ /Loy (3.9)

is holomorphic in K (0; p). Moreover, ©F admits the representation

02 = Rur1 e /Lug, (3.10)
for each w € D the inequalities
05, (w) (05(w)” < RuwrRYyy and  (05(w)"05(w) < Lyl
are fulfilled, and for each z € T the equations
05(:)(05(2)" = Rui Ry and (03(2))"05(2) = L Ly
hold. In particular, the restriction of ©F onto D is a g x ¢ Schur function (in D).

Proof. Because of Remark 3.7 the functions det a,, and det ¢,, vanish nowhere in
D. Consequently, the relation

—1.p —+
Oy (w) = /Rn41 (an(w)) Ck](w)\/Lrwl
is satisfied for each w € D. Using Remark 3.1 and part (b) of Lemma 3.2 we get
then (3.10) and that the set M := No, UN m UN,, UN i consists of at most
4nq complex numbers. The rest of the assermon can be Verlﬁed analogously to the
given proof of Proposition 3.4. O

Corollary 3.9. Let the assumptions of Proposition 3.8 be fulfilled. Then the follow-
ing statements are equivalent:

(i) There is a unique 2 € C4(D) such that (1.2) holds for each j € Ng .

(ii) ©%(w) =0 for each w € C.

(i) There is some zg € T such that the matriz ©%(z0) is strictly contractive.

Proof. Use Proposition 3.8, [FKL1, Lemma 6.1], and the fact that the matrix
Ln+1le'+1 is strictly contractive if and only if L, = 0. ]

Corollary 3.10. Let the assumptions of Proposition 3.8 be fulfilled. Then the fol-
lowing statements are equivalent:

(i) The g x q Carathéodory sequence (I';)7_ is nondegenerate.

(ii) For each z € T the matriz ©2(z) is unitary.
(iii) There is some w € DUT such that the matriz ©F (w) is nonsingular.
(iv) The restriction of ©% onto D is an inner g X q Schur function.
(v) ©2 is a finite Blaschke-Potapov product (with respect to I).
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Proof. Using Proposition 3.8, [FKL1, Lemma 5.1], and [FFK, Corollary 13 and
Proposition 31] the proof is analogous to the proof of Corollary 3.6. O

Note that from Corollary 3.5 and Corollary 3.9 we see particularly that, under
the assumptions of Proposition 3.8, if there is a unique 2 € C4(D) such that (1.2)
is satisfied for each j € Ny, then the rational matrix-valued functions ©,, and 0,
defined by (3.4) and (3.9) coincide. Generally, the following connection between
both functions is available.

Proposition 3.11. Let n € Ny and let (Fj)?:o be a q x q Carathéodory sequence

with nonsingular matrix Ty. If n > 1, then let V,, € 3~in and let W, € gn Let
the matriz polynomials an, bn, ¢n, and d, be defined by (1.7), (1.8), (1.9), and
(1.10). Furthermore, let the matrices Lp+1 and R,y1 be given by (1.4) and (1.6)
and let the matriz-valued functions ©, and ©2 be given by (3.4) and (3.9). For
every choice of w in D, then the identities

O, (w) + O3 (w) = 20"/ Ryt (an (W) ™ (dn(w)) ™' /Lnir (3.11)
and

O, (w) + 0% (w) = 20"/ Ryt (bn(w)) ™ (en(w)) ™ /Lnga (3.12)
are fulfilled.

Proof. Obviously, the complex-valued functions det b,, and det d,, vanish nowhere
in D. Remark 3.7 shows that deta,, and det ¢, vanish nowhere in D as well. Let
w € D. Using [FK3, Remark 1.1, Theorem 1.7, and Theorem 2.3] we get

Oh(w) = VERuralw)(en(w) " du(w)(dn(w)) v Eara
— VRor1 @™ (w)bn (w) (an(w)) " (dn(w)) ' V/Int:  (3.13)

and, in view of (3.9), similarly

0%(w) = v/ Bt (bn(w)) ™ (en(w) ™ dn ()l (w) /Ty (3.14)

Moreover, from [FKL1, part (b) of Proposition 2.4] we obtain

al" ()b (w) (an () ™ = 20" Rygr (an(w)) " = B (w) (3.15)
and ) ) B

(cn(w)) ™ dn(w)@™ (w) = 20" (cn(w)) ™ Lpy1 — d M (w). (3.16)
Because of (3.4), (3.13), and (3.15) it follows (3.11). Analogously, (3.12) is a con-
sequence of (3.5), (3.14), and (3.16). O

Corollary 3.12. Let the assumptions of Proposition 3.11 be fulfilled. Then there is
a real number p > 1 such that the matriz-valued function

0> := \/Rny1a, d; /Lyt (3.17)

is holomorphic in K (0;p). Moreover, ©% admits the representation

@Z =\ Rn+1b;101;1\/ Ln+1

and the restriction of ©% onto D is a ¢ X q¢ Schur function (in D).
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Proof. Use Proposition 3.11 in combination with Proposition 3.4, Proposition 3.8,
and a matricial version of Schwarz lemma (see, e.g., [DFK, Lemma 2.3.1]). O

4. On the Weyl matrix balls associated with matricial
Carathéodory sequences

In this section, we will prove Theorem 1.1 which describes the Weyl matrix balls
of the solutions of the matricial Carathéodory problem in both nondegenerate and
degenerate cases. Moreover, we discuss the particular choice of the semi-radii of
the matrix balls in question and we compare Theorem 1.1 with the corresponding
result for the nondegenerate case. First of all, we remark the following.

Remark 4.1. Let n € Ny and let (Fj);‘:o be a g x q Carathéodory sequence. If

n > 1, then let V,, € )7n and let W,, € ZNn Let the matrix polynomials a,,, by, ¢,
and d,, be defined by (1.7), (1.8), (1.9), and (1.10). Furthermore, let the matrix-
valued function ©,, be defined by (3.4). For each w € D, from Proposition 3.4
and [FKL1, Lemma 3.1] one can see that the matrices I, — |w|?© (w)O,,(w) and
I, — |w|?©,(w)O} (w) are both positive Hermitian and that the matrices

() = [w* /Loy 103 (w) v/ Rrg1 B (w)
bu(w) — [w2d (w)\/ Tty O%(w)\/ Rt

are both nonsingular.

and

We start now with our proof of Theorem 1.1.

Proof of Theorem 1.1. Let w € D. Subject to Remark 4.1 the matrices M, 1(w),
Apt1(w), and Bp41(w) are well defined and representation (1.14) of M,,11(w)
is an immediate consequence of [FKL1, Lemma 3.1]. In view of Theorem 2.1, if
f € Sgxq(D), then we use in the following the setting Qf : D — C7*? defined by

(=) 1= (=28 F(2) + an(2)) (241 (2) F (2) + bal2)) R)
where F' := /L1 Jrf\/Rn_,_l. Therefore, Theorem 2.1 yields
{o@) : 2 e, )=} = {2w) : | € Spu(D)]. (42)

Let u € T be such that the relation w = |w|u is satisfied, let E := wO? (w), and let
® = d,(w) — |w]*\/Ln+10%(w)\/Rnt1 Ty (w), where ©,, is the rational matrix-
valued function defined by (3.4). Remark 4.1 shows that the matrix E is strictly
contractive and that the matrix ® is nonsingular. Moreover, Proposition 3.4 and
the choice of V,, and W,, (in the case n > 1) provide us that

On(w) = v/ Rny1 (bn(w)) _1CZ7[Ln] (W) v/ L1 = V Rnp +I~)£?](w) (dn(w)) _1\/ L.
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Therefore, a straightforward calculation yields

VIt (I — EE*) = ® (d(w)) ™ /i1

O /Lois = (dn(w)) " /Lnss (I — EE*)™L. (4.3)
Furthermore, from [FKL1, Proposition 2.4] we get (2.5) and (2.6). Because of
[FK3, Theorems 1.7 and 2.3] and [DFK, Lemma 1.2.2] we have (2.4). The following
considerations of the proof are divided into three steps.
Step A. In this first step we consider an arbitrary f € Syx4(D). Using (4.1) with

F:=./L,u1 +fw /R,+1, we are going to prove that
Qp(w) = Mppa(w) )
- -1
= 20" A, (w)WVI-EE* (f(w)+E)(I+E*f(w)) VI—E*E By1(w) (4.4)
holds. For this reason, first we note that Theorem 2.1 yields that the matrix
\I’f = ’lUd \/ n4+1 f \/ n+1 + b (45)
is nonsingular. Because of (1.11), (4.1), (2.4), (2.5), and (2.6) we obtain then
D (Qp(w) = My (w)) ¥y
+7 ~[n
[0 VL1605, (w0)y Rt B w)) (—weli) (w) Fw) + an(w))
* t o 7[n
= (en(w) + [0/ Lo 104 (w) y Ruer ) (w)) (wdn @) F(w) + ba(w))

and hence

Il
/N
IS
3
—

=—wdn<w>é£ﬂ<w>F<w>—\ww 1105 (W) Rt B (w)ay (w)
+ dy(w)an +w\w\2\/ w105 (w) /R nH*bL” (w)eh ) w)F ()
— wep (w >d["1( — Jw*\/T nfl w)y/ Rt " al (w)by (w)
—cn< )b —w\w\ \/ n+1@* Rt |l (w)dlM (w) F(w)

= n+1Ln+1 V n+1 f \/ n+1 an‘w‘Q V Ln+1@n UJ) vV RnJrl +Rn+1
= — 2" T \/Ln+1(f( )-l—E)\/Rn_;,_l

and consequently

Qp(w) = My (w) = =20" "N/ Loy (f(w) + E) /Rua ¥ (4.6)
Moreover, from (3.4), V,, € Y, Wy, € Z,,, and (4.5) we can conclude that

(I + E*f( )) \% Rn+1
\/n—+1+ wO,, ( U/)\/m
= 1 (ba( ) (W) + wy/Ropr (b (w)) " Al (w)y/Tsa T F(w) /R
m< w) ™! (4.7)

Since the matrix F is strlctly contractive, the matrix I + E* f(w) is nonsingular
(see, e.g., [DFK, Lemma 1.1.12, Lemma 1.1.13, and Remark 1.1.2]). Therefore,
from (4.7) we get the identity

VR U = (I + B f(w) " /Rusr (bn(w) (4.8)
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Combining (4.6), (4.3), (4.8), (1.12), and (1.13) we obtain
Qp(w )*Mn+1( )

= — 2w (d,( L (I - EE*) (f(w) + E)
(I +Ef( 1\/ﬁ+1( )

(I+E* NVI=EBVI—EE /R (ba(w ))_1
~1

— — 20" Uy (W)WVI—EE*  (f(w)+ E)(I + E* f(w)) VI=E*E By 11(w)
Thus (4.4) is proved.
Step B. We are going to check that

(o) : Qe c,D, ()70l } € &(Musr (); 20w A1 (w), Busr (w))  (4.9)
is satisfied. Let X € {Q(w) : Q € Cy[D, (Fj)?zo]}. According to (4.2) there is an
[ € Syxq(D) such that X = Qy(w), where Qf : D — C7%? is given by (4.1) with
F:=./Ln1 +f, /Ry+1. By virtue of Step A we have then (4.4). Since the matrix

HE) — [ VI~ FE - VI-EE'E
- \VI-E'E"'B* VI-EE

w))
(w))
= — 20" (dy (w)) 1\/ L,1VI—EE* \/I—EE*il(f(w)+E)
w))
)

fulfills the identity

(H(E))*G;I _qu) H(E):(% _qu) (4.10)

(see, e.g., [DFK, Lemma 3.6.32 and Lemma 1.1.12]), an application of [DFK,
part (a) of Theorem 1.6.1] provides us that the complex ¢ X ¢ matrix

VI—EE* " (f(w)+ E)(I + E* f(w)) 'VI—E°F
is contractive. Since u belongs to T, the matrix
K= —utWI—EE  (f(w)+E)(I+E fw) ' VI—B°E
is also contractive and because of (4.4) we have finally
X = Mpp1(w) = Qp(w) = Mg (w) = 2[w|" T A1 (w) KBy (w).

Consequently, (4.9) is proved.
Step C. We are going to check that

&(Masa(w); 2] A1 (), Busr (w)) € {Q(w) : @ € €,D, ()]} (411)

is satisfied as well. For this reason, we consider an arbitrary element X of the
matrix ball & (Mp41(w); 2/w|" t Anp1(w), Bryi(w)). Then there is a contractive
q X q matrix C such that

X = Mps1(w) = =20 A, 1 (w) (=01 O) By (w)
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holds. According to (4.10) and [DFK, part (a) of Theorem 1.6.2] there is a con-
tractive ¢ X ¢ matrix D such that

@0 =VI—EE* (D+E)(I+E*D)"\VT— EE.
Let f be the constant matrix-valued function defined on D with value D. Then f
belongs to Syxq(ID), where on the one hand the equality
X — Mn+1 (’LU)

= 2w A, (wWT—EE  (f(w)+ E)(I+E* f(w)) 'VI=E*E By (w)
holds and where Step A shows on the other hand that the function € defined

by (4.1) with F' := \/Lp4+1 f\/ nt1 fulfills (4.4). Comparing both relations we
get Qf(w) = X. Applying Theorem 2.1 we see that Qf belongs to Cy4[D, (I';)}_].

Thus X belongs to {Q(w) : € Cy[D, (T';)7—,]} which implies finally (4.11).
In view of (4.9) and (4.11) the proof is complete. O

Remark 4.2. Let the assumptions of Theorem 1.1 be fulfilled. From Theorem 1.1
and [Sm, Theorem 1.3] (see also [DFK, Theorem 1.5.2]) one can see that

(o) : @ e, )0l } = & (Musa ()i [0 /2 Lo (W), 2 R (w) )
holds for each w € I, where M, 1 (w), Ln41(w), and Ry, 41 (w) are given by (1.11),
—1 * —1 —%
Lny1(w) = (dn(w)) V Lnia (Iq - |w|2®n(w)@n(w)) V Lnia (dn(w)) )
and
— . -1 —1
Ryt1(w) = (bn(w)) V Bni1 (Iq - |w|2@n(w)®n(w)> V Bnia (bn(w)) .
In the special case n = 0, for each w € D, straightforward calculations yield that

1+]|w|?
1—|wl]?

./\/ll(w) =

Relp+iImTy, Li(w) = ReTy, and Ri(w) = L1(w).

1
1= |w]?
Remark 4.3. Let the assumptions of Theorem 1.1 be fulfilled. By virtue of [FKL1,
Lemma 6.1] one can get that the following statements are equivalent:

(i) There is one and only one € C,(D) such that (1.2) holds for each j € Ng .
(ii) For each w € D, the identities A;,11(w) = 0 and By4+1(w) = 0 hold.
(iii) There is some w € D such that A,4+1(w) =0 or By41(w) = 0.

Remark 4.4. Let the assumptions of Theorem 1.1 be fulfilled. Taking into account
[FK1, Remark 2 in Part I], for each w € D, one can immediately see that

rank A, 1 (w) =rank L, 11 = rank R, 11 = rank B, 11 (w).
Remark 4.5. Let the assumptions of Theorem 1.1 be fulfilled. From Remark 4.4
and [FKL1, Lemma 5.1] it follows that the following statements are equivalent:
(i) (T';)7—o is a nondegenerate ¢ x ¢ Carathéodory sequence.

(ii) For each w € D, both matrices A,4+1(w) and By4+1(w) are nonsingular.
(iii) There is some w € D such that A, ;1 (w) or By41(w) is nonsingular.
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Remark 4.6. Let the assumptions of Theorem 1.1 be fulfilled. Then
det Ap+1(w) = det By (w)

for each w € D. Indeed, if (I'j)?_, is a nondegenerate g x ¢ Carathéodory sequence,
then this follows from the equation det L, 11 = det R, 1 (see [FK1, Remark 2 in
Part 1), from the identity det d, (w) = det b, (w) which holds for each w € C (see
[FKL1, Lemma 5.1, Remark 5.2, and Lemma 5.5] and [DGK1, equation (72)]), and
from [DFK, Lemma 1.1.8]. In the degenerate case it suffices to apply Remark 4.5.

In the rest of this section let us consider the so-called nondegenerate case
which was discussed in [FK1, Part IV and Part V] in order to understand how
one can guess that the Weyl matrix ball representation stated in Theorem 1.1
holds. Let n € Ny. Firstly, we assume a given sequence (I';)7_, of complex ¢ x ¢
matrices such that the matrix I'y is nonsingular. Then the matrix .S,, defined by
(1.1) is nonsingular as well and there is a unique sequence (Fg‘)?:o of complex ¢ x ¢
matrices such that the block Toeplitz matrix

ry 0 0 ... 0
o 0 ... 0
Ste=|ry r rh o (4.12)
: : 0
et ., T

coincides with S, 1. This sequence (Fg‘)?:o fulfills the identity Sf = S, ! for each
k € Np . Moreover, by setting

T? :=2ReS? (4.13)

we obtain

T! =8,*T,S;" and T =S,'T,S,* (4.14)
Therefore, it is readily checked that (Fj);-‘:o is a ¢ x ¢ Carathéodory sequence if and
only if (Fg‘)?:o is a ¢ x ¢ Carathéodory sequence. If (I';)}_, is a ¢ x ¢ Carathéodory
sequence with nonsingular matrix I'g, then (r§'>?:o is called the reciprocal ¢ X q
Carathéodory sequence corresponding to (T';)%_,. Now let (I';)_, be a nondegene-
rate ¢ X ¢ Carathéodory sequence. Then the matrix I'y is necessarily nonsingular.
Thus the matrix S, is nonsingular and the reciprocal ¢ x ¢ Carathéodory sequence
(Fg‘)?:o corresponding to (I';)7_, is well defined. Furthermore, in view of (4.14),
one can see that this ¢ x ¢ Carathéodory sequence (F§)7=0 is also nondegenerate,
i.e., the block Toeplitz matrix T} defined by (4.13) and (4.12) is positive Hermitian.
Consequently, the matrix polynomials 1,,, (., %, and ¢¥ given by

Mn = en7qT;16n,q(0), Cn = En,q(O)Tv:15n7qa
nfz = en,q(T}i)_len,q(O)v C}iz = En,q(o)(Tg)_lfw

are well defined, where e, , and €, , are the matrix polynomials given by (1.3).
Moreover, the matrices Tj,—1, L,11, and R, 41 are positive Hermitian (see, e.g.,
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[FKL1, Lemma 5.1]). In view of [FK1, Theorems 28 and 29 in Part V] one can see
that, if w € D, then the set

{o@w) : e ec,D, T}
coincides with the matrix ball

& (M1 (w); [0 3/2 L1 (w), V2 R (w) )

where
L1 (w) i= (Golw) L Galw) = [l (77 (1)) Rl (w)) -

-1

Ryt () = (10 (w) Rosam (w) = [wPCE () L (Cw)) )

and

M1 () 5= T2 (1) (G (@) Ea T "G () + ol (77 (0) " Ry a T ) () ).

Comparing this result for the nondegenerate case with the general one stated in
Theorem 1.1, for each w € D, from [DFK, Corollary 1.5.1 and Theorem 1.5.2] we
know that the identity M, 11 (w) = My 11(w) holds and that there is a positive
real number p, (w) such that both equalities

o
pn(w)
are fulfilled, where £, 41 (w) and R,41(w) are the matrices defined in Remark 4.2.

We are going to show that actually p,(w) = 1 holds for each w € D. For this
reason, first we observe that, in the nondegenerate case we have

yn = yn = {nglyn}a Zn = Nn = {ZnT;jl},
and that the formulas in (4.14) and the equations
2V, — Sua T, Yo = S Tty 270 — Z0T, 4 Sne1 = ZoT, 1455,

n—1

I I
T—l q — q R*l
" (0) (—TnHYn) (AR
—1 /1 I T
T} 1\roF = 8 a R = 0 R!
(72) (0) ’ ”(—TnaYn T ST Y

(0. )T = Lty (< 2T, 1),

Lyt1(w) = pn(w)Lpt1(w) and Rypyi(w) = Rot1(w)

and
Fa* (0, Iq)(Tv’i)_l = L;}rl <_Z"Tn_—117 Iq) Sp = L;}rl (ZnTn_—1157*1—1a FO)
are valid. Thus we can conclude that the identities

M =baRyty, 1 =anRy T4, Cu=1Lyidn, and (& =T{L, | c, (4.15)
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are satisfied (see also [FK3, Section 1]). Let w € D. In view of the definition of
Lni1(w), (3.5), and (4.15) we get

Lnii(w) = (dn(w))ilen+l< — |w[*6], (), (w )) \/Ln+1 (dn(w))i*
= (& (w) L (w) = ol (B (w)) "Ryt B (w))
= (G 0) Lo Galw) — (7 )* wril @) = T ()
and by virtue of the definition of R, 41 (w), (3.4),
Rpt1(w) = Rpp1(w).

Note that, based on (4.15), one can also check explicitly that M, 1(w) = My, 41(w)

is satisfied. Moreover, taking into account the definitions of R, 41 (w), Ly 41 (w), nn,

and ¢, as well as (1.3), (1.4), (1.5), and (1.6), an application of the Gohberg-Heinig

formula (see [GH, Theorem 1.1]) for the inverse of a nonsingular block Toeplitz

matrix shows again that the identities
1

1—|w]?

*

and (4.15) analogously

(en0 ()T o)

Ln+1 (w> =

and .
1 -1 _* -
Rn+1(w) = m (en,q(w)Tn en,q(w))

are fulfilled as well (see also [FKL2, Section 6]).

5. On the Weyl matrix balls associated with reciprocal
matrix-valued Carathéodory sequences

It is a well-known fact that if Q € C,(ID) such that det 2(0) # 0, then det Q(w) # 0
for each w € D (see, e.g., [FK1, Remark 30 in Part V]). Taking into account this,
for a fixed point w € D, in the following section we give a matrix ball description
of the set {(Q(w))fl 1 Q€ Cy[D, (I‘j)?:()]} for the case that the matrix Iy of the
underlying ¢ x ¢ Carathéodory sequence (Fj)?zo is nonsingular. In fact, we present
a similar description as given by Theorem 1.1 for {Q(w) : Q € C4[D, (T';)7_,]},
where the ¢ x ¢ Schur function ©¢, defined by (3.9) is involved instead of ©,,.

Let n € No and let (I';)7_, be a ¢ x ¢ Carathéodory sequence such that the
matrix 'y is nonsingular. Then the matrix S,, given by (1.1) is nonsingular and

hence the reciprocal g x ¢ Carathéodory sequence (Fu) o corresponding to (I';)_
is well defined. Note that, if n > 1, if V,, € )),, and W € Z,, and if we set

Vii=—-8: V,Tg' and W}:=-T;'W,S: |, (5.1)
then V,, = —(S*

n—1

y*VETE) ™! and W,, = —(T5) ' WE(S%)* as well as
Viey! and W!e z!, (5.2)
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where Y1 :={VeCre*¢ . T!_V=Y}} and Z}:={WeC™ " : WT*'_,=Z!} with

Fg
1| T 1
Yi=-| 2| and 7% :== (FBL,FQ_I, . ,F’{)
2 | - 2
I,

(cf. [FK3, Lemma 3.2]). Moreover, if the matrix polynomials a,, by, ¢,, and d,
are defined as in (1.7), (1.8), (1.9), and (1.8) and if the matrix polynomials af,, b%
¢t and df are (based on (5.1)) given by

I if n=0
1(2) = 0 5.3
an(2) { T8 4 zen 1(2)(SE_)*VE if n>1, (5.3)

I if n=0
# - q
bil(2) = { I, — zen_14(2)VE if n>1, (5-4)
ré if n=0
f(2) = 0 5.5
(%) { Wﬁ(Sg_l)*zen_Lq(z) +Fg if n>1, (5.5)
and
I if n=0
# - q
dn(2) = { ~Wihzen14z)+1 if n>1 (5.6)

with some V,, € YV, and W,, € Z, in the case of n > 1, then it is readily checked
that the equalities

af, =b,Iyt, b =a,Iyt & =Ty'd,, and d, =Ty'c, (5.7
hold. Using these identities, we obtain the following interrelation between the
construction of ¢ x ¢ Schur functions stated in Propositions 3.4 and 3.8.
Proposition 5.1. Letn € Ny, let (Fj);-‘zo be a ¢ x q Carathéodory sequence such that
the matriz T'g is nonsingular, and let (I‘g-);?:o be the reciprocal q x q Carathéodory
sequence corresponding to (U';)7_. If n > 1, then let V,, € )7,“ let W,, € 2,“ let
Vrg = — fl_anFgl, and let Wi = —Fglwns;;_l. Furthermore, let the matriz
polynomials an, bp, cn, dn, af,, bt ch, and d¥ be defined by (1.7), (1.8), (1.9),

n’ n’

(1.10), (5.3), (5.4), (5.5), and (5.6) and let the matriz-valued functions ©,, O,
O, and =, be given by (3.4), (3.9),

——[n] +
©F = \/RE (V) (dh) \JLE L, (5.8)
= ¢ NN B s
ISTORES Rn+1(an) ( n) Ln+1 ’

L :=Rel}, R!:=Rel} (5.9)

and

where

in the case n =0 and

LEL+1 = Re Fg - Zﬁb(T’rg—l

)H(ZE)", Ri = ReT§ — (Y1) (T;

n n—1

YTYF (5.10)
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if n > 1. There are unitary q X q matrices U and V' fulfilling

Lo /Lo = /LU and  /Ryal5' = V*\/E+1 (5.11)
and, if U and V' are such unitary q X q matrices, then
of =R (R, )TV eLU, ef=vejurL! (L', )" (5.12)
and
=Rl ((RE,)TV ©,U, E,=VO,ULn(Lh )" (5.13)

In particular, zf o =1, then ©f =02 and Z,, = O,,.

Proof. Using [FK3, the formulas by (3.15)] and the polar decomposition of matrices
we get that there are unitary ¢ x ¢ matrices U and V such that the identities stated
in (5.11) are satisfied. Lemma 3.2 yields

Rpibtd™ =pMa 10,y and Ryiqa;'d™ =alle 'L, 4. (5.14)
Because of (5.8), (5.7), (5.14), (5.11), and (3.10) we can conclude

[n]
©f = \/RE, (b%)" (dﬂ) \/Lgm = V/Rppia, &g
+ +
V/ Rt &EL]CEILnHFS* L =VOiyL,aTy*\ /L,

= V@Z( n+1U) \/ LBL—‘,—l = VQQULnH( n+1)+'

Thus the second equation in (5.12) is checked. Similarly, based on (5.7), (5.14),
and (5.11) the first equation in (5.12) and the identities in (5.13) can be proved. In
the particular case I'g = I, one can choose U =V = I, (note [FK3, the formulas
n (3.15)] and (5.11)) so that ©f = ©¢ and =,, = ©,, follow from (5.7). O

Theorem 5.2. Let n € Ny and let (T ) o be a g x g Carathéodory sequence such

that the matriz T'g is nonsingular. If n > 1, then let V,, € yn and let W,, € Zn,
Let the matriz polynomials ay,, by, ¢, and d, be defined by (1.7), (1.8), (1.9),
and (1.10). Let the matrices Lyy1, Rni1, LEH_l, and R?H_l be given by (1.4),
(1.6), (5.9), and (5.10), where (Fn) _o stands for the reciprocal g x q¢ Carathéodory
sequence corresponding to (I'; )]70 If Q€ Cy[D, (T'y)7_], then the function det
does not vanish in D and

{(@) ™" Qe cyD, (0ol f = KMy (w); 20 ALy (), Bl (w))
for each w € D with
(0= (ea(u) — PG @) () (da(u) + oG @) W) (5.15)

-1

a(0) = (ea() " VIwry /I — (O3 w) O3w) . (5.16)

-1

() = /I, — w03 () (05w)”  VErm (aa(w) ', (5.7)

and
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where G&(w) = \/Ly11(0%(w ) v Rnt1 Fo 1 + )Ty and where ©F,

stands for the rational matriz-valued function defined by (3.9). Moreover, for each
w € D, the matriz M, (w) can be represented via

et () = (b(w) + Pl @) F () (an(w) — w22 (w) )

where F¥(w) := Ty *Ln+1<L7z+1) oV Lt (@O( )) VRn.

Proof. For each Q € Cy[D, (I'j)}_y] we have det 2(0) = detI'g # 0. Consequently,
the inequality det Q(w) # 0 holds for each w € D and

{7 e, )]} =D )] (5.18)

1s valid (see, e.g., [FK1, Remark 30 in Part V]). Let the matrix polynomials af,, bf,,
¢t and d be defined by (5.3), (5.4), (5.5), and (5.6) based on (5.1). Let w € D.
Due to (5 18), (5.2), (5.7), and Remark 3.7 an application of Theorem 1.1 yields

{(Q) ™ 1@ e ¢, ()0l | = & (M (w)s 20l ™ AL (w), By ()
with the settings
——[n] -1 — [n]
M (w) = (dmw)—\wPG;(w)(bﬂ) () (chw) + [wPEhw)(ah) (),

-1

A (w) 1= (A (w) LT = o (0h(w) Oh(w)

and

B, (w) \/1 |w|20% (w \/Rn+1 b (w)) ',

+
where G? (w) := \/Lgﬁl(@ﬁb(w))*\/Ri_’_l and where ©% is the matrix-valued

function defined by (5.8). From Theorem 1.1 we also see that
——[n] —— [n] —1
M,y () = (a8 () + [wf(ch) (w) B (w)) (¥, (w) = [wf(dh) (w)Fp(w)  (5.19)

holds, where F?(w) := \/ng-l (@El(w))* n+1 According to Proposition 5.1

there are unitary ¢ x ¢ matrices U and V such that (5.11), (5.12), and (5.13) are
valid. Using (5.11), (5.12), and (3.9) we obtain

* +
G;<w>:rawLnHU(RMRLJ*V@% ) VB

= Falw/L,H_l(@Z(w))*V*\/RELH
=T5 'V Lnt1 (@Z(w))*\/RnH VR 1V R i
_ * + s
=Ty V/Lnt1(0%(w)) /Ryt rm/RBLH,/ R
= T3 V1 (0%(w)) VERni1 TR, ( nﬂ) (5.20)
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and analogously
° % + * _
Ep(w) = L (Lh ) T5/ Loyt (05, (w))"V/Rnia T (5.21)
In addition, from (5.12), (3.10), and (5.11) we also get
(0% (w)) Ok (w)

:U*(@n )*V*(RE«L+1 +R§1+1V®0( )

—U*<@<ﬁ )* Rn+1+\/ n+1V* REL+1 +R51+1(\/ nHV*) V R @Z(w)U
=U*(@§Z )*v n+1 F \/ n+1 n+1F0v n+1 @

=U*(0%(w))" v/ Rut1 " Rusi/Rsr O (w)U = U* (02 (w ))*@;;(w)U (5.22)

and analogously
O (w) (0% (w))" = Vs (w) (05 (w)) V*. (5.23)
Because of (5.7) and (5.20) we have

—[n]

b (w) = [wPGa()(5) (w) =T5" (ea(w) = [w G (@)l (w))

and

—[n

[n] -
h(w) + WG (w)(ah) () = T5" (du(w) + WG W) () )
Thus we see that M, ;(w) is a well-defined matrix and that the identity

h(w) = M (w) (5.24)
holds. Furthermore, from (5.19), (5.7), and (5.21) it follows the second represen-
tation of M, (w). By virtue of (5.7), (5.11), and (5.22) we can conclude

Ay ) = (en(w) " VEamU\T — [wPU (05,(w))"0 )
(en()) " VI [T~ [0l (05,00)) 05(0) U = Ay (w)U

-1

and because of (5.23) analogously

Bi-&-l(w) = VB;-H(U))-
Application of [Sm, Theorem 1.3] completes the proof. O

Remark 5.3. Let the assumptions of Theorem 5.2 be fulfilled. Then Theorem 5.2
and [Sm, Theorem 1.3] (see also [DFK, Theorem 1.5.2]) imply the identity

{(@w) ™" QeC,D, ()]} = & (M pa(w); [ ™y /2L0, (), (2R, (w) )

for each w € D, where M;, ,(w), £;,,,(w), and R;,,,(w) are given by (5.15),

() = (enw) ™V Iorr (L — o (©50)) €5w)) v/t (enw) ™
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and

fa () 1= (an(0) ™V Bor (I~ P05 (w) (05w)) ") v/ Bt (an(w) ™

Remark 5.4. Let the assumptions of Theorem 5.2 be fulfilled and let I'y = I,.
Then (5.11) shows that L} | = L4 and R%,, = Ry11 hold. Thus it is readily
checked that, for each w € D, the matrices G¢(w) and F?*(w), which lead to
representations of M;, , ;(w) according to Theorem 5.2, have the simpler form

G(w) = Vi1 (05w) Vi1 and Fw) = Int1 (05(w) v/ Rt

in that case. (These formulas are already satisfied if Ty is a unitary ¢ x ¢ matrix.)

Remark 5.5. Let the assumptions of Theorem 5.2 be fulfilled. In view of [FK1,
Remark 2 in Part I], (5.11), and Theorem 5.2 one can see that

rank A}, | (w) = rank L,y = rank R, ;1 = rank B;, , (w)
for every choice of w in D.

Let the assumptions of Theorem 5.2 be fulfilled. Based on Remarks 4.4, 5.5,
and 4.3 one can immediately get further necessary and sufficient conditions for the
fact that the solution set Cy[D, (I';)7_;] of the matricial Carathéodory problem
contains exactly one element. Moreover, application of Remarks 4.4, 5.5, and 4.5
yields further necessary and and sufficient conditions for the nondegeneracy of a
given ¢ x ¢ Carathéodory sequence (I'; )?:0. We omit the details.

Remark 5.6. Let the assumptions of Theorem 5.2 be fulfilled. From Remark 4.6
and (5.7) one can see that the identity det a,,(w) = det ¢, (w) holds for each w € D.
Thus taking into account [FK1, Remark 2 in Part I], [DFK, Lemma 1.1.8], (5.16),
and (5.17) for each w € D it follows

det A}, (w) = det B), ; (w).

6. Further observations on the matrix-valued functions ©,, and ©;,

Theorem 1.1 shows that the rational matrix-valued function ©,, defined by (3.4)
plays a key role in the description of the Weyl matrix balls of the solutions of the
matricial Carathéodory problem. In this section, we check that this function ©,,
(and hence the parameters of the Weyl matrix balls defined by Theorem 1.1) does
not depend on the concrete choice of the underlying matrix V;, in the set ﬁn and
the underlying matrix W,, in the set Zvn Furthermore, we will state a possibility
to construct recursively the function ©,,. Since there are matrix polynomials a.,,
bn, cn, and d, of the types which are considered in Theorem 1.1 which can be
constructed recursively as well (see [FK3, Proposition 4.4, Remark 4.5, and Lem-
ma 4.6]) one gets a particular possibility to calculate the parameters of the Weyl
matrix balls of the solutions of matricial Carathéodory problem. Moreover, we
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present analogous results corresponding to the rational matrix-valued function ©F,
defined by (3.9), which appears in the Weyl matrix balls studied in Theorem 5.2.
At first, we show that the functions ©,, and ©F are independent of the con-

crete choice of V,, in JN)n and W, in gn In other words, the functions ©,, and ©¢
depend only on the given ¢ x ¢ Carathéodory sequence (Fj)?:(y

Proposition 6.1. Let n € No and let (I‘j)}l:O be a g xq Carathéodory sequence. If
n>1, then let V,,,V,, € YV, and let W,,,W,, € Z,. Let a,, b,, ¢,, and d,, be the
matriz polynomials given by (1.7), (1.8), (1.9), and (1.10), and let a,, by, c,,
and d,, be the matrixz polynomials which are defined analogously to ay, by, cn, and
dp, using (if n > 1) the matrices V,, and W, instead of V,, and W,,, respectively.
Furthermore, let the matrices Ly11 and Rp41 be given by (1.4) and (1.6). Then:

(a) The matriz-valued functions

0, 1= /Rop1b:'d" /Iy | and ©, = /Ropib'dl /Loy

coincide.
(b) If the matrixz To is nonsingular, then the matriz-valued functions

0° := \/Rpsra; d" /Lot and ©° := \/Rpsra €M\ /Lot

coincide.

Proof. (a) Let w € D\ {0}. Using Theorem 1.1 in combination with [DFK, Corol-
lary 1.5.1] we can conclude

(an(w) + JwlPe ) (@) E2(w)) (bn(w) — o Pd ) (w) i (w))
= (an(w) + JuPel (w3 () (bo(w) ~ WA @) Fiw) . (61)

where F}(w) = w/Ln+1+®:‘L(w)\/Rn+1 and F!(w) := \/Ln+1+®fl(w)\/Rn+1.
According to Proposition 3.4 the matrix —w®}(w) is strictly contractive. Thus
[FKL1, Lemma 3.1] yields

(an(w) + P&l (w)Fa (w) ) (bn(w) - |wd! (w)Fa(w))
= (an(w) + [P (w5 () (bu(w) — [P dl (w)BE ()
Combining this with (6.1) we obtain
(an(w) + [w2el?) (w) B2 (w)) (ba(w) — fwldl ) @) Frw))
= (an(w) + [wl2d ) (@) FA ) (bn(w) — o} (w)F5 (w))

Since we see from Proposition 3.4 that the matrices —wO} (w) and —wO, (w) are
both contractive, Proposition 2.2 provides us

WLy 1 LL—l e, (w)Rn-i-l RL—l = _WLn-&-lLr—L-l 8 (w)Rn-H R:{-‘,-l .

—1
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Therefore, in view of w # 0 and the definitions of ©,, and ®,,, we get the identity
O (w) = O (w), ie., O,(w) = O,(w). Since ©,, and O,, are rational matrix-
valued functions, we can finally conclude ©,, = ©,,.

(b) Based on the reciprocal ¢ x ¢ Carathéodory sequence (Fg)?:o to (I'j)}—o, the
assertion of part (b) follows from (a) in combination with Proposition 5.1. O

Corollary 6.2. Let the assumptions of Proposition 6.1 be fulfilled. Then:
(a) The identities d,'\/Lnt1 = dy,'\/Lnt1 and \/Ryq1b,' = \/Rnq1by, b hold.
(b) If the matriz Ty is nonsingular, then the equalities c;;*\/Lni1 = ¢, \/Lni1

and \/Rpy1a,t = \/Rai1a, ! are satisfied.

Proof. First we observe that one can easily see that each of the sets N, , NE’[H],

Na,s N, No,» Ny, Na,,, and Ny consists of at most ng elements. Taking
into account Lemma 3.2 we obtain
Rppib;td™ =pMa10, 1 and  R,iqb;'dlM =bld-tL, . (6.2)

Moreover, according to part (a) of Proposition 6.1, the rational matrix functions

O, and \/R,L+1b;1€1£ln]\/L,L+1 * coincide. Thus from (6.2) it follows

Bw]dgl V Ln-‘,—l = I;Zl]dgll/n-i-l V Ln+1 - Rn+1b d \/ n+1 V n—f—len
= Ry 'dM /Loy = BMdT Ly /Iy | = b[ la-Y/Lpit
and similarly /Ry, 11b,, 1&,@ =+/Rn+1b,, 1&,@. Using continuity arguments we get

dy'\/Lpt1 =d,;"\/Lyt1 and  \/Rpi1b," = /Rny1b, "
Hence part (a) is proved. Applying Lemma 3.2, part (b) of Proposition 6.1, and
Proposition 3.8, part (b) can be verified analogously. O

Remark 6.3. Let the assumptions of Proposition 6.1 be fulfilled. Further, suppose
that the matrix I'y is nonsingular. Because of Corollary 6.2 one can immediately
conclude that the matrix-valued function ©% given by (3.17) coincides with

e> = /R,p1a,'d /L1

Based on part (a) of Proposition 6.1 we get that, for each w € D, the semi-
radii of the matrix ball described in Theorem 1.1 is independent of the concrete
choice of the matrix V,, in yn and the matrix W, in Z

Remark 6.4. Let the assumptions of Proposition 6.1 be fulfilled. From Proposi-
tion 6.1 and Corollary 6.2 one can see that the identities A,11(w) = Apq1(w)
and B, 11(w) = By41(w) hold for each w € D, where A,,4+1(w) and B,,4+1(w) are
defined by (1.12) and (1.13) and where similarly

Apia(w) = ( ) \/Ln+1\/I (w[*O5; (w) Oy (w)

-1

and

n+1 \/I |w|2® \/Rn+1 ( n U.) )71.
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The semi-radii of the matrix ball described in Theorem 5.2 do not depend on
the concrete choice of V,, in )V,, and W,, in Z,, as well.

Remark 6.5. Let the assumptions of Proposition 6.1 be fulfilled. Further, suppose
that the matrix ' is nonsingular. From Proposition 6.1 and Corollary 6.2 it follows
that A, (w) = A}, (w) and B}, (w) = B}, ;(w) hold for each w € D, where
A, 1 (w) and Bj, ,(w) are defined by (5.16) and (5.17) and where similarly

-1

Al

() = (en(@) VI — [0 (€5 (w)) 05 (w)

and

B, (w) = \/T - [w]?@3w)(©3(w)”  Furr (an(w))

Now we are going to verify recurrence relations for the rational matrix-valued
functions ©,, and © defined by (3.4) and (3.9), respectively. Before, we state some
technical results which are useful in view of the proof of these formulas.

Remark 6.6. Let A € CP*7 and let B € C?7*P. Then det(I — BA) = det(I — AB)
holds (see, e.g., [DFK, Lemma 1.1.8]). Moreover, if det(I — AB) # 0, then the
identity (I — AB)"1A = A(I — BA)~! is fulfilled.

Remark 6.7. Let n € N and let (I‘j)}’:O be a ¢ x ¢ Carathéodory sequence. Let ag,
bg, cp, and dgy be the constant matrix-valued functions given, for each z € C, by

ao(z) =T, bo(z) = Iq, CO(Z) =T, do(z) = ]q’

and for each m € Ny, let the matrix polynomials a,,+1, brm+1, Cm+1, and dp,41
be recursively defined, for each z € C, by

am+1(2) 1= am(2) + 280 ()tmi1,  bmia(2) =
Cmt1(2) = cm(2) + ZUm—&-lékzn](Z)v dmy1(2) ==
where
tma1: =L} 1 (3Tm+1 — Mpg1)  and  tmy1:=(3Tms1 — Mpy1)Rb 1. (6.3)
In view of [FK3, Remark 4.5, Proposition 4.4, and Lemma 4.6] one can see that,
for each m € Ny ,,, there are matrices V,, € ym and W,,, € Z,, such that
am(2) =00+ zem—1,4(2)Sr,_1Vm, bm(z)=1; — zem—-1,4(2)Vm,
cm(2) = Wi, Sr _1zem—1,4(2) + To, dm(2) = —Wyzenm_1,4(2) + I,
hold. In particular, for each m € Ny, and each w € I, the complex ¢ x ¢ matrices
b, (w) and d,,(w) are nonsingular.

m(2) = 2d[ ()1,

b
dm(z) - Zum-i-lBLT] (2),

If (Fj)?zo is a ¢ x ¢ Carathéodory sequence, then we will use the notation

0 it k=0
Mk+1 = qfq . (64)
Zka_lyk if ke Nl’n ,

where for each k € Ny, the matrices Zj and Y}, are given by (1.5). Furthermore,
let ©,, be the matrix-valued function defined by (3.4).
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Theorem 6.8. Let n € Ny and let (I‘j)?zo be a g x q Carathéodory sequence. Then:

(a) ©g is the constant function with value (ReTg)(ReTo)™.
(b) If n > 1, then for each m € Ny ,, the matriz

K=V (3T = M) VB (6.5)

s contractive and the recurrence formulas

O () = Vi1 VB (w1 (w) = K75) (I = 0K O 1 ()L v/ Ems1

and

em(w) Y Rm+l\/]ﬂ +(I_ w@m—l(w)Km)il(wem—l(w) - K;;L) \/IZ\/ Lm+1 "

hold for every choice of w in D.

Proof. Since (I'j)}_, is a ¢ x ¢ Carathéodory sequence, for each m € No,, the
sequence (Fj)}n:o is a ¢ x ¢ Carathéodory sequence as well. According to Proposi-
tion 3.4, for each m € Ny, the rational matrix-valued function ©,, is well defined
and its restriction onto D belongs to Sgxq(ID). Moreover, part (a) follows imme-
diately from (1.4), (1.8), (1.10), and a well-known statement on Moore-Penrose
inverses (see, e.g., [DFK, Lemma 1.1.6]). We consider now the case n > 1. For
each m € Ny, let the matrix polynomials a,,, b,,, ¢,,, and d,, be defined as
in Remark 6.7. For each m € Ny ,, from [FKLI1, Remark 2.1] we get that the
matrix K, is contractive and consequently that for each w € D the matrices
I — wKp0,-1(w) and I — wO,,,_1(w)K,, are nonsingular. From Remark 6.7,
Proposition 3.4, and Proposition 6.1 we can conclude that, for each j € Ny ,, and
each w € D, the rational matrix-valued function ©; can be represented via

0,(w) = /Ry B (w)(d;(w)) /I (6.6)
0,(w) = v/Ryr1 (by(w)) a7 (w) /Ty (6.7)

Now let m € Ny ,,. Using Remark 6.7 we get
Om(w) = /Rorr - (wbll' ) (w) — 15,1 (w)
(dm1(w) — w7 w) VI
= VRuix (wbl 3 () (s () = 17,
) (I - wumf’%ﬂ—}l] (w)(dm—l(w)) _1> \/m
for each w € D. Because of (6.5), (6.3), and [FKL1, Remark 2.1] we have

b = I (KR and  wy, = /Lo Ko/ R

Furthermore, the identities

VAT VEmi1 = VImi1 and  /Rmir B/ B = v/ Bomg1

and
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hold (see [DFK, Remark 3.4.3]). Thus it follows
= VRt VB (0V/B B ) (A () = KT )
(10 Lo By B w0) (s () ™) VI Lo Vs
and consequently by virtue of Remark 6.6 then
©) = VRt VEon (wy/ By B ) (da(0) T = K L)
N (1= 0K/ R B 0) o) V)V VEis
for each w € I. Thus, in view of (6.6) and Kv/Im v/Im = K, we obtain that

w)=v/Ronsr vV Bon (001 (w) — K5) (1= 0K O 1 () "L /Lt

holds for each w € D. Using (6.7), the other recurrence formula of part (b) can be
proved analogously. (|

Corollary 6.9. Let n € N and let (Fj)?:() be a q x q Carathéodory sequence. For
each m € Ny ,,, then

—Ront1 VB K5/ Ln /T
and

t o S

Y Rm+1 V Rm Km Lm Lm+1 3
where K, is the matriz given by (6.5). Moreover, if m € N1, and if w € D are
such that ©,,—1(w) = 0, then O, (w) = 0,,(0).

Proof. Apply Theorem 6.8. O

Corollary 6.10. Let n € N and let (Fj)?:o be a g x g Carathéodory sequence which
satisfies Ty, = 2M,,, where M, is defined by (6.4). For each w € D, then

O, (w) = wO,_1(w).
Proof. In view of I';, = 2M,,, an application of [DFK, Remark 3.4.3] implies
Lpyi=L, and R,y =R,

as well as (6.5) yields
K, = 0gxq-
Thus part (b) of Theorem 6.8 and (3.4) lead to

w) =/ Rny1 +\/R_nw®nf1(w)\/a+\/ Ly = w0, 1(w)

for each w € D. O
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Let n € Nand let (I';)7_, be a g x g Carathéodory sequence. Since the matrix-
valued functions ©g, 01, ..., 0, given by (3.4) are rational, there is a finite subset
N of C\ D such that the recurrence formulas stated in part (b) of Theorem 6.8
hold actually for each m € Ny, and each w € C\ N.

Now we are going to show that if a ¢ x ¢ Carathéodory sequence with nonsin-
gular matrix Iy is given, then the matrix-valued functions ©F, 0%, ..., 0 defined
by (3.9) fulfill some recurrence relations as well.

Theorem 6.11. Let n € N and let (Fj);?:o be a q x q Carathéodory sequence such
that the matrix T'g is nonsingular. Then:

(a) OF is the constant function with value \/Re F0+I‘5I‘51\/Re Iy.
(b) Ifn>1, then for each m € N1 ,, and each w € D the recurrence formulas

05, (w) = v/Ronr1 VB (w03, 1 (w) +K2,) (I+ w02 1 (w) 'V Vst

and

O (w) = \/Rerl\/}a +(I+ wOy, (W)Km)fl(w@%q (w)+ K:n) \/ZZ\/Lerl ’

hold, where K, is the contractive matriz given by (6.5).

Proof. Using Remark 3.7, Proposition 3.8, part (b) of Proposition 6.1, Remark 6.6,
and Remark 6.7 one can prove Theorem 6.11 analogously to Theorem 6.8. We omit
the details. (]

Corollary 6.12. Let n € N and let (I‘j);‘:o be a g x q Carathéodory sequence with
nonsingular matriz To. For each m € Ny, then ©%,(0) = —0,,(0). Moreover, if
m € Ny, and w € D are such that ©F,_(w) =0, then ¢, (w) = ©2 (0).

m—1

Proof. Use Theorem 6.11 and Corollary 6.9. O

Corollary 6.13. Let n € N and let (Fj)?:o be a g X q Carathéodory sequence such
that the matriz I'g is nonsingular and that the identity Iy, = 2M,, is fulfilled, where
M, is defined by (6.4). Then OF(w) = wOS,_,(w) for each w € D.

n—1

Proof. Using the same argumentation as in the proof of Corollary 6.10, the asser-
tion is an easy consequence of part (b) of Theorem 6.11. U

Let n € N and let (Fj)?zo be a ¢ x g Carathéodory sequence with nonsin-
gular matrix I'g. Since 6§, 053, ...,0¢ are rational matrix-valued functions, there
is a finite subset M of C\ D such that the recurrence formulas in Theorem 6.11
hold actually for each m € Ny, and each w € C\ M. Furthermore, we note
marginally that one can also verify recurrence relations for the rational matrix-
valued functions ©F, ©7,...,0" given by (3.17) using the same argumentation as
in the proof of Theorem 6.8 (respectively, Theorem 6.11), where the function O,

can be calculated based on ©%,_;, ©%, |, ©,,_1, and K, for each m € Ny ,,.
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7. Some remarks on central ¢ x ¢ Carathéodory functions

In the present section, we are going to describe the situation that, starting from a
q x q Carathéodory sequence (Fj);?:o and a point w belonging to the unit disk D,
the value Q¢ ,(w) of the central ¢ x ¢ Carathéodory function €2, corresponding
to (I'j)j—o coincides with the center My 41(w) of the Weyl matrix ball which is
given by the value set {Q(w) : Q € Cy[D, (I';)7—,]} according to Theorem 1.1.

Let us consider an arbitrary nonnegative integer n and an arbitrary ¢ x ¢
Carathéodory sequence (I';)7_,. Then, in view of [DFK, Theorem 3.4.1], the set of

all complex ¢ x ¢ matrices I';,11 such that (T'; )n+01 is a ¢ x ¢ Carathéodory sequence

coincides with the matrix ball £ (2Mn+1, 2Ln41,v/2Rn+1 ), where the matrices
Myt1, Lpy1, and Ry, yq are defined by (6.4), (1.4), and (1.6). Thus the choice
I'yt1 = 2M, 11 yields a particular ¢ x ¢ Carathéodory sequence (I'; )?iol and the

set of all complex ¢ x ¢ matrices I';, 42 such that (Fj);‘ig is a ¢ X ¢ Carathéodory

sequence coincides with ﬁ(2Mn+2; /2Lp12,\/2Rn12 ) In this way, choosing
Fn-l—l-i—k = 2Mn+1+k (71)

for each k € No one obtains a particular g x ¢ Carathéodory sequence (I';)52, and

hence a particular function which belongs to Cy[D, (I';)7_], the so- called central

g % q Carathéodory function Q. ,, corresponding to (Fj)?zo- Clearly, it admits the
Taylor series representation

z) = kazk, z €D,
k=0

where for each k € Ny the matrices I',, 1144 are defined by (7.1). Moreover, for
each z € D, it admits the representations

Qen(2) = an(2)(bn(2)) " and  Qen(z) = (da(2)) enl2), (7.2)

where V,, and W,, are arbitrary matrices which belong to 3~Jn and én, respectively,
and where a,,, by, ¢y, and d,, are the matrix polynomials defined by (1.7), (1.8),
(1.9), and (1.10) (see [FK3, Remark 1.1 and Theorems 1.2., 1.7, and 2.3]).

In the following, we use again the notations of Theorem 1.1 and Remark 4.2.

Theorem 7.1. Let n € Ny, let (I'j)}_, be a g x ¢ Carathéodory sequence, let Qe be
the central ¢ x q Carathéodory function corresponding to (T'; )]_0, and let w € D.
Furthermore, let the matrices Lpy1 and Ry41 be defined by (1.4) and (1.6). Then
the following statements are equivalent:

(i) Qen(w) = Mppi(w).

(il) wO,(w) =0.

1

(i) Anr () = (daw)) T,
(iv) But1(w) = /Rot1 (b n(w))

(V) £n+1(w) ( n w) Ln+1(dn(w)) )
(Vi) Rnq1(w) = ( (w ) "Ryt (bn(w)) :

§>

Ju

— %

b

n
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Proof. (i) < (ii): If w = 0, the equivalence of (i) and (ii) is an easy consequence
of (7.2) and (1.11). Now suppose w # 0. In view of Proposition 3.4 we see that
(—w@n(w))* is contractive. Because of (7.2) we have on the one hand

Qc,n(w> = an (w) (bn (w))_l
= (—wd W)y (w) + an(w)) (wdl (w) Fi (1) + ba(w) )

—1

with Fy (w) := \/Lny1 "0 R, +1, where on the other hand (1.14) implies
- —1

Miia(w) = (—wd) (w) Fa(w) + an(w) ) (wdlf! (1) Fa(w) + b (w)
with Fh(w) := \/Ln+1+(—w@n(w))*\/Rn+1. Therefore, in view of w # 0 and
part (a) of Proposition 2.2 we get that (i) is necessary and sufficient for

Ln+1L:+1 (_wen(w))*RnJrlR;Ll = Ln+1L;~L_+1ORn+1R:+17
i.e., (i) is equivalent to
Rui1R) 4 (w0, (w)) Ly L, = 0.

Thus, because of (3.4), statement (i) is also tantamount to (ii) in this case.
(if) = (iii): This implication follows immediately from (1.12).
(iii) = (v): Since the definitions of A, 41 (w) and L,,11(w) imply the relation

Any1(w) Ay (w) = L1 (w),

we can directly see that (iii) leads to (v).
(v) = (ii): Because of (v) we obtain

(dn(w))_l V Lt (I - \w\QGZ(w)Gn(w))_l V Lnta (dn(w))_*

= Lo1(w) = (dn(w)) " Lot (dn(w))

and hence )
VLn1 (I = |w]?O%(w)0,(w)) Lyi1=DLpy.
Therefore, taking into account (3.5) and Remark 6.6 we can conclude that
* t7n -1 -1
Lny1 = v Lnga (I— w267 (w) v/ Rg1 B (w) (d (w)) \/Ln+1) VL1
. +5 —1\ 7!
= (1= 0P VL)V Ry B w) (dn(@) ™) Lo,
This yields
. +50 1
Loy = (I — [w*V/Ln 10} (w)y/Ruyr 05 (w) (dn (w)) )Ln+1
= L1 — |wl? V Lnt107 (0)On(w)\/ Ly

and consequently
W[/ L1160}, (w)On (w)/Lni1 = 0.

Thus, in view of (3.5), we get

(w@n(w))*(wG)n(w)) = [w*v/Lnt1 ’ V Lnt10;, (w)On (w)/ Lng1v/ Lt )
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Consequently, (ii) holds.

(ii) = (iv): This follows immediately from (1.13).

(iv) = (vi): By definition of B, 41(w) and R, 11(w) we see that (iv) leads to (vi).
(vi) = (ii): This can be proved analogously to the implication ”(v) = (ii)”. We
omit the details. g

Now we consider a particular situation, where one of the equivalent conditions
stated in Theorem 7.1 is satisfied.

Proposition 7.2. Let n € N and let (Fj)?;ol be a q x q Carathéodory sequence. Let
the matrices Ly, Ry, and M, be defined by (1.4), (1.6), and (6.4). Furthermore,
let we D and let

T, :=2M, + /2L, (wO,_1(w)) /2R, (7.3)

Then (T';)7_q is ¢ X q Carathéodory sequence, ©,(w) = 0 holds, and the central
q % q Carathéodory function Q. corresponding to (Fj)?:o fulfills

Qen(w) = Moy (). (7.4)

Moreover, if (Fj);?;ol is a nondegenerate ¢ X ¢ Carathéodory sequence, then (I';)7_

is a nondegenerate ¢ X q Carathéodory sequence as well.

Proof. Proposition 3.4 yields that matrix (w@n,l(w)yk is strictly contractive.
Consequently, from [DFK, Theorem 3.4.1] we get that (I';)7_, is a ¢ x ¢ Carathéo-
dory sequence and, moreover, that (I';)’"_, is a nondegenerate g x ¢ Carathéodory
sequence if (Fj)?;ol is a nondegenerate g x ¢ Carathéodory sequence. Because of
(3.4) and (7.3) we have

* + +

(wOn—1(w))" =Ly (3Tn—Mn)V/Rn .
Thus application of Theorem 6.8 provides us 0,,(w) = 0. Hence using Theorem 7.1
we get (7.4). O

In the nondegenerate case, the statement of Proposition 7.2 (respectively,
Theorem 7.1) can be extended as follows.

Proposition 7.3. Let n € N, let (Fj)?=o be a nondegenerate q x q Carathéodory
sequence, let Q. be the central ¢ x q Carathéodory function corresponding to
(T')7—o, and let w € D\ {0}. Then (7.4) is equivalent to

T, = 2M, + /2L, (wO,_1(w)) /2R,. (7.5)
Proof. By virtue of Proposition 7.2 we see that (7.5) implies (7.4). We suppose
now (7.4). Because of Theorem 7.1 and w # 0 it follows ©,(w) = 0. Since the
q x g Carathéodory sequence (I';)7_, is nondegenerate, from [FKLI, Lemma 5.1]
we know that the matrices Ly, +1, Ly, Rpt1, and R, are positive Hermitian. Using
this in combination with ©,(w) = 0 and Theorem 6.8 we get then the identity

0=wO,_1(w) - K
and, in view of (6.5) and T, € & (2Mn; V2L, \/2Rn)7 consequently (7.5). O
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Let n € N, let (Fj)?zo be a g x ¢ Carathéodory sequence with nonsingular
matrix I'g, and let €. ,, be the central g x ¢ Carathéodory function corresponding
to (I';)7_o. Then det €2, ,, does not vanish in D (see [FK1, Remark 30 in Part I])
and the central ¢ x ¢ Carathéodory function QC » corresponding to the reciprocal
q X q Carathéodory sequence (Fﬁ)] o corresponding to (I';)_ coincides with the
matrix-valued function (Q.,,) "' (see [FK3, Theorem 3.3]). Taking this into account
we get the following results which are analogues of Theorem 7.1, Proposition 7.2,
and Proposition 7.3 with respect to the Weyl matrix balls stated in Theorem 5.2.
Here we use again the notations of Theorem 5.2 and Remark 5.3.

Theorem 7.4. Let n € Ny, let (I’j)?zo be a q x q Carathéodory sequence with
nonsingular matriz I'y, let Q. ,, be the central ¢ x ¢ Carathéodory function corres-
ponding to (I';)7_, and let w € D. Furthermore, let the matrices Ly 11 and Ry,11
be defined by (1. 4) and (1.6). Then the following statements are equivalent:

(i) (e (W)™ = My ().
(ii w@o( ) =0.

(cn(w)) Lpy1-
vV Rptq ( n(w)) 1

(v (cn(w)) Ln+1 (cn(w)) *

(vi) Rlppq(w) = (an(w))  Rnsa (an(w))_1
Proof. (i) < (ii): If w = 0, the equivalence of (i) and (ii) is an easy consequence
of (7.2) and (5.15). Now suppose w # 0. Moreover, let (Fg‘)?:o be the reciprocal
q % q Carathéodory sequence corresponding to (Fj)?zo, let af, bf ¢t and df, be
the matrix polynomials given by (5.3), (5.4), (5.5), and (5.6), and let ©% be the
rational matrix-valued function defined by (5.8). In view of Proposition 3.4 (with
respect to the ¢ x ¢ Carathéodory sequence (Fg‘)?:o) we see that (—w@i(w))* is
contractive. Because of (7.2), Remark 3.7, and (5.7), on the one hand we have

(Qc,n<w>)*1:bn<w>@[@]u>)” = af,(w) (B}, (w)) .
- (—w(cm () (w) + a, () (w(dh) () Ff (w) + b5 (w))

~

(iii) Aj 4 (w

)
)

(iv) BLH(w
) £

— —

n+1 w

~

-1

with Ff (w) := \/wal 0 RnJr17 where on the other hand (5.24) and (5.19) imply
—[n] —— [n] -1
a(w) = (—w(h) (W)FS (w) + ab(w)) (w(dh) ()3 (w) + b (w))
+
with F3(w) := LBLH (—w@i(w))* Riﬂ. Therefore, in view of w # 0 and
part (a) of Proposition 2.2, we get that (i) is necessary and sufficient for
Ln+1(LBL+1)+ (—w@fl(w)) *RiH(RiH)JF = Li+1(L§z+1)+0Ri+1(Ri+1)+v

i.e., (i) is equivalent to

R§L+1(R§1+l)+(w®ﬁ (w ))LEL+1(L71+1)+ =0.
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Thus, because of (5.8), statement (i) is tantamount to
wO? (w) = 0. (7.6)

Since wO? (w) = 0 leads immediately to (7.6) in view of (5.12), we obtain that (ii)
gives rise to (i). Conversely, if (i) is satisfied, then (7.6) holds and hence

wO? (w)\/ L% = 0.

By virtue of (5.11) and (5.12) it follows then

0=wVOS(w)U\/LE,, =wVOS (w)\/Lotily",

i.e., we get wO? (w)y/Lyp+1 = 0, which results in wO¢ (w) = 0 due to (3.9). Con-
sequently, (i) also implies (ii) in that case.

The remaining part of the assertion can be analogously proved as Theorem 7.1 by
a straightforward calculation. We omit the details. g

Now we consider a particular situation, where one of the equivalent conditions
stated in Theorem 7.4 is satisfied.

Proposition 7.5. Let n € N and let (Fj);:Ol be a q x q Carathéodory sequence with

nonsingular matriz T'y. Furthermore, let w € D and let

T, :=2M, + /2L, (—w0;_,(w)) " \/2R,.
Then (T'j)7_, is a q x q Carathéodory sequence, ©5,(w) = 0 holds, and the central
q x q Carathéodory function Q. corresponding to (I';)7_ fulfills

-1

(Qcm(w)) = M”I’L-’rl(w)'
Moreover, if (Fj)?;ol is a nondegenerate g X q Carathéodory sequence, then (I';)7_
is a nondegenerate q X q Carathéodory sequence as well.

Proof. Applying Proposition 3.8, [DFK, Theorem 3.4.1], Theorem 6.11, and Theo-
rem 7.4 one can prove Proposition 7.5 analogously to Proposition 7.2. U

In the nondegenerate case, the statement of Proposition 7.5 (respectively,
Theorem 7.4) can be extended as follows.

Proposition 7.6. Letn € N and let (Fj)?zo be a q X ¢ nondegenerate Carathéodory
sequence, let Q.. be the central ¢ x q Carathéodory function corresponding to

(I'j)j—o, and let w € D\ {0}. Then (Qc,n(w))il = M;, 1 (w) is equivalent to

T, =2M, + /2L, (~wO3_,(w)) v/2R,. (7.7)

Proof. Using Proposition 7.5, Theorem 7.4, [FKL1, Lemma 5.1], and Theorem 6.11
one can prove Proposition 7.6 analogously to Proposition 7.3. (]

The following example illustrates that, in the case that the ¢ x ¢ Carathéodory
sequence (I'j)7_, is degenerate, equation (7.5) (respectively, (7.7)) is not necessary
for the fact that ©,(w) = 0 (respectively, ©F (w) = 0) holds for some w € D.
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Ezxample 7.7. Let U be a unitary ¢ x ¢ matrix, let I'g := I, and let I'; := 2U. Then
(Fj)}zo is a ¢ x ¢ Carathéodory sequence with L1 = Ry = I, Ly = Ry = Oyxq,
and det Ty # 0. In view of (3.4) and (3.10) we have ©1(w) = 0 and ©5(w) = 0 for
each w € D. On the other hand,

Ty = 2U +# 2wl, = 2M; + v/2L; (w0 (w))“\/2R;
and

Fl =2U 7é 2’LU[ = 2M1 + 2L1( ’UJ@O )) 2R1

We finish this paper with some comments on central ¢ x g Carathéodory
functions, which are conclusions of certain considerations carried out above. Firstly,
we will point out that Proposition 2.2 leads to a characterization of the fact that
given finite ¢ x ¢ Carathéodory sequences coincide in terms of equality of some
value of the corresponding central ¢ x g Carathéodory functions. The following
result paves the way for a proof of this characterization.

Lemma 7.8. Let n € Ny and let (I‘j);‘:O be a ¢ x g Carathéodory sequence. Ifn > 1,

then let V,, € jn and let W,, € Zvn Let the matriz polynomials ay, by, c,, and
dy, be defined by (1.7), (1.8), (1.9), and (1.10). Let the matrices Lpt1 and Ryiq
be given by (1.4) and (1.6). Furthermore, for j € {1,2}, let K; be a contractive

q % q matriz and let F; := \/Ln+1 +Kj \/Rn+1. Then the complex q X ¢ matrices

er[Ln](z)Fl +b,(2) and zd (2)F2+by(2) are both nonsingular for each z € D and,
moreover, the following statements are equivalent:

(i) Lys1Ly  KiRyi Ry = Ly Ly KoRo i Ry
(ii) For each z € D,

(725£:L](2)F1 + an(z)) (ZCZT[:L](Z)FH + bn(z))_l

- -1
- (—zaw(z)Fg n an(z)) (zd,[ﬁl(z)FQ + bn(z)) . (7.8)
(iil) There is some z € D\ {0} such that (7.8) is satisfied.

Proof. Apply part (a) of Proposition 2.2. a

Proposition 7.9. Let n € Ny, let (T )”fl and ( )ﬂiol be q x q Carathéodory se-
quences such that Ty = Fk for each k € Ny, and let Q. 11 and ﬁc nt1 be the
central ¢ X q Carathéodory function corresponding to (Fj)?iol and ( );”ro , respec-
tively. Then T'py1 = Tpt if and only if there is some z € D\ {0} such that

Qeny1(2) = Q. n+1(2). (7.9)

Proof. If the equality Fn+1 = Fn+1 is fulfilled, then the ¢ X ¢ Caratheodory se-
quences (Fj)?iol and (T, );H'Ol coincide. Thus, by definition we have fo i1 = feni1.
In particular, there is some z € D\ {0} such that the identity (7.9) holds. Con-
versely, we assume now that (7.9) is satisfied for some z € D\ {0}. Because of
the choice of (T’ )"+1 and (T )’?iol, it follows that (T';)7_, is a ¢ x ¢ Carathéodory
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sequence, where I'y, = T} for each k € No,n. Hence, from [DFK, Theorem 3.4.1] we
obtain that there are some contractive ¢ x ¢ matrices K; and K> fulfilling

it =2Mpi1 + /2L, 1 K1\/2R 1 (7.10)

and

Tyt = 2Mpy1 + /20041 Kov/2R0 11, (7.11)
where Lyy1, Rpt1, and M, 41 are defined as in (1.4), (1.6), and (6.4). Therefore, if
the matrix polynomials ay, by, ¢y, and d,, are given by (1.7), (1.8), (1.9), and (1.10)
with some V,, € Y, and W,, € Z, if n > 1, then (7.9) and [FKL1, Corollary 2.7]
yield (7.8) for some z € D\ {0}, where Fj := /Tnt1  K;\/Rnss for j € {1,2}.
By virtue of Lemma 7.8 we get

Ly LE KRy RS = Lo L Ko Ry R

which implies finally I',, 11 = I',,41 in view of (7.10) and (7.11). O

We note that, since the central ¢ x ¢ Carathéodory function corresponding

to a g x g Carathéodory sequence (f‘j)?zo is the constant function (defined on D)
with value T’y (see, e.g., [FK3, Remark 1.1]), the assertion of Proposition 7.9 is

obvious in the case of given ¢ x ¢ Carathéodory sequences (Fj)?:o and (Fj)gzcr

Let Q € C¢(D). Then the matricial version of the F. Riesz-Herglotz Repre-
sentation Theorem (see, e.g., [DFK, Theorem 2.2.2]) shows that there is a unique
nonnegative Hermitian ¢ X ¢ Borel measure F' defined on the o-algebra Bt of all

Borel subsets of the unit circle T such that

Q(w) :/T”wF(dz)HImQ(o) (7.12)

for each w € D. This nonnegative Hermitian measure F' is called the Riesz-Herglotz
measure of Q.

Let A be denote the linear Lebesgue measure defined on Br. If T'y is a com-
plex ¢ X ¢ matrix with nonnegative Hermitian real part ReT'y, then from [FK3,
Remark 1.1] and the matricial versions of the F. Riesz-Herglotz Representation
Theorem and the Herglotz-Bochner Theorem (see, e.g., [DFK, Theorem 2.2.1])
we know that the Riesz-Herglotz measure F, o of the central ¢ x ¢ Carathéodory
function Q.o corresponding to (Fj)g?:o is absolutely continuous with respect to
%A and that fo : T — C2%? defined by fo(z) := ReT'y is a version of the corres-
ponding Radon-Nikodym derivative. In the case that a positive integer n and a
nondegenerate g x ¢ Carathéodory sequence (Fj)?:o are given the Riesz-Herglotz
measure F,, of the central ¢ x ¢ Carathéodory function (2., corresponding to
(Fj)?:() is also absolutely continuous with respect to %A and the corresponding
Radon-Nikodym derivative can be constructed explicitly from the given sequence
(I'j)j—o as well (see, e.g., [FK1, Theorem 16 and Remark 18 in Part III]).

Let n € N, let (Fj)?:o be a nondegenerate ¢ x ¢ Carathéodory sequence,
let V,, := T:_lYn7 let W,, = ZnT:_l, and let the ¢ X ¢ matrix polynomials b,
and d,, be defined by (1.8) and (1.10), respectively. From [FK3, Proposition 2.2
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and Theorem 2.3] we know that the functions detb,, and det d,, vanish nowhere
in DUT. Thus the following proposition is a generalization of the corresponding
result for the nondegenerate situation.

Proposition 7.10. Let n € N and let (I‘j)?zo be a q x q Carathéodory sequence. Let

V, € )7n, let W, € gn, and let the matriz polynomials b, and d, be defined by
(1.8) and (1.10). Furthermore, let the matrices Ly1+1 and Ry11 be given by (1.6).

(a) If detb,(z) # 0 for each z € T, then the Riesz-Herglotz measure Fe, of the
central gx q Carathéodory function Q. ,, corresponding to (Fj)?:o s absolutely

continuous with respect to %A and f: T — CT*? given by

f(z) = (bn(2)) " Rut1(bn(2))
is the corresponding Radon-Nikodym derivative.
(b) Ifdetd,(z) # O for each z € T, then F.,, is absolutely continuous with respect
to %A and g : T — C9*7 given by
g(z) = (dn(z)) Ln+1(dn(z))7*

is the corresponding Radon-Nikodym derivative.

-1

—%

Proof. (a) Suppose that detb,, does not vanish in T. Since V,, belongs to )Nin and
since det b, is a polynomial, we get that there is a real number p > 1 such that
det b, has no zero in K(0;p). Hence Q'C:"n := apb, ! is a rational matrix function
which is holomorphic in K(0; p). Using the matricial version of the H.A. Schwarz
Formula, for each w € D, we get
o0 (w) = 2 / Y Re(Qen(2)) Aldz) + i Tm T, (0),
T

T Jrz—w
ie., in view of (7.2) and Q. , € Cy[D, (I';)7_0],
1 1 - —x
Qe p(w) = 5 /Jr ijz (5 (an(z)(bn(z)) 1y (bn(2)) aZ(z))) AMdz) 4+ ¢ImTy.
Furthermore, from [FKL1, part (a) of Proposition 2.4] we obtain that
Re (a}(2)by(2)) = Rn1
holds for each z € T. Thus we can conclude that
1 —x _
Qo) = / 2 0 (2)) ™ Rusr (bn(2) T  A(d2) +iIm T (7.13)
2t Jrz —w

is satisfied for each w € D. Taking into account that the complex ¢ x ¢ matrix
R,+1 is nonnegative Hermitian (see, e.g., [DFK, Lemma 1.1.9]) a comparison of
(7.12) and (7.13) completes the proof of part (a).

(b) This can be proved analogously to (a). O

In view of Proposition 7.10, in the following result we use the notation 5)” for
the set of all V,, € V,, such that det b,, vanishes nowhere in DUT and the notation



Weyl Matrix Balls 329

gn for the set of all W,, € Z,, such that det d,, vanishes nowhere in D U T, where
b, and d,, are the matrix polynomials defined by (1.8) and (1.10).

Corollary 7.11. Let n € N and let (Fj)?zo be a q x q Carathéodory sequence. Let

Vi € Yy, let W, € Z,,, and let the q¢ X ¢ matrixz polynomials b,, and d,, be defined by

(1.8) and (1.10). Furthermore, let the matrices Ly+1 and Ry,y1 be given by (1.6).

If at least one of the sets jn and 2n is nonempty, then the Riesz-Herglotz measure

F. .. of the central ¢ x g Carathéodory function ., corresponding to (I‘j);-‘:o 18
1

absolutely continuous with respect to 5=\ and the corresponding Radon-Nikodym

derivative f: T — C9%7 satisfies A-a.e. on T the identities
f=b"Ropib,t and f=d, Lyyid,”

Proof. An application of Proposition 7.10 in combination with Remark 3.1 and
part (a) of Lemma 3.2 yields the assertion. O

Proposition 7.12. Let n € N, let (Fj)?:o be a q x q Carathéodory sequence with
nonsingular matriz I'o, and let Q. the central ¢ x g Carathéodory function cor-
responding to (I‘j)?zo. Let 'V, € )N)n, let W,, € Em and let the matriz polynomials
an, and ¢, be defined by (1.7) and (1.9). Furthermore, let the matrices Lyp+1 and
R, 41 be given by (1.6).
(a) Ifdetan(z) # 0 for each z € T, then the Riesz-Herglotz measure F?, of Q)
s absolutely continuous with respect to %A and f4: T — CI9%9 given by

fu(z) = (an<z))_*Rn+l (an(z))
1s the corresponding Radon-Nikodym derivative.
(b) Ifdeten(z) # 0 for each z € T, then Fcun is absolutely continuous with respect
to %A and g : T — C9*7 given by
1 J—
gﬁ(z) = (cn(z)) Ln+1(cn(z))

18 the corresponding Radon-Nikodym derivative.

-1

Proof. Based on Remark 3.7, the matricial version of the H.A. Schwarz Formula,
(7.2), and [FKLI1, part (a) of Proposition 2.4] one can prove Proposition 7.12
analogously to Proposition 7.10. We omit the details. (|

In view of Proposition 7.12 and Remark 3.7 we use in the following result the
notation Y, for the set of all V,, € ), such that det a,, vanishes nowhere in DU T
and the notation Z,, for the set of all W,, € Z,, such that det ¢,, vanishes nowhere
in DUT, where a,, and ¢, are the matrix polynomials defined by (1.7) and (1.9).

Corollary 7.13. Let n € N, let (Fj)?:o be a q x q Carathéodory sequence with
nonsingular matriz Ty, and let the matrices Lpt1 and Rp41 be given by (1.6).
Furthermore, let V,, € V,,, let W,, € Z,,, and let the ¢ X q matrix polynomials a,, and
¢y be defined by (1.7) and (1.9). If at least one of the sets Y, and Z, is nonempty,
then the Riesz-Herglotz measure Fc'{n of Q7L is absolutely continuous with respect

c,n
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to %A and the corresponding Radon-Nikodym derivative f*: T — CI%9 satisfies
A-a.e. on T the identities

1

ff=a*Rpi1a;' and ff=c 'Loic,"

Proof. An application of Proposition 7.12 in combination with Remark 3.1 and
part (b) of Lemma 3.2 yields the assertion. O
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Abstract. The main goal of this paper is to investigate the matrix extremal
interpolation problem formulated in Chapter 7 of the monograph [7]. We give
natural conditions under which the problem has one and only one solution.
The basic idea of the proof is to use the matrix Riccati equation deduced in
[7, Chapter 7).
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0. Introduction

In this paper we consider a particular matrix extremal interpolation problem.
More precisely, we try to find amongst the solutions w(z) of the corresponding
interpolation problem the solution which satisfies the additional extremal condition

w*(2)w(2) < prans 121 <1, (0.1)

where pnin is a positive Hermitian m x m matrix. What concerns the statement of
the problem we follow the book [7, Chapter 7] where some Riccati type equation
for the matrix pmin was deduced. It was proved by Ran and Reurings (see [6]) that
for the case of the Schur extremal interpolation problem this equation has one and
only one solution pyin-

The main result of this paper is to show that the above-mentioned result of
Ran and Reurings can be extended to a broad class of interpolation problems. In
particular, it is true for the Nevanlinna-Pick problem. In this paper we will develop
a method for the computation of pni,. We illustrate our general result with some
concrete examples (Schur problem, Nevanlinna-Pick problem, Jordan blocks).

Remark 0.1. A well-posed physical problem should have one and only one solution.
The extremal interpolation problem under consideration satisfies this requirement.
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Remark 0.2. It is essential both from the applied and theoretical points of view
that the solution of the extremal problem turns out to be a rational matrix function
(see [7, Chapter 7], [4]).

Remark 0.3. It is possible that in the classical case
w*(2)w(z) < T
the interpolation problem has not any solution whereas problem (0.1) has a solu-

tion.

Remark 0.4. The scalar case (m = 1) of the extremal interpolation problem was
studied by N.I. Akhiezer [1]. It found its application in control theory (see Kimura
[5]). The transition to the matrix case allows to enlarge considerably the class of
extremal problems which have effective solutions.

1. Extremal interpolation problems

Let the matrices A, Sx and ¥y, k = 1,2, have the sizes mIN x mN and mN X m,
respectively, where Si is nonnegative Hermitian. We suppose that these matrices
are connected by the relations

Sk — ASRA* =¥, Ur, k=12 (1.1)
Setting
S:=5,—-51
we deduce from (1.1) the equality
S — ASA* = 005 — 0,07, (1.2)

We introduce the block-diagonal matrix

R :=diag (p,...,p)
——
N
where p is a positive Hermitian matrix of size m x m. In addition we shall assume
the equality
AR = RA. (1.3)
This is justified, since it was shown in [4] that condition (1.3) is true in a number

of concrete examples.
From equations (1.1) and (1.3) it follows that

S, — AS,A* = W05 — ‘Ill,p\Ilip. (1.4)

where
Sp = Sg - Rilisil (15)
Uy, =R 1. (1.6)

Thus we have constructed a set of operator identities (1.5), where the positive Her-
mitian matrix p plays the role of a parameter. A set of interpolation problems, see



On Extremal Problems of Interpolation Theory 335

[7, Chapter 6] corresponds to this set of operator identities. A necessary condition
for the solvability of these problems is the inequality
RS>R — S; > 0. (1.7)
Now we turn to extremal interpolation.
Definition 1.1. We shall call the matrix p = ppin > 0 a minimal solution of
inequality (1.7) if the following two requirements are fulfilled:
1. The inequality
RminS2Rmin - Sl Z 0 (18)
holds where
Rmin = dlag (pmin; ceey pmin)
—_———

N
is valid.

2. If p > 0 satisfies inequality (1.7), then

rank (RuyinSaRmin — S1) < rank (RSaR — S7). (1.9)
(In other words, Ry, minimizes the rank of RS R — 51 > 0.)
Remark 1.2. The existence of pyi, follows directly from Definition 1.1

We shall write the nonnegative Hermitian matrices S1,S2 and R in the fol-
lowing block forms

(k) (k)
S = (S%;) S@) k=12 (1.10)
S21 522
Ry 0 .
R= (01 ) Ry = diag (p,...,p) (1.11)
p N——

N-1
where Sgg) are blocks of size m x m, Silf) has the size (N — 1)m x (N — 1)m and
Sg) has the size (N — 1)m x m. The following result is proved in [7, Proposition
7.1.1].

Proposition 1.3. Suppose that for all p > 0 satisfying inequality (1.7) the upper
diagonal block is positive Hermitian, i.e., that

Rng)Rl — Sﬁ) >0
holds. If p = q > 0 satisfies inequality (1.7) and the relation

-1
985 q = 5% + ¢y (QlSﬁ)Ql - Sﬁ’) Cy (1.12)
where , 1
Ql = dlag (an7"'7q)a C(1 = Q15§2)q—5£2), (113)
—_——
N-1
then

Pmin = ¢.
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2. On a nonlinear matrix equation

In this section we consider the equation

-1
05Ga =55 + sty (s - s1) s
where
. 2 _ o)
S12:= Q15154 — 51y’
We make the following two assumptions.
Condition 1. The matrix Sy has the block structure

S2 = (Cjk)j k=1
where all m x m blocks Cj;, have the shape
Cir = ajilp,
with some complex number a;y.

Condition 2. The matrix S is positive Hermitian (S2 > 0).
In view of Condition 1 we obtain

S12 = Q?SS)—SS)
2 2\ L
oty (s7) "2 -t

_ [lem (1)} (Sg>> $@ 4 g (Sﬁ’)_lsf) S

and

Q517 Q1 = Q51
We introduce the following notations

2 1 2\ ! 2

a=@isiy -5, B=(s1) s,
and
1) (o2 2 1
C = s (s >) s? 5.

Then obviously A* = A and the equation (2.1) can be written in the form

tnn@® = S + (B*A+ C*)AY(AB + C)
or
anng® = S5 + B*AB+ B*C + C*B+ C*A™'C.
Using (2.3) and (2.5) we infer
@PT=U+C*A7IC
where
T o= ol — (52) (s) s

(2.1)

(2.2)
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and
U = B*C+C*B-BSVB+5)
= (52) (s2) s (s2) s - (52) (s2) s
(s () s+ 5 (28)
In view of Condition 2 the relation
T>0 (2.9)
is true.
According to Condition 1 and (2.7) the matrix T has scalar type, i.e.,
T = BI,n. (2.10)
Because of (2.9) and (2.10) it follows then
8> 0.

Hence the equation (2.6) takes the form
1
f:5w+cm*m. (2.11)

If we compare the equations (2.1) and (2.11) we see that S12 depends on ¢, but C
does not depend on ¢. Taking into account this fact we can apply Theorem 3.3 of
the paper [6] to equation (2.11). Moreover, we observe that the matrix A can be
represented in the form

A=DQ?D - S\

where
D:=1/52 >o0.
Now we rewrite the equation (2.11) in the form
1 —1
=g |vrci(@-psio) al (212)
where
Cl = DilC.

We introduce the notation

U :=diag (U,U,...,U).
—_———
n—1
Definition 2.1. We call an interpolation problem regular if the condition
1 -~
EU>1T4$PD—1

is satisfied.
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Using Theorem 3.3 in [6] now we obtain our main result.

Theorem 2.2. Let the conditions 1 and 2 be fulfilled and let the interpolation prob-
lem be regular. If Sﬁ) > 0 then equation (2.1) has a unique solution q such that
q>0 and Q1SPQ; > S\,

Corollary 2.3. Under the assumptions of Theorem 2.2 the relation p2;, = ¢* holds.

Remark 2.4. Under the assumption that pni, is known an explicit representation
of the solution of the corresponding extremal interpolation problem is given in
monograph [7, Chapter 7]. In the special case of the extremal interpolation prob-
lems named after Schur and Nevanlinna-Pick, respectively, this solution is written
in a simpler form in the paper [4].

We have shown that there is one and only one positive Hermitian solution
of equation (2.1) which satisfies condition (1.7). In the case N = 2 Ferrante/Levy
[3] proved without taking into account condition (1.7) that equation (2.1) has one
and only one positive Hermitian solution.

3. Methods of computation

1. We apply the method of successive approximation to the study of equation (2.1).
We set

@ ==U
and for p € {0,1,2,...} then

1 o
Gy = 3 [U+Ci(Q2—D 'S DM ],

where
Qp = diag (gp, @ - - -, @p) -
—_———
N—-1

The following assertion is proved in [7, Lemma 7.1.1].

Lemma 3.1. Let the conditions of Theorem 2.2 be fulfilled. Then:

a) The sequence g3, q3,q3, . .. is monotonously increasing and has the limit ¢2.
b) The sequence q%,q3,qz2, . .. is monotonously decreasing and has the limit 7.

The combination of Theorem 2.2 and Lemma 3.1 yields the following result.

Corollary 3.2. The relations

0> =7 = Prin

and
q%p S pr2nin S qu-i—h p S {07 1a27 .. '}a
hold.
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2. Now we introduce the matrix

Smin = RminS2 RBmin — 51 (31)
Setting
Ry := diag (pmin, - - - 5 pminl. (3.2)
~—_———
N-1
and, using the block partitions (1.10), moreover
Sig 1= R1512 Pmin — Sg) (3.3)
from (3.1), (3.2), and (3.3) we obtain the block decomposition
@ p (1)
Suin = (15T 750 (z)S12 (1) (3.4)
5{2 pminsgz Pmin — S.
Taking into account (2.1), (2.2), (3.2), and (3.3) from Theorem 2.2 we get
RSP R SY >0 (3.5)
and 2 1 2 1
PininSs) Pmin = 583 + St (RS Ry — S) 71810, (3.6)
In view of Spin > 0, (3.4), (3.5) and (3.6) we infer
rankSmin = (N — 1)m. (3.7
Defining the sequence (Y;)7_; of complex m x m matrices via
Y;
Yo
S| = (SR - ST S (3.8)
Yn-1
and
Y = I (3.9)
we obtain from (3.4) and (3.6) the relation
SminY =0 (3.10)
where
Y = col(Y;) ;. (3.11)

3. Let us calculate the number 5 introduced in (2.10). According to Condi-

tions 1 and 2 the matrix Ség) is nonsingular and the matrix (Sg))’l has the block
structure

2)
(55)7" = (Daw) i (3.12)
where all m x m blocks Dj;, have the shape
Djk = 'ijlm (313)

with some complex numbers ;. Condition 1 implies moreover that

S’(g) = col ((ojn Iy )J 2. (3.14)
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Combining (2.10), (2.7), (3.12), (3.13), and (3.14) we obtain
B =anny — o Ta

where
N—-1
a = col(ayn);;
and

N—
= (’ij)j,kzlr

4. Schur extremal problem
Let us consider the following version of the Schur problem.

Problem 4.1. Let the complex m X m matrices ap,a1,...,a, and the positive
Hermitian m x m matrix p be given. We wish to describe the set of m x m matrix
functions w(z) holomorphic in the circle |z| < 1 satisfying

w(z) =ag+amz+ - +apzf +--- (4.1)
and
w*(2)w(z) < p?, |z < 1. (4.2)
The relations (4.1) and (4.2) can be written in the form
wi(z) =bo+biz+ - +bp2P +--- | (4.3)
wi(2)wi(z) < L, 2] <1, (4.4)
where
wi(2) = w(z) - p~ (4.5)
bo :=aop by ... by = appt (4.6)

Thus, the modified Problem 4.1 is reduced to the matrix version of the classical
Schur problem.

Using [7, Proposition 7.2.1] we deduce the following assertion.

Proposition 4.2. Let the matriz C, be defined by

ap air ... Qp
0 ay ... Gp—1
Cp:i=1| . . . . (4.7)
0 0 e ao
Then Problem 4.1 has a solution if and only if the inequality
CrCp < R? (4.8)
is valid, where
R :=diag(p,p,...,p). (4.9)
—_———

p+1
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Remark 4.3. If the strict inequality
CyCp < R? (4.10)

holds then the set of solutions of the modified Schur problem 4.1 can be written
with the aid of a linear fractional transformation (see [7, Chapter 6]).

Let us formulate now the extremal Schur problem.

Problem 4.4. Let the complex m x m matrices aop, a1, ..., a, be given. We seck an
m X m matrix-valued function w(z), holomorphic in the circle |z| < 1, satisfying

w(z)=ao+az+ - +apz’ +--- (4.11)
and
w*(2)w(z) < Py 2] < 1. (4.12)
Here ppmin will be defined by a minimal rank condition. More precisely, we
indicate that the Schur extremal problem fits into the general scheme of interpola-
tion problems studied in this paper and seek a minimal rank solution in the sense
of Definition 1.1.

We present now the operator reformulation of the Schur problem (see [7,
Chapter 7]). It is well known that in this case

Ss = Ipps1yms  S1=CiC, (4.13)

where C}, is given by (4.7). Moreover, the matrix A has in the case of the Schur
problem the form

0 0 0 O
I, O 0 O
A=|0 In 0 0f, (4.14)
0 0 I, O
p+1
whereas the matrices W1 and Ws are defined by formulas
W, = col [ag,a},...,a] (4.15)
and
Uy = col[I,,0,...,0]. (4.16)
Taking into account formulas (4.13)—(4.16) it is immediately checked that
S, — ASLA* = \I/k\Ifz, ke {1,2} (417)

Thus, in view of (4.17) the results obtained above can be applied to the Schur
extremal problem.
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In this case we have
T =1In, B=1,

S =0, Sn=-83, Si=C; .,
U= Sg) = apap +ajar + -+ a,ap.
The regularity condition from Definition 2.1 has now the form
diag (U,U,...,U) > SW (4.18)
_p,_/
Proposition 4.5. If the condition (4.18) is fulfilled, then
apap > 0.
The converse statement is true in the case p = 1.
Proposition 4.6. If p =1 and afa; > 0 then

(1)
U = ajao +ajar > ajao = S77’-

5. Nevanlinna-Pick extremal problem

Let us consider the following version of the Nevanlinna-Pick problem.

Problem 5.1. Let the complex m x m matrices 11,13, ..., My, the points z1, ..., z,
satisfying |z| < 1, k € {1,...,n} and the positive Hermitian m x m matrix p be
given. We wish to describe the set of m x m matrix functions w(z) holomorphic
in the circle |z] < 1 such that

w(—zg) =n;, ke {l,...,n}, (5.1)
and

w*(2) - w(z) < p?, 2] < 1. (5.2)
The relations (5.1) and (5.2) can be written in the form

wi(—2g) =Tk, k€{1,...,n}, (5.3)

wi(z) w1 (z) <In, |2 <1, (5.4)
where

ni=me-p Y, ke{l,...,n}, (5.5)

wy (2) = w(z)-p L. (5.6)

Using [7, Proposition 7.3.1] we deduce the following assertion.

Proposition 5.2. Let the matrices S1 and Sy be defined by

Sy = (M L Sy (A . 5.7
! (1 — ZKZ1 ) k=1 2 (1 = 2k21) k=1 (5.7)
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Then Problem 5.1 has a solution if and only if the inequality

Sy —RI'SIR71>0 (5.8)
s valid, where
R:=diag(p,...,p). (5.9)
—_———
P

Remark 5.3. If the strict inequality
Sy — R_lis_l >0

holds, then the set of solutions of the modified Nevanlinna-Pick Problem 5.1 can
be written with the aid of a linear fractional transformation (see [7, Chapter 6]).

Let us formulate now the Nevanlinna-Pick extremal problem.

Problem 5.4. Let complex m x m matrices 11,72, ...,n, and points 21, 22, ..., 2p
satisfying |zx| < 1, k € {1,...,n}, be given. We seek an m x m matrix-valued
function w(z) which is holomorphic in the circle |z| < 1, such that

w(_ﬁ) :77;7 ke {17”'777'}; (510)

and
w* (2)w(z) < P, 2l < 1. (5.11)

Here punin will be defined by a minimal rank condition. More precisely, we
indicate that the Nevanlinna-Pick extremal problem fits into the general scheme
of interpolation problems studied in this paper and seek a minimal rank solution
in the sense of Definition 1.1.

We present now the operator reformulation of the Nevanlinna-Pick problem
(see [7, Chapter 7]). In this case, the matrices S; and Sy are given by (5.7) whereas
the matrices A, U1, and Wy are defined by

A = diag(z11m, 22Im, - - -, Znlm) (5.12)
Uy :=col(Nyy. -y 0m) (5.13)
Uy = col(Ip, ..., Im). (5.14)

Taking into account formulas (5.7), (5.12), (5.13) and (5.14) it is immediately
checked that

SE — ASkA* = \I’k\I’Z7 ke {1,2}. (515)
Thus, in view of (5.15) the results obtained above can be applied to the Nevanlinna-
Pick extremal problem. In this case we have

L 77]@7]* n—1 ) I n—1
S§1) = < - > ) S§1) = ( S > ) (5.16)

k=1 k=1
* I
S(l) NnTly, S(2) _ m 5.17
22 1 |Zn|27 22 1 |Zn|2, ( )
0 e, \" @) I et
Sy = —/—2— Sy = ——— . 5.18
12 <1 — Zk§n> he1 ’ 12 (1 — Zk§n>k:1 ( )
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FEzxzample. We consider the case n = 2. Then

T 1,
s _Mh @ __m 5.19
11 1*|Zl|27 11 1*|Zl|2 ( )
(1) _ "2 &) Im
_ _ 2
S22 1_|22|27 522 1_|22|2 (5 O)
5 1,
s =Mk g _m 5.21
12 T 1L 5 12 S 1.5 (5.21)
Thus, using formulas (5.16)—(5.21) we obtain
5 1 B 1—|z1)?
T mf (- am)(-72)
|21 — 2
= . 5.22
(1= |2 1= 2173 (5:22)
Using (2.8) and (5.22) we get
* —1 —1
vo= (s8) (s) (s) () s¥
D\* (@) ! o D\ (@) ! o2 1
— (@) (s1) sl - (s1) (s) s +sE
_ 1-]af . 1 1]z .
- |1 — le—2|2(771 772)(771 772> + 1_ ‘Zz|2 ‘1 — le| 2712
_ L[ =12 = |2?) . .
=p { = 2 (m = m2) (1 — 12)"™ + n2m3
Hence,
1, (A-]a)0 =)
~U = _ o * x
3 = o (m = n2)(m —m2)" + 12m3
In view of

Im
Vi=|alf?
the regularity condition %U > Dilsﬂ)Df1 has now the form

(1 —|z:2)(1 = |z2]?)
|21 — 22/?

D=1/S =

(m = n2)(m —m2)™ +m2nm5 > mn;.

In particular, if nan5 > n1n7, then this condition is satisfied.

6. Jordan block diagonal structure

In this section, we consider the case when the matrix A has the block diagonal
form

A= diag(Al,Ag, PN 714]\[),
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where for each k € {1,..., N} the complex mnj X mny matrix Ay has the shape
el 0 ... 0 0
I, Ml,, ... O 0
Ay = 0 L, ... 0 0 (6.1)
0 0 oo Iy Ml
and where
[Ag| < 1. (6.2)
Let n := Z,Icvzl ng. Then we choose the complex mn x m matrix Uy via
\1’2 := col (\1121, \1122, ey \IIQ’N) (63)
where
Uy j = col ([,,0,...,0), ke{l,....,N} (6.4)
———
ng

Now we are looking for a complex mn X mn matrix So satisfying the equation
Sy — ASs A" = U, U5. (6.5)
Proposition 6.1. There is one and only compler mn X mn matriz So satisfying
(6.5), namely
o0
Sy =Y ATWW3(AT)". (6.6)
j=0
Moreover, the matriz Sy is positive Hermitian.

Proof. In view of (6.1) and (6.2) we see that the spectrum of the matrix A is
contained in the open unit disk. Thus, we obtain from [2, p. 578] that the equation
(6.5) has a unique solution S which is given by formula (6.6). This matrix S is
positive Hermitian. O

We introduce the block diagonal matrix

R:=diag(p,p,....p)
| —

where p is a positive Hermitian m x m matrix. Let us consider the equation
Sp — AS1A* = U, U7 (6.7)
where the complex mn x mn matrix ¥, is defined by the relations
¥, := R ' -col(ay,az,...,an)

and

ag :col(al,k,agyk,...,ank’k), ke {1,...,N}.
Here the matrices ax and a;; have the sizes mny x m and m x m, respectively.
Using [2, Theorem A3.4, part (a)] we obtain the following result.
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Proposition 6.2. There is one and only complex mn X mn matriz S1 satisfying
(6.7), namely

o0
Sy = AT (A)
j=0
Moreover, the matriz Sy is nonnegative Hermitian.

The identities (6.5) and (6.7) generate an extremal interpolation problem to
which the results of Section 1-3 can be applied. We omit here its exact formula-
tion.This will be done in detail in a forthcoming paper.
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Abstract. We present a new representation for the inverse of a matrix that is
a sum of a banded matrix and a semiseparable matrix. In particular, we show
that under certain conditions, the inverse of a banded plus semiseparable ma-
trix can also be expressed as a banded plus semiseparable matrix. Using this
result, we devise a fast algorithm for the solution of linear systems of equa-
tions involving such matrices. Numerical results show that the new algorithm
competes favorably with existing techniques in terms of computational time.
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Keywords. Semiseperable matrix, fast algorithms, linear solver, inverse, struc-
tured matrices.

1. Introduction

Understanding of structured matrices and computation with them have long been
problems of theoretical and practical interest [1]. Recently a class of matrices called
semiseparable matrices has received considerable attention [2, 3, 4, 5, 6, 7, 8, 9].
Perhaps the simplest example of a semiseparable matrix is given by the inverse of a
symmetric tridiagonal matrix: If A = A7 is irreducible tridiagonal and nonsingular,
then it is well known that A~! can be written as:
-1 _ u,”Uj lf 7 S j,

Aij o { U504 if i > j. (1)
Matrices such as the one in (1) and its generalizations arise in a number of prac-
tical applications like integral equations [10, 11], statistics [12], and vibrational
analysis [13]. Modeling with a semiseparable matrix evidently offers the potential
of reducing the number of parameters describing a matrix by up to an order of
magnitude (from O(n?) to O(n) in the example in (1)). Moreover, it is known that

This work was done when the authors were at Purdue University.
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computation with semiseparable matrices requires significantly reduced effort; for
example, for a semiseparable matrix of the form in (1), matrix-vector multiplies
can be performed in O(n) (as compared to O(n?) in general).

In several practical situations, semiseparable matrices do not arise alone;
instead, matrices that are encountered, are a sum of diagonal and a semiseparable
matrix or a banded and a semiseparable matrix. Examples where such matrices
arise, are in boundary value problems [14, 15], and integral equations [16]. The
computation with such matrices has been a subject of considerable interest. Several
algorithms have been developed to deal with matrix inversion and linear equation
solution with such matrices. Formulae for inversion of diagonal plus semiseparable
matrices were first developed in [6]. However, these formulae were valid under the
assumption that the matrix is strongly regular, i.e., it has non-vanishing principal
minors. These restrictions were later removed in [4]. Recently several algorithms
have been developed for solving linear systems of equation

Az =c, (2)

where the coefficient matrix A is a sum of diagonal and semiseparable matrix [3, 4,
5, 7]. Fast and numerically stable algorithms for banded plus semiseparable linear
system of equations were proposed in [2].

We present two main results in this paper. First, we provide an explicit
representation for inverses of banded plus semiseparable matrices. In particular,
we show that under certain conditions, the inverse of a banded plus semiseparable
matrix is again a banded plus semiseparable matrix. Our second contribution is
to provide fast solutions of linear systems of equations with these matrices. A
comparison with the state of the art shows that our method is about two times
faster than existing solutions of linear system with diagonal plus semiseparable
matrices. When banded plus semiseparable matrices are considered, our method
is up to twenty times faster than existing solutions.

The remainder of the paper is organized as follows. In §2, we establish math-
ematical preliminaries and the notation used in the paper, as well as a brief review
of the state of the art. In §3 we present formulae for the inverse of banded plus
semiseparable matrices. We exploit this result in §4 to provide a fast algorithm for
solving linear systems of equations. In §5, we establish the effectiveness of the new
algorithm via numerical results. The extension of this algorithm to handle some
special cases is presented in an appendix.

2. Preliminaries

For k = 1,...,a, and r = 1,...,b, let ux = {up(i)}/_y, vk = {vi(i)}iey, Pr =
{pr(i)};_,, and ¢ = {g-(i)},—,, be specified vectors. Then S, an n x n semisep-
arable matrix of order (a,b), is characterized as follows:

{ZZ=1Uk(i)vk(j) if i <7,
S =

Sv_ype(i)ar(i) ifi> ;. (3)
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We use S, as the generic notation for the class of semiseparable matrices
of size n.

We use B,, to denote the class of banded matrices of size n. B = {Bij}?,jzl
is used to denote a banded matrix with [ non-zero diagonals strictly above the
main diagonal and m non-zero diagonals strictly below the main diagonal, i.e., if
B" € B, then B;; =0if i —j > m or j —4 > [. The numbers ! and m are called
respectively the upper and lower bandwidths of a banded matrix B;". D,, is used
to denote the class of diagonal matrices. D = diag(d) is used to denote a diagonal
matrix with d as the main diagonal. We now define a proper banded matrix.

Definition 2.1. A nonsingular banded matrix B;" is said to be proper if any sub-
matrix obtained by deleting r(= max(l, m)) consecutive rows and r consecutive
columns is nonsingular.

It is well known that the inverses of banded matrices are semiseparable ma-
trices.

Theorem 2.2 ([17]). Let B be a n x n proper banded matriz. Then its inverse can
be written as

(BI") ™" =S50 €Sy,

Remark 2.3. The above semiseparable representation, though elegant and com-
pact, suffers from numerical instabilities [18], making it of limited practical use.
Hence, the above representation will be only used as a theoretical tool, and not in
any numerical implementations.

We next present a brief review of the state of the art for solving linear system
of equation in (2), where A is a sum of banded and semiseparable matrices. We
first consider the case when A is a sum of a diagonal and a semiseparable matrix.
Two algorithms for solving such systems were developed in [3]. The first step is
the same with both algorithms, where A € n x n is reduced to a upper Hessenberg
matrix H via n — 1 Givens rotations:

A=GTGY...GT H.
—_—

It was shown that GQT,L is a lower Hessenberg matrix, whose upper triangular
part is the upper triangular part of a unit-rank matrix. The upper triangular part
of H was shown to be the upper triangular part of a matrix of rank two. The
second step of both algorithms is to reduce the upper Hessenberg matrix H into
an upper triangular matrix via n — 1 Givens rotations. Two different algorithms
were obtained by either applying the Givens rotations on the left of H, leading to
QR algorithm, or applying Givens rotations to the right of H, obtaining the U RV
algorithm. Exploiting the low rank structure of GQT,L and H, both algorithms
were shown to require 54n — 44 flops as compared to 58n flops for the algorithm
in [5] and 59n flops for the one in [2].
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The authors in [2] proposed a fast and numerical stable algorithm for the more
general case of the solution of (2) when A is a sum of banded and semiseparable ma-
trix. The basic idea is to compute a two-sided decomposition of the matrix A such
that A = WLH. Here L is a lower triangular matrix, and both W and H can be
written as a product of elementary matrices. An efficient algorithm for solving (2)
is obtained by inverting W, L, and H on the fly. The matrices W and H can be ei-
ther obtained via standard Gaussian elimination, or by using Givens rotations and
Householder reflection matrices. The algorithm based on Gaussian elimination was
shown to be marginally better in computational time than the one based on Givens
rotations and Householder reflections, with the latter algorithm performing better
with respect to accuracy. For a banded matrix with upper and lower bandwidth [
and m and a semiseparable matrix of size n and order (a,b), the algorithm based
on Givens rotation and Householder reflection was shown to have an operation
count of (11a* 4+ 2 (20 4+ 2m + 3b+ 5a) (I + a)) n flops, while the algorithm based
on Gaussian elimination requires (9a® + 2 (I 4 2m + 2b + 2a) (I + a)) n flops.

The approach we take in this paper is to first provide an explicit represen-
tation for inverses of banded plus semiseparable matrices. We then exploit these
results to come up with a fast algorithm for solving linear systems of equations.

3. Structure for inverses of banded plus semiseparable matrices

We begin this section by considering semiseparable matrices of order (1,1). We first
present a theorem on multiplicative structure of inverses of banded plus semisep-
arable matrices of order (1,1).

Theorem 3.1. Let B/™ be a n x n banded matriz and Si be a n x n semiseparable
matrixz of order (1,1). Then the inverse of their sum has the following multiplicative
structure:

(B +51) " = DL (BPY) LD,

where D, D € Dy, Bl”fl'l € B,, and L is a lower bidiagonal matrix.
Proof: Let
1 o uivj lf Z S j,
Assume vy (i) # 0, ¢1(¢) # 0 for this and the next section. The results have been
extended for the more general case in the appendix. Let D, = diag(l/v) and

D, = diag(1/q) be diagonal matrices. Let L be a lower bidiagonal matrix, which
is defined as follows:
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It can be easily verified that

LD,SID, LT =L, (5)

D,LTSILD, = S} + D, (6)

LD,SID, LT = S + L, (7)

where L, L are lower bidiagonal matrices, D € D,,, and Sll, Sl eS,. Now, from (5)

Dy (B +S{) D,L" = LD,B"D,L" + L.

It can be readily verified that matrix LDqumDvLT is banded with lower and
upper bandwidth I 4+ 1 and m + 1 respectively, i.e., LD,B/"DI L™ = BT € B,.
Moreover, as L is lower bidiagonal, we have

LDy (B"+ S81) D,L" = B 7"

I+1
Thus
(B +51) "' =D, L7 (B LD, O
Remark 3.2. Suppose the banded matrix B{f{l in Theorem 3.1 is proper. Then

using Theorem 2.2 and (6), we have the following elegant additive structure for
the inverse of a banded and semiseparable matrix of order (1,1):
(B +81) "' = D,LTS" LD,

=S/t + D,

where S’l’f{l €S,,and D €D,.

More generally, the following theorem characterizes the inverses of general
banded plus semiseparable matrices.

Theorem 3.3. Let B be a n x n banded matriz and S be a n x n semiseparable
matriz. Then the inverse of their sum has the following multiplicative structure:

(B + S0~ = D" DyLT (B ' LD, - LDy,

where Dy,D', Dy, D}, ..., D, D, Dy, D, € Dy, Bﬁib € By, and L is a lower
bidiagonal matriz.

Proof: Without loss of generality, assume b > a. Now, from (5) and (7)

LDy (B* + 85) DiL" = Bl + 8073

LDy LDy (B* + S) D{L" -+ D,L" = B/\t* + S§~¢
LDy LDy (B" + S¢) D{LT - D,LT .- D,LT = BJ}i?,
where Dy, D}, Do, D, ..., Dy, D) € D,. Thus

(B +S0) " =DL" D/ DyLT (B T LD, LDy O
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Remark 3.4. Suppose the banded matrix Bﬁ_:b in Theorem 3.3 is proper. Then
using Theorem 2.2 and (6), we have the following elegant additive structure for
the inverse of a banded and semiseparable matrix:

(B + S0 ' =D\L"---D,L” .- DyLTS™ LD, - LDy

l+a
_ b—1 m—+b
- Bafl + Sl+a ’

where BZ:} € B, and Sﬁ_zb €Sy.

Corollary 3.5. The inverse of a diagonal plus semiseparable matriz is again a
diagonal plus semiseparable matriz.

4. Fast solution of Az = ¢

In this section, we consider the problem of finding the solution of linear systems
of equation, Ax = ¢, where the coefficient matrix, A is a sum of banded and
semiseparable matrix, i.e.,

A=B"+S° B"eB,, StcS,.
Without loss of generality assume b > a.

o= Ao — (B + 80) o= DYLT - DLLT - DYLT (B3 LD, - LDyc
(8)

function z = Ainve(S?, BI",c)
1. Caleulate Dy, Dj,...,D,,Dl,,...,Dy, D}, and Bj1t°
as described in proof of Theorem 3.3;
2. z=LD,---LDc;
3.y= Bﬁzb \ z ( Solve Bl”ﬂ;by =z );
4.2 =D/LT---D.LT...D,LTy;
return ;

Note that for solving Az = ¢, we do not need the condition of the banded
matrices being proper.

We now present a complexity analysis of the above-mentioned procedure of
solving Az = c¢. We will assume 1 < a,b,l,m < n to make the complexity
analysis simpler. The flop count of the overall algorithm is dominated by the cost of
steps 1 and 3. Total cost of step-1, i.e., calculating D1, D1,..., D, D,, ..., Dy, Dy,
and Bﬁl‘b is

(2 (I + m)max (a,b) + 8 (a2 + bz)) n
flops. In step-3 the cost of solving a banded system of equations is 2(I +a)(m+b)n
flops. Hence the total complexity of the proposed algorithm is

(2(I + a)(m +b) + 2 (I + m) max (a,b) + 8 (a*> + b%)) n

operations. For diagonal plus semiseparable systems, the complexity reduces to
30n operations.
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5. Numerical results

In this section, we compare the results for computational time and accuracy for
solving a linear system of equations of form Az = b, for several algorithms. We
compare the results for following four algorithms:

e Algorithm I: QR algorithm for solving a diagonal plus semiseparable system,

as given in [3].

e Algorithm II: URV algorithm for solving a diagonal plus semiseparable sys-

tem, as given in [3].

e Algorithm IIT: Chandrasekaran-Gu algorithm for banded plus semiseparable

system of equations, as given in [2].

e Algorithm IV: The new algorithm as described in §4.

All numerical experiments were performed in MATLAB running on a 4 CPU
1.5GHz Intel'™ Pentium' machine. For Algorithm I and II, we used the author’s
implementation, taken directly from [19]. All the matrix entries are randomly
generated, drawn from a Gaussian distribution with zero mean and unit variance.

5.1. A is a sum of diagonal and semiseparable matrix

We first present the computational requirements and the accuracy of our approach
against Algorithm I and II from [3]. The matrix A comprises of a diagonal plus
a semiseparable matrix. Table 1 summarizes the results. Error in solving x in
Ax = b is defined as %. As expected all three algorithms are linear in
computational time. Algorithm IV is faster than and comparable in accuracy to
Algorithms I and II. For a system with size 320000, Algorithm IV is 1.9x faster
than Algorithm I and 2.4 x faster than Algorithm II. This supports the theoretical
complexities mentioned previously, where Algorithm IV takes 30n operations as
compared to 54n — 44 operations taken by Algorithm I and II.

Size Error = % Time (in sec)

Alg 1 [3] Alg 11 [3] Alg IV |Alg I [3]| Alg IT [3] | Alg IV
10000 |[3.33 x 10719|5.32 x 10719(3.27 x 10~18 .34 43 .14
20000 |/ 8.01 x 10719 [4.66 x 10~19|1.40 x 10~17 .68 .85 27
40000 |[9.24 x 10719 1.80 x 1018 |5.63 x 10~ 18| 1.39 1.74 .65
80000 |[1.47 x 10718 8.27 x 10719{2.15 x 10717 | 2.77 3.50 1.41
160000 || 1.29 x 10719 5.49 x 10719 5.65 x 10719 | 5.59 7.00 3.05
320000 |[2.34 x 10719 5.24 x 10719{2.30 x 10~18| 11.06 13.92 5.86
640000 || 6.53 x 10720 1.71 x 10719 8.91 x 10~18| 22.02 27.79 11.86
1280000 || 8.30 x 10720 | 8.40 x 10719 2.88 x 1018 | 44.17 55.89 | 24.39

TABLE 1. Error values and Computational time as compared with
Algorithms I and II.
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5.2. A is a sum of banded and semiseparable matrix

We now present the computational requirements and the accuracy of our approach
against Algorithm IIT from [2]. The matrix A comprises of a banded plus semisep-
arable matrix. The three variables of interest of the coefficient matrix are the
bandwidth of the banded matrix, order of the semiseparable matrix and size of
the system. We first give results by varying one of the quantities at a time, keep-
ing other two constant. Table 2 shows the results for increasing sizes of the linear

Size Error = % Time (in sec)
Alg 11T [2] Alg IV Alg III [2] | Alg IV

1000 || 8.58 x 10717 | 3.07 x 1013 1.33 0.13
2000 || 6.41 x 10717 | 8.42 x 1013 2.65 0.26
3000 | 1.78 x 10716 | 2.68 x 10~ 13 3.96 0.39
4000 || 7.14 x 1077 | 1.57 x 10~ 12 5.29 0.53
5000 | 1.84 x 10716 | 1.87 x 10712 6.57 0.65
6000 | 1.20 x 10716 | 1.25 x 10~12 7.98 0.80
7000 || 9.05 x 10717 | 8.48 x 1013 9.27 0.96
8000 || 3.73 x 10717 | 1.03 x 1012 10.62 1.12

TABLE 2. Error values and Computational time as compared with
Algorithm III; I =m=a=0=5.

systems. The upper and lower bandwidth of the banded matrix in all cases is 5.
The order of the semiseparable matrix is also kept constant at (5,5). Algorithm
IV performs favorably in terms of computational time, being 10x faster than Al-
gorithm IV for the size of 8000. Similar results are seen in Table 3 and 4, where
we are varying the bandwidth and the order respectively. Algorithm III exhibits
better accuracy than Algorithm IV, as it relies heavily on Givens rotations.

We now give results when all three variables are varied at the same time.
Table 5 shows the results for increasing sizes of the linear systems. The upper and
lower bandwidth of banded matrices as well as the order of semiseparable matrices
are varied as 525, where n denotes the size of the system. Algorithm IV is faster,
but at the expense of numerical accuracy. The computational times are consistent
with the theoretical flop count. For a = b =1=m = r, flop count of Algorithm ITT
reduces to 5972n. For the same case, flop count of the proposed Algorithm is 28r2n.
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l=m Error = % Time (in sec)
Alg 11T [2] Alg IV Alg TIT 2] | Alg IV
11 7.51 x 10717 | 3.34 x 10~ 13 2.24 0.16
21 2.33x 10716 | 2.40 x 1013 3.57 0.24
31 8.64 x 10716 | 4.82 x 1013 4.90 0.35
41 6.88 x 10716 | 1.22 x 10712 5.54 46
51 4.32x 10716 | 5.61 x 10713 5.60 55
61 1.33 x 1071% | 2.33 x 10712 7.24 .67
71 4.95 x 10716 | 1.26 x 10712 8.19 71
81 9.71 x 10716 | 2.87 x 10712 9.61 .81

TABLE 3. Error values and Computational time as compared with

Algorithm ITT; n = 4000, a = b = 1.

a="b Error = Mﬁo% Time (in sec)
Alg TIT [2] Alg IV Alg IIT [2] | Alg IV
11 || 241 x 10716 | 2.70 x 1010 8.96 1.09
21 || 3.52x 10716 | 2.88 x 10~10 15.47 3.20
31 [|9.79x 1076 | 1.82x 1078 25.29 6.04
41 || 6.37 x 10716 | 2.48 x 1077 43.19 9.40
51 1.16 x 10715 | 3.75 x 107? 61.07 14.83
61 1.01 x 10~ | 6.06 x 10~? 117.37 21.32
71 || 1.68x 107 | 1.62 x 1077 188.40 27.26
81 || 1.70x107'° | 1.03x 107" 288.77 34.94

TABLE 4. Error values and Computational time as compared with

Algorithm IIT; n = 4000, I = m = 1.

6. Conclusions

We have presented a representation for inverse of banded plus semiseparable ma-

trices. We have also presented fast algorithms for solving linear system of equations
with these matrices. Numerical results show that the proposed approach competes
favorably with the state of the art algorithms in terms of computational efficiency.

Appendix

In the discussion till now, we have assumed we are given a semiseparable matrix
SP . as defined in (3), such that for all 4, k vx (i) # 0, qx(i) # 0. Now, we will give

a’

procedure to modify the proposed methods when such assumptions do not hold
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Size Error = % Time (in sec)
Alg TII [2] Alg IV Alg III [2] | Alg IV
1000 || 7.00 x 10717 | 1.21 x 10™12 1.31 0.13
2000 || 6.68 x 10~17 | 7.69 x 10~ 12 4.49 0.90
3000 || 2.69 x 10716 | 1.69 x 10~ 8.84 2.71
4000 || 2.51 x 1016 | 1.46 x 1079 16.46 6.53
5000 || 5.14 x 10716 | 6.25 x 1010 26.36 11.62
6000 || 2.32 x 10716 | 1.11 x 1010 41.16 19.50
7000 || 2.55 x 10716 | 2.67 x 107° 63.70 30.93
8000 || 6.37 x 10716 | 3.39 x 1010 96.16 45.39

TABLE 5. Error values and Computational time as compared with Al-
gorithm IIl; [ =m=a =0 = 52

250"

true. We will only consider the symmetric case, i.e., p = u, ¢ = v. In addition,
we assume that the order of semiseparable matrices in consideration is (1,1), i.e.,
l=m = 1. Hence

Sij = {

The general case can be handled in a similar fashion.

Let us assume v = 0, and v; # 0 if ¢ # k. The technique that we propose
next can be easily extended to handle the case when for more than one i, v; is zero.
Consider the matrices L, and D, as defined in §3. In addition, let L(k,k—1) =0,
and D, (k,k) = 1. Then it can be easily verified that

if i < j,
if i > j.

Uiy
U;U;

LD,S{D,L" = M,,,

where M is defined as follows:

aq aq
a2 a2
Mu’v = 0 (673 s
a1 Qg A Qg1

On

where a; = uiv1, Qp = Uk, Qg1 = Ukl — Uk, O = UU; — U;—1V;—1 for all i ¢
{1,k,k + 1}. We can now do a tridiagonal decomposition of M, , as

PMPT =T,
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where T is a tridiagonal matrix, and P is given by

1 -&
(o]
1 -3
P:
Oy
L ==
1

Proceeding as with the proof of Theorem 1, we can show that

(B + 81~ = DL (B4?) ' LD,

where D, D € D,,, Bﬁf € B,,, and L is a lower bidiagonal matrix.

References

[1] T. Kailath and A.H. Sayed. Fast reliable algorithms for matrices with structure.
Society for Industrial and Applied Mathematics, Philadelphia, PA, USA, 1999.

[2] S. Chandrasekaran and M. Gu. Fast and Stable algorithms for banded plus semisep-
arable systems of linear equations. SIAM Journal on Matriz Analysis and Applica-
tions, 25(2):373-384, 2003.

[3] E. Van Camp, N. Mastronardi and M. Van Barel. Two fast algorithms for solving
diagonal-plus-semiseparable linear systems. Journal of Computational and Applied
Mathematics, 164-165:731-747, 2004.

[4] Y. Eidelman and I. Gohberg. Inversion formulas and linear complexity algorithm for
diagonal plus semiseparable matrices. Computer and Mathematics with Applications,
33(4):69-79, 1996.

[5] Y. Eidelman and I. Gohberg. A modification of Dewilde-van der Veen method for
inversion of finite structured matrices. Linear Algebra Appl., 343-344:419-450, 2002.

[6] I. Gohberg and T. Kailath and I. Koltracht. Linear Complexity algorithms for
semiseparable matrices. Integral Equations and Operator Theory, 8:780-804, 1985.

[7] N. Mastronardi, S. Chandrasekaran and S.V. Huffel. Fast and stable two-way algo-
rithm for diagonal plus semi-separable system of linear equations. Numerical Linear
Algebra Appl., 8(1):7-12, 2001.

[8] P. Rozsa. Band Matrices and semi-separable matrices. Colloquia Mathematica Soci-
etatis Janos Bolyai, 50:229-237, 1986.

[9] P. Rozsa, R. Bevilacqua, F. Romani and P. Favati. On Band Matrices and their
inverses. Linear Algebra Appl., 150:287-295, 1991.

[10] E. Asplund. Inverses of Matrices a;; which satisfy a;; = 0 for j > i+ p. Mathematica
Scandinavica, 7:57-60, 1959.

[11] S.O. Asplund. Finite boundary value problems solved by Green’s Matrix. Mathemat-
ica Scandinavica, 7:49-56, 1959.

[12] S.N. Roy and A.E Sarhan. On inverting a class of patterned matrices. Biometrika,
43:227-231, 1956.

[13] F.R. Gantmacher and M.G. Krein. Oscillation matrices and kernels and small vibra-
tions of mechanical systems. AMS Chelsea publishing, 2002.



358 J. Jain, H. Li, C.-K. Koh and V. Balakrishnan

[14] L. Greengard and V. Rokhlin. On the numerical solution of two-point boundary value
problems. Communications on Pure and Applied Mathematics, 44:419-452, 1991.

[15] J. Lee and L. Greengard. A fast adaptive numerical method for stiff two-point bound-
ary value problems. SIAM Journal on Scientific Computing, 18:403-429, 1997.

[16] Starr, Jr., Harold Page. On the Numerical Solution of One-Dimensional Integral
and Differential Equations. Department of Computer Science, Yale University, New
Haven, CT, 1992.

[17] F. Romani. On the additive structure of inverses of banded matrices. Linear Algebra
Appl., 80:131-140, 1986.

[18] P. Concus and G. Meurant. On Computing INV block preconditionings for the con-
jugate gradient method. BIT, 26:493-504, 1986.

[19] http://www.cs.kuleuven.ac.be/~marc/software/index.html.

Jitesh Jain

Intel Corporation

Hillsboro, OR 97124, USA
e-mail: jitesh.jain@intel.com

Hong Li

Synopsys Inc.

Mountain View, CA 94043, USA
e-mail: 1hong@synopsys.com

Cheng-Kok Koh and Venkataramanan Balakrishnan
School of Electrical and Computer Engineering
Purdue University
West Lafayette, IN 47907-1285, USA
e-mail: chengkok@purdue.edu

ragu@purdue.edu



Operator Theory:
Advances and Applications, Vol. 199, 359-375
(© 2010 Birkh&user Verlag Basel/Switzerland

Unified Nearly Optimal Algorithms for
Structured Integer Matrices

Victor Y. Pan, Brian J. Murphy and Rhys Eric Rosholt

Abstract. Our subject is the solution of a structured linear system of equa-
tions, which is closely linked to computing a shortest displacement generator
for the inverse of its structured coefficient matrix. We consider integer matri-
ces with the displacement structure of Toeplitz, Hankel, Vandermonde, and
Cauchy types and combine the unified divide-and-conquer MBA algorithm
(due to Morf 1974, 1980 and Bitmead and Anderson 1980) with the Chinese
remainder algorithm to solve both computational problems within nearly op-
timal randomized Boolean and word time bounds. The bounds cover the cost
of both solution and its correctness verification. The algorithms and nearly
optimal time bounds are extended to the computation of the determinant of
a structured integer matrix, its rank and a basis for its null space and further
to some fundamental computations with univariate polynomials that have
integer coefficients.
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Keywords. Structured matrices, the MBA divide-and-conquer algorithm.

1. Introduction

Linear systems of equations with displacement structure of Toeplitz, Hankel, Van-
dermonde and Cauchy types are omnipresent in scientific and engineering compu-
tations and signal and image processing. Due to the structure they can be solved
fast, in quadratic rather than cubic arithmetic time [L47], [D59], [T64] or even
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superfast, in nearly linear time [BGY80], [M80], [BA80], [OP98], [P01]. Quite typ-
ically, however, application of the superfast algorithms leads to the problems of
numerical stability [B85]. Moreover, structured linear systems of some important
classes are ill conditioned [GI88], [T94]. This suggests devising fast and superfast
symbolic algorithms, applied to the case of integer input coefficients, to which one
can reduce the rational inputs by scaling. The complexity of such algorithms is
usually analyzed under the Boolean (bit-operation) and word operation models
[GGO3]. Our main goal in this paper is to present the algorithm in a unified way
for the general class of integer input matrices with displacement structure and
to estimate the complexity of this algorithm and the probability of degeneration
(cf. [OP98], [PO1], [PWO08]). Besides the complexity and degeneration issues, we
elaborate upon recursive compression of the displacement generators in the MBA
process, displacement transformation of the input matrices, and reconstruction
of the rational solution from its representation modulo selected distinct random
primes. We also cover the extension to computations with structured singular ma-
trices. We arrive at the complexity bounds that cover both randomized solution
and its correction verification and that are nearly optimal (up to a polylogarith-
mic factor) under both Boolean and word operation models. The bounds cover the
cost of both solution and its correctness verification. Versus the information lower
bound of n?logn, the algorithm takes the order of n?log®n bit-operations for a
structured linear system of n equations with n unknowns where all coefficients
have absolute values in n°(!). The same cost bound covers the computation of
the determinant, rank, and a basis for the null space. The algorithm can be called
superfast because its Boolean cost bound is nearly quadratic versus the orders of
n* and n? bit-operations required for the solution by Gaussian elimination and
by the fast algorithms such as Levinson-Durbin’s and Trench’s, respectively. Our
nearly optimal complexity estimates can be extended to Berlekamp—Massey’s re-
construction of a linear recurrence coefficients from its values and to computing
the greatest common divisor, least common multiples, and Padé approximation
for univariate polynomials. We organize our presentation as follows. In the next
section we state some definitions and basic results. We describe the unified MBA
divide-and-conquer algorithm in Section 3. In Section 4 we cover the reconstruc-
tion of the rational solution from the solution modulo sufficiently many distinct
primes and estimate the overall Boolean and word complexity of our computations.
In Section 5 we recall various related works. The presented algorithms have been
implemented by the third and mostly the second authors. Otherwise the paper is
due to the first author.

2. Definitions and basic facts

2.1. Integers

We write log for log, (unless we specify otherwise), Z for the ring of integers, Z, for
the ring of integers modulo an integer g, and Q for the field of rational numbers.
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“Ops” stand for “arithmetic operations”. O(f(n)) denotes O(f(n)(loglogn)®) for
a constant c. f(s) = O(1) as well as “f(s) is in O(1)” means that f(s) is bounded
by a constant independent of s. We write a = z mod q, for three integers ¢ > 1, a,
and z, either to denote a unique integer a such that ¢ divides z —a and 0 < a < g
or, wherever due to the context this causes no confusion, just to show that ¢ divides
z — a.

Fact 2.1. Assume two integers a and m such that m > 1 and m > 2|a|. Then the
following expressions hold,

a=a modm if 2la mod m| < m,
a=a mod m —m otherwise.

2.2. Polynomial and integer multiplication

Definition 2.1. Let p(d)) denote the minimum number of bit operations sufficient
to perform an arithmetic operation modulo a prime q < 2¢, including division
by an integer coprime with q, and let m(n) denote the minimum number of field
operations sufficient to multiply two polynomials of degree n — 1 or less over any
field, ring with unity, or algebra.

Fact 2.2. We have u(d) = O((dlogd)loglogd) and m(n) = O((nlogn)loglogn)
[CK91], [K98], [B03], [GG03], [FOT].

2.3. General matrices

Definition 2.2. M = (miyj)f”;:l € R**!is a k x1 matriz with entries m; j in a ring
R. v = (v;)F_, € R¥*! is a column vector. I is the identity matriz of a proper size.
I; is the I x 1 identity matriz. (K, L) is a 1 x 2 block matriz with the blocks K and
L. D(v) = diag(v) = diag(v;); is the diagonal matriz with the diagonal entries
dii = v; given by the coordinates of the vector v = (v;);. M is the transpose of M.
M™ s the hx h leading principal (that is northwestern) submatriz of M. A matriz
M of rank p has generic rank profile if its submatrices M%) are nonsingular for
k=1,...,p, that is up to the rank size p x p. M 1is strongly nonsingular if it is
nonsingular and has generic rank profile. A block of a matriz is its submatriz in
the intersection of a set of its contiguous rows and a set of its contiguous columns.

Definition 2.3. The symmetric matrizc MT M for a nonsingular matriz M is called
positive definite. (In Q™*™ such a matriz is strongly nonsingular.)

Definition 2.4. det M and adj M are the determinant and the adjoint of a matriz
M, respectively. (adj M = M~ det M if M is nonsingular.)

Definition 2.5. [M| = |[M||oc = max; >_; [mi ;| is the row norm of a matriz M =
(mij)i; (M) = max;j[mi;|; [M|/n < o(M) < [M]; |v| = 5(v) = max; [vi] is
the mazimum norm of a vector v = (v;);.

Definition 2.6. mg < 2n% — n is the minimum number of arithmetic operations in
an algorithm that multiplies an n X n matriz S by a vector.
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Clearly, we can multiply a pair of n x n matrices by using 2n3 —n? arithmetic
operations. We refer the reader to [P84], [CW90], [K04], and the bibliography
therein on theoretical and practical speed up.

Fact 2.3. |det M| < ], (Eim%j)l/2 < (a(M)+/n)", and so (since the entries of
the matriz adj M are the determinants of (n— 1) x (n — 1) submatrices of M), we
have a(adj M) < (a(M)y/n—1)""1 for an n x n matriz M = (m; ;)i ;.

Hadamard’s bound | det M| < (a(M)+/n)™ above is known to be sharp in the
worst case, but is an over-estimate on the average according to [ABM99].

Remark 2.1. We can apply Fact 2.1 and readily recover the integer det M as soon
as we have its value computed modulo p4 for some py > 2(a(M)\/n)™ because
(a(M)y/n)™ > |det M| in virtue of Fact 2.3. If M is a nonsingular matriz in Z,,
and if its determinant det M and inverse M~ have been computed in Ly, , then
we can tmmediately compute in Z,, the matriz adj M = M~Vdet M. In virtue of
Fact 2.3, its integer entries lie in the range (—py/2,p+/2), and we can recover
them from their values modulo py by applying Fact 2.1 again.

2.4. Matrices with displacement structure: general properties

In this subsection we define matrices with displacement structure and recall their
basic properties.

Definition 2.7. Ay (M) =M — AMB = GHT (resp. Vap(M)=AM — MB =
GHT) is the Stein (resp. Sylvester) displacement of an n x n matriz M where
n X n matrices A and B are operator matrices and a pair of n x | matrices G and
H form a displacement generator of length [ for the matriz M. The rank of the
displacement is called the displacement rank of the matriz M. (It minimizes the
length | of displacement generators As p(M) (resp. Va,g(M)) for a fized triple
(A, B, M).)

The simple basic results below are from [P01, Theorems 1.3.1, 1.5.1-1.5.6].

Theorem 2.1. If the matriz A (resp. B) is nonsingular, then we have Ay (M) =
A‘1VA717B(M) (resp. AA’B(M) = —VA,Bfl(M)B_l).

Theorem 2.2. For matrices A, B, M, and N of compatible sizes, displacement
operators L = Aap and L = Va.p, and a scalar a, we have L(M + aN) =
L(M) + aL(N), Ay p(MT) = (Apr_ar(M))T, Va(MT) = —(Vpr_yr(M))T
Furthermore Vp a(M™Y) = —M =1V 4 g(M)M =" if M is a nonsingular matriz,
AB7A(M*1) = BMflAAB(M)B*lM’l if the matrices B and M are nonsingu-
lar, and AB7A(M’1) = M’lA’lAA,B(M)M’lA if the matrices A and M are
nonsingular.

Theorem 2.3. For any 5-tuple {A, B,C,M,N} of matrices of compatible sizes
we have Vac(MN) =Vap(M)N + MVpc(N), Ayc(MN) = Ay p(M)N +
AMV 5,c(N). Furthermore Ay, c(MN) = A p(M)N+AMBAg-1 «(N) if B is
a nonsingular matriz and Ag,c(MN) = Agp(M)N — AMAg ¢-:1(N)C if C is
a nonsingular matrix.
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Theorem 2.4. Represent the matrices A, B, M, V. p(M), and As (M) as2x2
block matrices with blocks A; j, B; j, M; ;,V; ;, and A, j, respectively, having com-
patible sizes (for i,5 € {0,1}). Then
Va,B;,; (M) =Vi; — Ry j,
AA ,Bj ( ) Az] + Sz]7
where
Rij=M;1—jBi—j; — Ai1—iMi—y,
Sij = AiiMia—jBi—jj + Ain—iMi—ijBjj + Ain—iMi—i1-jBi-j,
fori,j € {0,1}.
Remark 2.2. The expressions of Theorem 2.4 project the displacement generator
of a matrix into those of its blocks so that the projection increases the length of
the generator by at most rank(R; ;) or rank(S;;), that is, in both cases at most
rank(A; 1—;) +rank(Bi_; ;). Hereafter (see Definitions 2.8-2.11) we only deal with
diagonal and unit f-circulant operator matrices A and B; in both cases their blocks
Ay_;; and Bi_; ; have ranks zero or one (cf. Remark 2.3).

In Section 3 for a nonsingular structured matrix M with dr(M) = r we
perform operations with short displacement generators to obtain a displacement
generator of length r for its inverse. In the process of computing, the length of
the generators can grow above the displacement rank, but then we compress the
generators to the rank level based on the following results, valid in any field.

Theorem 2.5. Given a pair of n X I matrices G and H, it is sufficient to perform
O(I*n) ops to compute a pair of n x r matrices G and H such that GHT = GHT
where r = rank(GHT) <.

Proof. See [P01, Theorem 4.6.4]). O

Corollary 2.1. Given a displacement generator of length | for a displacement oper-
ator L and an n x n matriz M with drp, (M) = r, it is sufficient to use O(I°>n) ops
to compute a displacement generator of length r for the same pair of L and M.

2.5. Most popular matrices with displacement structure

Toeplitz, Hankel, Vandermonde, and Cauchy matrices have displacement ranks
one or two for appropriate operator matrices. These are most used matrices with
displacement structure. Next we specify their natural extensions (see some other
important classes in [P01, Examples 4.4.8 and 4.4.9]).

Definition 2.8. T = (tivj)ijl is a Toeplitz matriz if t; ; = ti41 541 for every pair of
its entries t; j andti11 j4+1. Such matriz T is f-circulant for a scalar f ift; j = fti,
wherever | — k +n = j —i > 0. In this case we write T = Z¢(t) = > 1 _; ch}’_l

where t = (t))_, is the first column of the matriz, t, = tp1, h =1,...,n, and
Zy is the unit f circulant matriz with the first column (0,1,0,...,0)T and the
first row (0,...,0, f). Zy(t) is the lower triangular Toeplitz matriz with the first

column t.
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Definition 2.9. J = (jy, h)Z hlg is the reflection (or the unit Hankel) matriz if
Jon-ieg =1 Jor g = O0c.oin =1 o = 0 for h+g # n=1. (J (0] =
(Up—i— 1)1 0, J2=1) H (hm)w is a Hankel matriz if h;yj = hi—1 ;41 for
every pair of its entries h; j and h;_1 j41 or equivalently if H =T'J for a Toeplitz
matric T.

Definition 2.10. For a positive integer n and a vector t = (t;)1_,, define the n x n
Vandermonde matriz V (t) = (£~ 1)” 1-

Definition 2.11. For a positive integer n and two vectorss = (s;)7_, and t = (;),
such that the 2n scalars {s;,t;}:; are distinct, define the n x n Cauchy matriz

C(s,t) = (555 )ig-

Fact 2.4. (See [P01, Chapters 2 and 3].) We have mg = O(m(n)) if S is ann xn
Toeplitz or Hankel matriz for mg in Definition 2.6 and m(n) in Definition 2.1.
mg =mgr = O(m(n)logn) if S is an n x n Vandermonde or Cauchy matriz.

One can easily verify that Toeplitz, Hankel, Vandermonde, and Cauchy ma-
trices have displacement ranks one or two for appropriate operator matrices.

Fact 2.5. We have a) drzg,zj? (T) <2 and drz, z,(H) <2 for a Toeplitz matriz T,
a Hankel matriz H, and a pair of scalars e and f, ef # 1, b) drp),z,(V(t)) =1
for a scalar f and a vector t = (t;)7—, such that t2f # 1,4 =1,...,n and ¢)
drp(s),p)(C(s,t)) = 1 for a pair of vectors s and t with 2n distinct entries.

We use the common nomenclatures of Toeplitz-like, Hankel-like, Vander-
monde-like, and Cauchy-like matrices (or the matrices that have the structures
of Toeplitz, Hankel, Vandermonde, and Cauchy types, respectively) to define the
classes of matrices that have smaller displacement ranks under the same opera-
tors whose images have ranks one or two for Toeplitz, Hankel, Vandermonde, and
Cauchy matrices, respectively. In view of our results in the previous section, this
includes the transposes, blocks and inverses of the latter matrices, as well as the
products, sums, and linear combinations of pairs of such matrices for the same or
properly reconciled operators (see Theorems 2.2-2.4 and [P01, Chapter 4]).

Next we equivalently define the matrices of these classes (in the memory effi-

cient way) as bilinear expressions via the entries of their displacements generators
G = (gi)i_; and H = (h;)]_; (cf. [GO94] and [P01, Chapter 4]).
Theorem 2.6. (Cf. [KKM79], [P01, Example 4.4.1].) A matriz T has displacement
generator ((g;):, (h;);) under the operator AZmZ};, that is T—ZeTZJ? =>_,gh!
(for 2r vectors g; and h;, it =1,...,7, and for a pair of scalars e and f such that
ef #1) if and only if T =>"_, Ze(gi)Zf(hi).

Theorem 2.7. A matric H has displacement genemtor ()i, (hs)i) under the
operator Az, z,, that is H — Z.HZ; = > gh I (for 2r wectors g; and h;,
i =1,...,7, and for a pair of scalars e and f such that ef # 1) if and only if
H=Y"_, Z.(g) 2% (Jh;)J.
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Proof. Apply Theorem 2.6 for T = HJ and observe that JZ[J = Zj. O

Theorem 2.8. (Cf. [P01, Example 4.4.6b].) A matriz V has displacement generator
((g:)i, (h;);) under the operator Ap(t),z,, that is, V — diag(t)VZ; = 21:1 gih?)
(for a vector t = (t;)7_, and a scalar f such that t} f # 1 fori=1,...,n) if and
only if V=3, diag(l_Lt?)?:1 diag(g;)V (t)JZ;(Jhy).

Theorem 2.9. (Cf. [P01, Example 4.4.1].) A matriz C has displacement gener-
ator ((g:)i, (hi);) under the operator Vp(s) p(), that is diag(s)C — C diag(t) =
S ghl (for 2r vectors g; and h;, i = 1,...,r and two vectors s = (s;)",
and t = (t;)7, such that the 2n scalars {s;,t;}i; are distinct) if and only if
C =3"._, diag(g:)C(s, t) diag(h;).

Now let us assess our power in dealing with matrices having displacement
structure. Theorems 2.2-2.4 enable us to express such matrices and the results of
some operations with them in terms of their displacement generators (by using
the order of rn parameters versus n? entries). Theorems 2.6-2.9 enable us to go
back from the displacement to matrices. The bilinear expressions in Theorems
2.6-2.9 reduce multiplication by a vector of a matrix with Toeplitz-like, Hankel--
like, Vandermonde-like or Cauchy-like structures essentially to 2r multiplications
of Toeplitz, Hankel, Vandermonde or Cauchy matrices by 2r vectors. Theorems
2.2-2.4 extend this property to transposes, inverses, sums, and products of such
matrices as well as their blocks. In particular we specify some respective estimates
for the arithmetic complexity in Corollary 2.2 below.

Definition 2.12. Suppose we have a nonsingular n X n matric M preprocessed with
a procedure P that outputs v parameters p1,...,p,. Let ip(P) be the minimum
number of ops required to solve a linear system Mx = f for any vector f provided
a matriz M, its preprocessing P, and the parameters p1,...,p, are fized. Write
irg = minp{ip(P)} where the minimum is over all preprocessings P and write
in,n = minp){iy (P)} where the minimum is over all preprocessings P = P(h)
that amount to solving at most h linear systems of equations with the matrices M,
MT and MTM.

Corollary 2.2. We have my = myg = O(lm(n)), my = O(Ilm(n)logn), mc =
O(lm(n) logn), 'I:T’Ql = Z'Hygl = O(lm(n)), iV’Ql = O(lm(n) logn), and iC’Ql =
O(lm(n)logn) where T, H, V, and C stand for n x n matrices given with their
displacement generators of lengths at most | and having structures of Toeplitz,
Hankel, Vandermonde, and Cauchy types, respectively.

The following result enables adjustment of the input displacement structure
towards subsequent acceleration of the solution algorithms. In Section 3 we ap-
ply this method of displacement transformation (proposed in [P89/90] (cf. [PO1,
Sections 1.7, 4.8, and 4.9])) to accelerate the solution of linear systems with the
structures of Vandermonde and Cauchy types by reducing them to linear systems
with Toeplitz-like structures.
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Corollary 2.3. (Cf. [P89/90].) Given a positive integer r and a displacement gener-
ator of a length I for an n x n matriz M with the structure of Vandermonde (resp.
Cauchy) type, one can generate matrices Vi and Va that have structure of Vander-
monde type and that are defined with their displacement generators of lengths at
most r and then apply O((I +r)m(n)logn) ops to compute a displacement gener-
ator of a length at most L+ (resp. 1+ 2r) for a Toeplitz-like matriz Vi M or MV,
(resp. ViMV3).

Proof. The corollary follows from Theorem 2.3 and Corollary 2.2. O

Recall that in virtue of Theorem 2.1 the transition A < V between the
operators A and V cannot seriously affect the displacement rank of a matrix.
Likewise the simple estimates below imply that the modification of the parameter
f in the operator matrices Zy little affects the displacement rank of a matrix.

Fact 2.6.
‘ere,Z}" (T) = drz, zz(T)| <1, \dTZQ,ZfT (T) - dTZe,ZfT (1) <1, (2.1)
ldrz, z,(H) —drz, z,(H)| <1, |drz, z,(H) = drz, z,(H)| < 1 (2.2)

for a 5-tuple (T, H,e, f,g).

Remark 2.3. (Cf. Remark 2.2.) The rank of any off-diagonal block is zero for a
diagonal matriz and is at most one for any matriz Zy.

2.6. Randomization

Unlike deterministic algorithms, which always produce correct output, randomized
algorithms produce correct output with a probability of at least 1 — € for any
fixed positive tolerance e. The randomized complexity estimates differ depending
whether they cover the cost of verification of the correctness of computed solution
(e.g., verification that Mx = f for the computed randomized solution x). If they
cover this cost, they are of the Las Vegas type. (In this case at the estimated
cost one either fails with a low probability or outputs the correct solution.) The
other randomized complexity estimates are of the Monte Carlo type. (They cover
algorithms whose output can be erroneous, but with a bounded low probability.)

Given a nonsingular matrix in Z, what is the probability that it stays such in
Z,, for a random prime p in a fixed large range, e.g., in (y/20, y] for a large integer
y? Here is an estimate from [PMRWO05], [PW08].

Theorem 2.10. Suppose that € is a positive number, the matriz M € Z™*" is
nonsingular, and a prime p is randomly sampled from the range (y/20,y] under
the uniform probability distribution in this range where y = M > 114, ¢ =
eslnlld_— = 16v/(1 — v) = 3.278885..., and v = Tt = 0.17007650. . ..
Then P = Probability((det M) mod p = 0) < e.
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3. Computations in Z, with matrices
having displacement structure

3.1. Inversion of strongly nonsingular structured matrices

Theorem 3.1. Assume that a strongly nonsingular n x n matriz M in a field F
has structure of Toeplitz, Hankel, Vandermonde or Cauchy type (cf. Section 2.5),
has a displacement rank r, and is given with its displacement generator of a length
1. Then a displacement generator of the minimum length v for the matriz M~
as well as the scalar det M can be computed by using O(I*>n + marlogn) field
operations.

Proof. The MBA divide-and-conquer algorithm by Morf 1974 and 1980 and Bit-
mead and Anderson 1980 [M74], [M80], and [BAS80] was proposed for Toeplitz--
like matrices. We adapt it to a more general class of matrices with displacement
structure (cf. [OP98], [P01, Chapter 5]). Recall the well-known block triangular
factorizations

Moy Mp I 0\ (Moo O\ (I My, My
M - == —1 5 (31)
Myy My, MMt 1)\ 0 s)\o I
Mol ]\:400 ]\:401 _ (1 —My' Moy \ (Mgt 0 I . 0 '
My My 0 I 0 S \—MpoMy" I
Here
Mg = (=S 1) (MioMgy'), Moy = —(Mog' Mo1)S™", (3.3)
Moo = Mgg' — (Mgg' Moy ) Myg, My =S,
the k x k block matrix My and the (n — k) x (n — k) Schur complement
S = S(M, Myo) = M1 — (MioM') Moy (3.5)

are strongly nonsingular if so is the matrix M, and the sizes n; x n; of the block
matrices M;;, i = 0,1 are assumed to be balanced (say, no = [n/2], n1 =n —ng).
We obtain and recursively extend factorization (3.1) by applying the block Gauss—
Jordan elimination to the matrix M and then recursively to the matrices Myg
and S until the inversion problem is reduced to the case of one-by-one matrices.
Actual computation goes back from the inverses of such one-by-one matrices to
the matrix M ~!. In this recursive process we can also recursively factorize the
scalar det M = (det Myp) det S and then can compute it in » — 1 multiplications.

To yield the claimed complexity bound, we maintain and exploit the structure
of the input matrix M. In particular, we recursively compress the displacement
generator of the matrix M and of all computed auxiliary matrices to the level
of their displacement ranks and perform all computations with these matrices
by operating with their displacement generators (cf. Theorems 2.2-2.5, Corollary
2.1, and Remark 2.2). Let us examine the associated operator matrices. Assume
the pairs of operator matrices (A,B) for an input matrix M and (A4;;,B;;) for its
submatrices M;; for 4, j € {0,1}. Combine equations (3.3) and (3.4) with Theorems
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2.2-2.4 and obtain the pairs of operator matrices (B;;,4;;) for the submatrices ]\Z/Z-j
of M~ for i,j € {0,1} and hence obtain the pair of operator matrices (B,A) for
the matrix M1 such that dra (M) = drp a(M 1) (cf. Theorem 2.2). Likewise
we arrive at consistent pairs of operator matrices for every matrix computed in the
forward recursive process and for its inverse computed in the respective backward
step. Now we can deduce the complexity bound claimed in Theorem 3.1 in the case
of Sylvester displacements by combining Theorems 2.2 and 2.3 and our next result,
in which we use Sylvester displacement V 4 g(M) (this allows singular operator
matrices when we apply Theorem 2.2 for the inverses).

Theorem 3.2. (Cf. Remark 3.1.) Assume Sylvester displacement V4 g(M). Then
a) all trailing principal blocks (that is Schur complements) computed in the forward
recursive process of the adapted MBA algorithm have displacement ranks at most
r+4, b) all leading principal blocks processed in the forward recursive process of
the adapted MBA algorithm have displacement ranks at most r+6, and c) all other
matrices computed in the forward and backward recursive processes of the adapted
MBA algorithm have displacement ranks at most 2r + 12.

Proof. In the proof we will write S®*)(M) to denote the (n — k) x (n — k) Schur
complement S(M, Moyg) of the k x k block My in the n x n matrix M. We observe
that S (SM (M) = S+ (M) because the MBA algorithm is a (structure pre-
serving) variant of the block Gauss-Jordan elimination. Likewise S (M (9+h)) =
(S (M) @), Therefore all trailing principal blocks computed in the MBA for-
ward recursive process are Schur complements in the respective submatrices M ().
Now part a) follows from Theorem 2.4 (applied in the case i = j) and Remark
2.2 because the inverse of every Schur complement is a trailing principal (that
is, southeastern) block of the inverse of the matrix itself (cf. equation (3.4)) and
because dr(N) = dr(N~') (cf. Theorem 2.2). Part b) follows from part a) and
Theorem 2.4. Let us prove part c).

In the first step of the forward recursive MBA process we compute the off-
diagonal blocks Moo M01 and MlOMOO . In the next steps we compute similar
products M00 M01 and M01M00 where the blocks M” denote the (4, j)th blocks
of the respective principal block computed in the previous step of the forward
recursive process. As we have observed in the proof of part a), such a principal block
is the matrix S (M ")) for some integers g, h and k. Any of its blocks is also
a block of the matrices M or S®) (M) for some pair of h and k. Now combining
part a) with Theorems 2.2-2.4 implies the bound dr(B) < 2r 4+ 12 claimed in
part c). Indeed this bound surely covers the factors MioMgy," and My, Mo, of the
blocks My and Mo, of the inverse M~!, respectively (cf. equations (3.3)), but
the same bound is extended to the operands involved in the computation of the
northwestern blocks computed in the backward process. Equations (3.4) and the
inequalities dr((Mg" Mo1)Moo) < dr(Mggy' Moy) +dr(Moo)) support this extension
at its final step, and similar relationships support it at the other steps. The stronger
upper bound 7 + 4 holds for the southeastern blocks computed in the backward
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process because they are the inverses of the Schur complements S (M™") for
some integers h and k, and so we can apply Theorems 2.2 and 2.4. O

According to Theorem 3.2, displacement generators of all matrices involved
into the MBA process have lengths in O(r). For the final transition from M,' and
S~ to M~! (performed in terms of generators) we use A = O(rmy; +r?m(n)) =
O(rmypy) ops. At the (i — 1)st preceding level of the recursion we perform similar
operations with 2 matrices of sizes roughly (n/2%) x (n/2¢). For a positive constant
¢ and mps > cn this means O(rmys) ops at each of the [logn] levels of the MBA
backward recursion and thus O(rmas logn) ops overall. This completes the proof
of Theorem 3.1 under Sylvester displacements. Theorem 2.1 enables extension to
Stein displacements A4 p. We recall bounds (2.1) and (2.2) to treat the cases
where A, B € {Z, ZL'}. O

Remark 3.1. In the case of the Cauchy-like structure, the MBA recursive process
involves only diagonal operator matrices, and so the bounds in Theorem 3.2 de-
crease to r in parts a) and b) and to 2r in part c). We have a smaller decrease in
the case of the Vandermonde-like structure, where one half of the operator matrices
in the MBA recursive process are diagonal. In the latter case and in the case of
Toeplitz-like structure, we can choose the operator matriz B:Zép , to decrease the
bounds in Theorem 3.2 because the (1,0)th block of this matriz is filled with zeros
and thus has rank zero (cf. Remarks 2.2 and 2.3).

Corollary 2.3 reduces the inversion of matrices with the structures of Van-

dermonde and Cauchy types to the inversion of Toeplitz-like matrices because
M-t = Vg(V1MV2)_1V1. This implies the following result.

Corollary 3.1. The upper estimates of Theorem 3.1 can be decreased to O(I*n +
m(n)r?logn) field operations for m(n) in Definition 2.1, even for matrices with
the structures of Vandermonde and Cauchy types.

3.2. Inversion of nonsingular structured matrices in Z,

Corollary 3.2. Assume a random prime p in the range (y/20,y] for a sufficiently
large integer y and a nonsingular matric M € Z™*"™ having structure of Toep-
litz, Hankel, Vandermonde or Cauchy type, given with its displacement generator
of a length 1, and having a displacement rank r. Then a) the matriz MT M is
expected to be strongly nonsingular in Z,, and b) if it is strongly nonsingular, then
a displacement generator of length r for the matrizx M~1 mod p can be computed
by using O(1*n + r?m(n)logn) operations in Z,.

Proof. The matrix MT M is strongly nonsingular in Z (cf. Definition 2.3) and is ex-
pected to stay such in Z, due to Theorem 2.10. This proves part a). Part b) follows
from Corollary 3.1 for F = Z,, and from the equation M~ = (MTM)=1MT. O
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3.3. The case of singular matrices with displacement structure

Let us extend our study to the case of singular input matrices M having a rank p
and a displacement rank r. In this case we seek the inverse of a p X p nonsingular
submatrix of the matrix M.

Theorem 3.3. Assume that in a field F an n x n matric M of a rank p < n
has generic rank profile, has structure of (a) the Toeplitz or Hankel types or (b)
Vandermonde or Cauchy types, has a displacement rank r, and is given with a
displacement generator of a length | = O(r). Then (i) the rank p and (i) a dis-
placement generator of length r for the matrix (1\4(”))_1 can be computed by using
O(rm o log p) ops in F, that is O(m(p)r? log' ™ p) ops for 6 = 0 in case (a) and
0 =1 in case (b). (iii) Within the same cost bound one can compute a solution
X to a consistent linear system Mx = f, in O(my;) additional ops one can ver-
ify consistency of the system, and in O(rmys) additional ops one can compute a
shortest displacement generator for a matriz whose columns define a basis for the
null space of the matriz M.

Proof. Apply the adapted MBA algorithm as in the case of strongly nonsingular
input matrices until it factorizes the submatrix M) and computes a shortest
displacement generator (of length » + O(1)) for the matrix (M (®))~!. This takes
O(rmy log p) ops overall. Then the algorithm stops because it is prompted to
invert the one-by-one matrix filled with the zero. To solve a consistent nonhomoge-
neous linear system Mx = f, multiply the matrix (M (?))~! by the subvector made
up of the first p coordinates of the vector f and append n — p zero coordinates to
the product to obtain a solution vector x. This stage involves O(m s ) ops. To
verify consistency of the nonhomogeneous linear system, multiply the matrix M
by the vector x and compare the product with the vector f. In fact one only needs
to multiply the (n — p) x p southwestern submatrix by the leading subvector of
the dimension p in the vector x. If £ = 0 and if we seek a solution x = (x;),
to the system Mx = 0, then we substitute z,, = 1 into this system and arrive
at a nonhomogeneous linear system with n — 1 unknowns and equations. Finally
substitute Moy = M) into (3.1) and observe that the columns of the matrix
(M(p))_lM()l f . .
< I, ) orm a basis for the null space of the matrix M. One can com-
pute a shortest displacement generator for the matrix (M)~ My, in O(rmay)
additional ops (cf. Theorem 2.3). (]

Theorem 3.4. I) To extend Theorem 3.3 to the case of input matrices not having
generic rank profile it is sufficient to perform O(mys) additional ops, to generate
2n — 2 random parameters in the field F, and to allow Monte Carlo randomiza-
tion, that is, to allow erroneous output with a low probability. 1I) By performing
additional O(rmys) ops one yields Las Vegas randomization, that is, either fails
with a low probability or arrives at the correct output.

Proof. Part I) is implied by the following theorem.
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Theorem 3.5. Let a finite set S of a sufficiently large cardinality |S| lie in a field
F and let a matric M of a rank p < n lie in F"*". Let {s;,t;, i,j = 1,...,n}
and {u;,v;, 1,5 = 1,...,n} be two sets of 2n distinct scalars each. Define ran-
domized preprocessing of the matriz M overwriting it with the matric X MY (we
write M — XMY ) where X = X,, Y =Y, for g,h € {1,2}, X; = (Szfjt]):‘:l,

Vi = (2, Xo = 2 (%), Ya = Zo(y), 21 = y1 = 1, and the other 2n — 2

U; —Vj

coordinates of the vectors x = (x;)"_, andy = (y;)7_, are randomly sampled from
the set S. Then both matrices Xo and Ys are nonsingular and with a probability of
at least (1 —n/|S|)? both matrices X1 and Y1 are nonsingular. If the matrices X
and Y are nonsingular, then with a probability of at least 1 — (p + 1)p/|S| matriz
XMY has generic rank profile (and therefore is strongly nonsingular if the matriz
M is nonsingular).

Proof. See [KS91] on the case X = X5, Y =Y, and [P01, Corollary 5.6.3] on the
case X = X1,Y =Y. O

We can extend the displacement structure of the matrix M to the matrix
X MY by choosing appropriate matrices X = X; and Y = Y] for i = 1, 2 to match
the operator matrices associated with the matrix M. Then dr(XMY') < dr(M)+2,
a shortest displacement generator of the matrix X MY is computed at a low cost
(see Theorem 2.3), and so its recursive factorization and a shortest displacement
generator for the matrix M~! = Y(XMY)"'X are computed within the cost
bounds of Corollary 3.1. This proves part I) of Theorem 3.4. To prove part II),
verify correctness of the rank computation as follows: first compute a displace-
ment generator of length O(r) for the Schur complement S(X MY, (X MY)®)) of
the nonsingular block (X MY)() in the matrix X MY (cf. equation (3.5) and The-
orems 2.2, 2.3, and 3.3), then compress this generator to the minimum length (cf.
Corollary 2.1), and finally verify that this length is zero. O

Similarly to Corollary 3.1, we refine the estimates of Theorems 3.3 and 3.4
in the case (b).

Corollary 3.3. In the upper estimates of Theorems 3.3 and 3.4 one can replace
the bounds myrp) ops with rm(p) and mar with rm(n), even in the case of in-
put matrices with the structures of Vandermonde and Cauchy types, provided that
the estimates are increased by rm(n)logn ops required for computing a shortest
displacement generator for the matriz Vi MV, where Vi and Vo are nonsingular
Vandermonde or Vandermonde-like matrices (one of them is replaced with the
identity matriz if the input matriz has structure of Vandermonde type).

Clearly, the results of this subsection can be applied to matrices M in the
field F = Z;*™ for any prime p. Furthermore for a large integer y and a random
prime p chosen in the range (y/20,y], a matrix M € Z™*" is likely to keep its
rank, displacement rank, and displacement generator in the transition from the
ring Z to the field Z, (cf. Theorem 2.10). Therefore the results of this subsection
can be extended to structured integer matrices, as we specify next.
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4. Computations with structured
integer matrices

The algorithms in the previous section compute in Z, the determinant and a short-
est generator for the inverse of a nonsingular n x n matrix M with displacement
structure. We can repeat this computations for & distinct primes pq,...,pr. The
probability of failure and the overall number of ops increase at most by the factor
of k. Then the Chinese Remainder Algorithm can produce the determinant and
a shortest generator for the inverse modulo Hle p;. Suppose we let k = n and
choose the primes py,...,p, at random in the range (y/20,y] for a value

y > yo = 20(2n)Y"n max{a(M)/n, f?n In(na(M))} (4.1)
for a fixed positive € and £ < 4 in Theorem 2.10. Then we keep the proba-
bility of failure within e and obtain det M and M~! modulo p; = [[i-,p; >
2n(a(M)/n)™. Fact 2.3 implies that p; > 2|det M|, and so we can apply the
recipe in Remark 2.1 to yield det M in Z and adj M in Z™*™. The overall com-
putational cost is dominated at the stage of n applications of our algorithms of
the previous section (see [GG03, Theorem 10.25] on the complexity of the Chinese
Remainder Algorithm). In particular we arrive at the following result.

Theorem 4.1. The asymptotic estimates of the previous section can be extended to
computing the determinant and a shortest generator for the inverse of a strongly
nonsingular n X n integer matriz M having displacement rank r and given with its
displacement generator of a length . The estimated numbers of random primes and
ops increase by the factor n versus the estimates in the previous section. The ops
are performed in the fields Zy,,...,Zy, for n distinct primes pi,...,p, chosen
at random independently of each other in the range (y/20,y] where y satisfies
(4.1). If L = O(r), then the overall cost bound turns into O(r’nm(n)logn) ops
performed with the precision of logyo bits. This implies the overall Boolean cost
bound of O((r*nm(n)logn)u(logyo)) ops for yo in (4.1) and m(n) and u(d) in
Definition 2.1. The ops are word operations if logs yo is within the word length. If
log(1/€) = O(log(na(M))), then the upper bound € on the failure probability can be
supported for logyo = O(log(na(M))). If in addition loga(M) = O(logn), then
we can choose logyg of the order of O(logn). The techniques in Sections 3.2 and
3.3 enable extension of all these estimates to computations with any nonsingular
and singular integer matrices M having displacement structure at the additional
randomized cost specified in Sections 3.2 and 3.3.

5. Related works

Computations with matrices having displacement structure are closely linked to
various fundamental polynomial computations [BGY80], [P01], [PMRa]. These
links enable extension of our nearly optimal cost bounds from matrix to poly-
nomial computations where the input values are integers. In particular links to
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Toeplitz computations enable extension of our cost bounds to the computation of
the greatest common divisors, least common multiples, and Padé approximations
for a pair of univariate polynomials and further to the Berlekamp—Massey problem
of recovering the coefficients of a linear recurrence from its values (see [PMRa]).
On the extension to theoretical and practical acceleration of Wiedemann and block
Wiedemann algorithms for determinants and Smith’s factors of a general matrix,
see [P04a] and [PMRa]. For structured matrices M with loga(m) = O(logn)
and r = O(1), our upper estimates on the Boolean cost are within the factor
O(r?log® n) from the information lower bound of 72 logn. The upper bound has
been further decreased in [P02], [PMRa] by the factor of rlogn based on com-
bining Hensel’s symbolic lifting with numerical iterative refinement and rational
number reconstruction from their numerical approximation and from their values
modulo a larger integers (cf. [PW02] and [WPO03] on the latter subjects). Instead
of k random primes for k of the order n, the lifting approach involves just a single
prime. Moreover the paper [PMRa] elaborates upon lifting initialized with a power
of two instead of customary basic primes p, so that the computations use the bi-
nary representation of all operands. The reader is referred to the paper [PMRa]
on further details.
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for DCT-III Matrices
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Dedicated to Georg Heinig

Abstract. The paper analyzes a two-grid and a multigrid method for matrices
belonging to the DCT-III algebra and generated by a polynomial symbol. The
aim is to prove that the convergence rate of the considered multigrid method
(V-cycle) is constant independent of the size of the given matrix. Numerical
examples from differential and integral equations are considered to illustrate
the claimed convergence properties.
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1. Introduction

In the last two decades, an intensive work has concerned the numerical solution
of structured linear systems of large dimensions [6, 14, 16]. Many problems have
been solved mainly by the use of (preconditioned) iterative solvers. However, in
the multilevel setting, it has been proved that the most popular matrix algebra
preconditioners are not effective in general (see [23, 26, 20] and references therein).
On the other hand, the multilevel structures often are the most interesting in
practical applications. Therefore, quite recently, more attention has been focused
(see [2,1,7,5,28,9,12, 10, 13, 22, 25, 19]) on the multigrid solution of multilevel
structured (Toeplitz, circulants, Hartley, sine (7 class) and cosine algebras) linear
systems in which the coefficient matrix is banded in a multilevel sense and positive
definite. The reason is due to the fact that these techniques are very efficient, the
total cost for reaching the solution within a preassigned accuracy being linear in
the dimensions of the involved linear systems.

The work of the author was partially supported by MIUR, grant number 2006017542.
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In this paper we deal with the case of matrices generated by a polynomial
symbol and belonging to the DCT-III algebra. This kind of matrices appears in the
solution of differential equations and integral equations, see for instance [4, 18, 24].
In particular, they directly arise in certain image restoration problems or can
be used as preconditioners for more complicated problems in the same field of
application [17, 18].

We consider the Two-Grid (TGM)/Multi-Grid (MGM) Method proposed and
analyzed in [7] in terms of the algebraic multigrid theory developed by Ruge and
Stitben [21] (for the foundation of the theory see [11] and [29]). Our aim is to
provide general conditions under which the proposed MGM results to be optimally
convergent with a convergence rate independent of the matrix size for a large class
of matrices in the DCT-III algebra. We prove that for this class of matrices, the
MGM results to be optimal in the sense of Definition 1.1 below, i.e., the problem
of solving a linear system with coefficient matrix A is asymptotically of the same
cost as the direct problem of multiplying A by a vector.

Definition 1.1. [3] Let {A,, 2, = by} be a given sequence of linear systems with
A, of size m. An iterative method for solving the systems A,, %, = by, m € NT,
is optimal if
1. the arithmetic cost of each iteration is at most proportional to the complexity
of a matrix vector product with matrix A,,,
2. the number of iterations for reaching the solution within a fixed accuracy can
be bounded from above by a constant independent of m.

A crucial role to prove our optimality result is played by the choice of the projection
operator P7,; which is used in the MGM to project from the level s to the level
s+ 1. In fact, the total cost of the proposed MGM will be of O(m) operations
since for any coarse level s we can find a projection operator P, ; such that

e the matrix vector product involving Py, ; costs O(m,) operations where my =
m/2%;

e the coarse grid matrix A,,,,, = P A, (P$,)7 is also a matrix in the
DCT-III algebra generated by a polynomial symbol and can be formed within
O(ms) operations;

e the convergence rate of the MGM is independent of m.

The paper is organized as follows. In Section 2 we briefly recall TGM and
MGM (standard V-cycle) and report the main tools regarding the convergence
theory of algebraic multigrid methods [21]. In Section 3 we consider the TGM for
matrices belonging to DCT-III algebra with reference to some optimal convergence
properties, while Section 4 is devoted to the convergence analysis of its natural ex-
tension as V-cycle. Numerical evidences of the theoretical results are reported and
discussed in Section 5, while Section 6 concerns complexity issues and conclusions.
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2. Two-grid and multi-grid methods

In this section we briefly report the main results pertaining to the convergence
theory of algebraic multigrid methods.

Let us consider the generic linear system A,,x,, = b,, with large dimension
m, where A,, € C™*"™ is a Hermitian positive definite matrix and z,,, b,, € C™.
Let

mo=m2>1Mmy > > Mg>" "> Mg .
and let
Pj | € Cmet1xms
be a given full-rank matrix for any s. Lastly, let us denote by Vs a class of stationary
iterative methods for linear systems of dimension mg.

According to [11], the algebraic Two-Grid Method (TGM) is an iterative
method whose generic step is defined as follow.

out TQM (S xm )

1% i . . .
TP = Vv () by) Pre-smoothing iterations

rs = AgzP™ — by

Ter1 = PJqrs
Asp1 = PE A ( s+1)H Exact Coarse Grid Correction

Solve As11Yst1 = Tst1
S H
Ty = a8 — ( ss+1) Ys+1

out __ Vpost (4, . . .
Q" = Ve (s, bs) Post-smoothing iterations

where we refer to the dimension mgs by means of its subscript s.

In the first and last steps a pre-smoothing iteration and a post-smoothing
iteration are applied vpre times and vpes times, respectively, according to the
chosen stationary iterative method in the class V.

Moreover, the intermediate steps define the so-called exact coarse grid cor-
rection operator, that depends on the considered projector operator P7, ;

The global iteration matrix of the TGM is then given by

TGM, = V.5 CGC V5, (2.1)
CGCS = IS_( ;+1)HA5+1P+1A AS+1 - s+1A( 5+1)H7 (22)

where V; pre and Vi post denote the pre-smoothing and post-smoothing iteration
matrices, respectively.
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By means of a recursive procedure, the TGM gives rise to a Multi-Grid
Method (MGM): the standard V-cycle is defined as follows.

19" = MGM(s, 2, b,)

if s < Spin then

‘ Solve Az = by ‘ Exact solution
else
‘ P = Y (2 by) ‘ Pre-smoothing iterations

re = As:cgre —bs
Ter1 = Ps+1rs
Ys+1 = MQM(S +1,0541, Ts+l)

By =2t — (P2 ) T ysia Coarse Grid Correction
t v, t A~ . . .
ot =V (s, bs) Post-smoothing iterations

Notice that in MGM the matrices As41 = P35 Ag(Ps )" are more profitably
formed in the so-called setup phase in order to reduce the computational costs.
The global iteration matrix of the MGM can be recursively defined as
MGM

Smin

= QOe€¢ Csn—ninxsmin’
MGM, = Voo [Io— (P )" (Iegr — MGMgi1) AQl P2 Al Vi,
$ = Smin — 1,...,0.

Hereafter, by || - ||2 we denote the Euclidean norm on C™ and the associated
induced matrix norm over C™*™. If X is positive definite, || - |[x = [|X /% - ||
denotes the Euclidean norm weighted by X on C™ and the associated induced
matrix norm. Finally, if X and Y are Hermitian matrices, then the notation X <Y
means that Y — X is nonnegative definite.

Some general conditions that ensure the convergence of an algebraic TGM
and MGM are due to Ruge and Stiiben [21].

Theorem 2.1 (TGM convergence [21]). Let mg, my be integers such that mg >
my > 0, let A € C™0*"™0 pe q positive definite matrix. Let Vo be a class of iterative
methods for linear systems of dimension mo and let P} € C™>*™0 be q given full-
rank matriz. Suppose that there exist apost > 0 independent of mg such that

IVo.post 2% < ll2ll% — apost [llap-1a  for any x € C™ (2.3)
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(where D s the diagonal matriz formed by the diagonal entries of A) and that
there exists vy > 0 independent of mg such that

min ||z — (P))"ylh <qllzlh for any z € C™. (2.4)

yeC
HTGMOHA < \/ 1- apost/’}/' (25)

It is worth stressing that in Theorem 2.1 the matrix D € C™0*™0 can be substi-
tuted by any Hermitian positive definite matrix X: clearly the choice X = I can
give rise to valuable simplifications [2].

At first sight, the MGM convergence requirements are more severe since the
smoothing and CGC iteration matrices are linked in the same inequalities as stated
below.

Then, v > apost and

Theorem 2.2 (MGM convergence [21]). Let mog = m > mq > mg > -+ > mg >
< >mg . and let A € C™X™ be a positive definite matriz. Let Pj € C™st1Xms
be full-rank matrices for any level s. Suppose that there exist dpre > 0 and dpost > 0
such that

2
IVeesal? < ol

?45 — Opre [|[CGC Ve ;E||is for any x € C™s (2.6a)

s,pre s,pre
||1gfggs;rx\|is < Nzl — dpost [CGCszl for any x € C™  (2.6b)
both for each s =0,...,8min — 1, then dpost <1 and
1-—- 5 ost
|IMGMyl| 4, < | —22 < 1. (2.7)
A 1+ Spre

By virtue of Theorem 2.2, the sequence {:ng)} ren will converge to the solution of
the linear system A,,x,, = b,, and within a constant error reduction not depending
on m and Smiy if at least one between dpre and dpost is independent of m and smin.

Nevertheless, as also suggested in [21], the inequalities (2.6a) and (2.6b) can
be split as

2 2
IVapreally,  <ll=lla, —allVapiealls, pora,

IcGCal, <yl pra, (2.8)
5pre =a/y
and
Vol <2l = Bleli, pora,
ICGC, o, <y lally, prra, (29)
6post = 5/7

where D is the diagonal matrix formed by the diagonal entries of A, (again, the
AD~!A-norm is not compulsory [2] and the A%-norm will be considered in the
following) and where, more importantly, the coefficients «, § and 7 can differ in
each recursion level s since the step from (2.8) to (2.6a) and from (2.9) to (2.6b)
are purely algebraic and does not affect the proof of Theorem 2.2.
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Therefore, in order to prove the V-cycle optimal convergence, it is possible
to consider the inequalities

Vil < llel, — s IVopal?,  foranyweC™  (210a)

s,pre s,pre

s,post

2
[CGCsz|[s, <75z

IVegssaly, < llalls, = s el for any # €C™ (2.10b)

|?42 for any x € C™-. (2.10¢)

where it is required that ag, Os, 75 > 0 for each s =0,..., Spin — 1 and

Spre = min  —% Sposs = min L2, (2.11)
0<5<Smin Vs 0<s<Smin Vs

We refer to (2.10a) as the pre-smoothing property, (2.10b) as the post-smoothing
property and (2.10c) as the approzimation property (see [21]).

An evident benefit in considering the inequalities (2.10a)—(2.10c) relies on
the fact that the analysis of the smoothing iterations is distinguished from the
more difficult analysis of the projector operator. Moreover, the MGM smoothing
properties (2.10a) and (2.10b) represent a generalization of the TGM smoothing
property (2.3) with D substituted by I, in accordance with the previous reasoning.

3. Two-grid and multi-grid methods for DCT-III matrices

Let C,, = {C,, € R™*™|C,,, = QD QL } the one-level DCT-III cosine matrix
algebra, i.e., the algebra of matrices that are simultaneously diagonalized by the

orthogonal transform
2_ . ._ ._ m
Ot o {(z 1) 1/2>w}] 51)

Qm:

m m

i,j=1
with d; ; denoting the Kronecker symbol.

Let f be a real-valued even trigonometric polynomial of degree k and period
27. Then, the DCT-IIT matrix of order m generated by f is defined as

Culh) = QuDn(1)Qh Dnlf) = dingy i f (o), ol = UZDT
Clearly, Cp,(f) is a symmetric band matrix of bandwidth 2k 4+ 1. In the following,
we denote in short with Cs = Cy,, (gs) the DCT-III matrix of size mg generated
by the function gs.

An algebraic TGM/MGM method for (multilevel) DCT-IIT matrices gener-
ated by a real-valued even trigonometric polynomial has been proposed in [7]. Here,
we briefly report the relevant results with respect to TGM convergence analysis,
the aim being to prove in Section 4 the V-cycle optimal convergence under suitable
conditions.

Indeed, the projector operator P, is chosen as

Pss-i-l = TSS+1C’S(pS)
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where T, | € R™s+1X™s 'm 1 =m,/2, is the cutting operator defined as

s [ 12 for jE{2i—1,2i},i=1,...,me1,
[TSH]Z’J o { 0 otherwise, (3.2)

and Cs(ps) is the DCT-III cosine matrix of size m, generated by a suitable even
trigonometric polynomial p,. Here, the scaling by a factor 1/v/2 is introduced in
order to normalize the matrix T3, ; with respect to the Euclidean norm. From the
point of view of an algebraic multigrid this is a natural choice, while in a geometric
multigrid it is more natural to consider just a scaling by 1/2 in the projector, to
obtain an average value.

The cutting operator plays a leading role in preserving both the structural
and spectral properties of the projected matrix Csy1: in fact, it ensures a spectral
link between the space of the frequencies of size ms and the corresponding space
of frequencies of size mg41, according to the following Lemma.

Lemma 3.1. [7] Let Qs € R™*™ and TS, | € R™s+1X"™ be given as in (3.1) and
(3.2), respectively. Then

T;—HQS = Qerl[(I)erla ®s+1Hs+1]a (3-3)

where

[ms] .
: 1 L ms (-] — l)ﬂ-
opy =diag;_y .., [cos <§ ( 32 ))] , :cg - R (3.4a)

. 1 fgms] 0
Os41 =diag;_q .., |—cos 3 5 +§ ; (3.4b)

and Ils4q € RMst1XMs41 s the permutation matriz given by

1 0 ... 0
0 0 1
0 1 0

As a consequence, let A; = Cy(fs) be the DCT-III matrixz generated by fs, then

Agp1 = Pi AP )T = Coqa(for)

where

fsr1(z) = cos? (%/2) Is (g)pi (g) (3.5)

+ cos? (W_TJU/Q> fs (ﬂ'— g);ﬁ (wf g), xz € (0,7
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On the other side, the convergence of the proposed TGM at size my is ensured
by choosing the polynomial as follows. Let 2° € [0,7) be a zero of the generating
function f,. The polynomial ps is chosen so that

Tim ;ﬁ(;r(x)x) < +o0, (3.6a)
P (x) +p2(m —x) > 0. (3.6b)

0

In the special case 2 = 7, the requirement (3.6a) is replaced by

20 _
lim ps(m — )

z—z0=1 COs2 (%) fs(l‘)

If f5 has more than one zero in [0, 7], then p; will be the product of the polynomials
satisfying the condition (3.6a) (or (3.7a)) for every single zero and globally the
condition (3.6b). It is evident that the polynomial p, must have zeros of proper
order in any mirror point 2° = 7 — 29, where 2 is a zero of fs.

It is worth stressing that conditions (3.6a) and (3.6b) are in perfect agreement
with the case of other structures such as 7, symmetric Toeplitz and circulant
matrices (see, e.g., [22, 25]), while the condition (3.7a) is proper of the DCT-III
algebra and it corresponds to a worsening of the convergence requirements.

Moreover, as just suggested in [7], in the case 2° = 0 the condition (3.6a) can
also be weakened as

< +o0. (3.7a)

- cos? (”—;‘”) p2(m — )

2—a0=0 fs(x)
We note that if fs is a trigonometric polynomial of degree k, then fs; can have a
zero of order at most 2k. If fs(m) # 0, then by (3.6a) the degree of ps has to be
less than or equal to [k/2]. If fs(7) = 0, then the degree of p; is less than or equal
o[(k+1)/2].
Notice also that from (3.5) it is easy to obtain the Fourier coefficients of fs;1
and hence the nonzero entries of As11 = Csy1(fs+1). In addition, we can obtain
the zeros of fsy1 and their orders by knowing the zeros of fs and their orders.

< +o00. (3.8a)

Lemma 3.2. [7] If 0 < 2° < /2 is a zero of fs, then by (3.6a), ps(m — 2°) =0
and hence by (3.5), fsr1(22°) =0, d.e., y° = 22% is a zero of fsi1. Furthermore,
because ps(m — 2°) = 0, by (3.6b), ps(x°) > 0 and hence the orders of ° and y°
are the same. Similarly, if 7/2 < 2° < 7, then y° = 2(7m — 2%) is a zero of fei1
with the same order as 2°. Finally, if 2° = 7, then y° = 0 with order equal to the
order of z° plus two.

In [7] the Richardson method has be considered as the most natural choice
for the smoothing iteration, since the corresponding iteration matrix V,, := I, —
wA,, € C™*™ belongs to the DCT-III algebra, too. Further remarks about such
a type of smoothing iterations and the tuning of the parameter w are reported in
[25, 1].
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Theorem 3.3. [7] Let Any = Cmo(fo) with fo being a nonnegative trigonometric
polynomial and let Vi = Iy — WA, with w = 1/||folleo for the post-smoothing
iteration. Then, under the quoted assumptions and definitions the inequalities (2.3)
and (2.4) hold true, and the proposed TGM converges linearly.

Here, it could be interesting to come back to some key steps in the proof of
the quoted Theorem 3.3 in order to highlight the structure with respect to any
point and its mirror point according to the considered notations.

By referring to a proof technique developed in [22], the claimed thesis is
obtained by proving that the right-hand sides in the inequalities

ool {Cos2<ﬂx>pz(7r—x)]’ (3.98)

ds(x) 2 fS(x)
1 77—\ pi(r —x T 2(z
v 2 0.0 |:COS2( 5 ) b ;Cs(l“) ) + COS2<§) 7]"5](;(—)@} : (3.9b)
ds(z) = cos? (g) p2(x) + cos® <7r2—cc) pi(r — ) (3.9¢)

are uniformly bounded on the whole domain so that 7 is a universal constant.

Tt is evident that (3.9a) is implied by (3.9b). Moreover, both the two terms
in (3.9b) and in ds(z) can be exchanged each other, up to the change of variable
Yy=m—x.

Therefore, if 20 # 7 it is evident that (3.6a) and (3.6b) ensure the required
uniform boundedness since the condition p?(z) + p%(m — ) > 0 implies ds(z) > 0.

In the case #° = 7, the inequality (3.9b) can be rewritten as

1 p?(m — ) N p2(x)
p?((x) ) n pa(m E 9;) cos?(3) fs(z)  cos?(T5%) fs(m — )
cos? (7% cos? (5

so motivating the special case reported in (3.7a).

(3.10)

4. V-cycle optimal convergence

In this section we propose a suitable modification of (3.6a), or (3.7a), with respect
to the choice of the polynomial involved into the projector, that allows us to prove
the V-cycle optimal convergence according to the verification of the inequalities
(2.10a)—(2.10c) and the requirement (2.11).

Thanks to the choice D = I, it is worth stressing that the MGM smoothing
properties do not require a true verification, since the proofs of (2.10a) and (2.10b)
are identical in any matrix algebra with unitary transforms.

Proposition 4.1. Let A; = Cyp, (fs) for any s = 0,..., Smin, with fs > 0, and
let ws be such that 0 < ws < 2/ fslloo- If we choose ag and By such that as <
wsmin {2, (2 — wsl| fsloo) /(1 — ws| fslloc)?} and Bs < ws(2 — wql| fsll) then for
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any x € C™ the inequalities

A

”Vs,prex”is > ||x||1245 — Qs ||Vs,prex||,24§ (4-1)

A < Nl = B Nl (4.2)

||V:s',post .’[7|

hold true.

Notice, for instance, that the best bound to [ is given by 1/ fs]lco and it is
obtained by taking ws = 1/|| fs|lo [25, 1].

Concerning the analysis of the approximation condition (2.10c) we consider
here the case of a generating function fo with a single zero at z°. In such a case,
the choice of the polynomial in the projector is more severe with respect to the
case of TGM. Let 2° € [0, 7) a zero of the generating function f,. The polynomial
ps is chosen in such a way that

lim, W < +oo, (4.3a)
pi(x) + pi(m —x) > 0. (4.3b)

0

In the special case ¥ = 7, the requirement (4.3a) is replaced by

lim _Ps\T T (m — =)
z—z%=m COS (%) fs(l')

Notice also that in the special case ° = 0 the requirement (4.3a) can be weakened
as

< +00. (4.4a)

lim cos (%) ps(m —x)

0 T L)

Proposition 4.2. Let Ay = C,,.(fs) for any s = 0,..., Smin, with fs > 0. Let

s

Py =T ,1Cs(ps), where ps(x) is fulfilling (4.3a) (or (4.4a)) and (4.3b). Then,

S
forany s =0, ..., Smin — 1, there exists vs > 0 independent of ms such that

ICGCsa, <7 llalfs  for any @ € C™, (4.6)
where CGCy is defined as in (2.2).

< +o0. (4.5a)

Proof. Since
CGCy = I, = (PLy) (P As(PL) ) T P Ay

is a unitary projector, it holds that CGCT A, CGCy = Ay CGC,. Therefore, the
target inequality (4.6) can be simplified and symmetrized, giving rise to the equiv-
alent matrix inequality

OGO, = I, — AV2(P3 )T (P AP ) T) P2 AY? <A (4T)

Hence, by invoking Lemma 3.1, QSTC@_C/’SQS can be permuted into a 2 x 2 block
diagonal matrix whose jth block, 7 = 1,...,ms11, is given by the rank-1 matrix
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(see [8] for the analogous 7 case)

2 g
j 1 ; CjS;

2T 2182 sy 82 ’
¢ T S5; 397 j

where

[ms] [ms]
Ly mg ™ —XI; ms
cj:(:os< J2 )pr(mg ‘]) s; = — cos (Tﬂ>p2f(ﬂ_x£_ ])_

As in the proof of the TGM convergence, due to the continuity of fs and ps, (4.7)
is proven if the right-hand sides in the inequalities

w2 1 () i
vz g o () e () ] e
T.(2) = cos” (2) p2u(a) + cos? (%) P2 (x — ) (4.80

are uniformly bounded on the whole domain so that vy, are universal constants.
Once again, it is evident that (4.8a) is implied by (4.8b). Moreover, both the
terms in (4.8b) and in cl(m) can be exchanged each other, up to the change of
variable y = 7 — .
Therefore, if 2° # 7, (4.8b) can be rewritten as

w2 ot () B vt () ] o

where

so that (4.3a) and (4.3b) ensure the required uniform boundedness.
In the case #° = 7, the inequality (4.8b) can be rewritten as

1 pi(r — )
Vs 2 3 2 2(z) f2
ps(x) + ps(ﬂ'—l‘) COs (5) fs (ZL')
cos? (I5%) fo(m —x)  cos? (%) fs(z)
2
p;(2)

4.10
cos? (55 f2(m - x>] (4.10)
so motivating the special case reported in (4.4a). O

Remark 4.3. Notice that in the case of pre-smoothing iterations and under the
assumption V; o nonsingular, the approximation condition

s,pre

||C'GC’SVS’$;EC:1:||ZS < s HV”PTEQCHQA2 for any x € C™s, (4.11)



388 C. Tablino Possio

—_~

is equivalent to the condition, in matrix form, CGCs < ;A obtained in Propo-
sition 4.2.

In Propositions 4.1 and 4.2 we have obtained that for every s (independent
of m = my) the constants as, Bs, and s are absolute values not depending on
m = my, but only depending on the functions f,; and p,. Nevertheless, in order to
prove the MGM optimal convergence according to Theorem 2.2, we should verify
at least one between the following inf-min conditions [2]:

S . Qs s . Bs
pre = inf min — >0, Jpost = inf min — > 0. (4.12)
mo 0<s<log, (mo) Vs mo 0<s<log,(mo) Vs
First, we consider the inf-min requirement (4.12) by analyzing the case of a gen-
erating function fo with a single zero at 20 = 0.

It is worth stressing that in such a case the DCT-IIT matrix A,,, = Cyn, (fo) is
[mo] _

= (

singular since 0 belongs to the set of grid points j—Um/mg,j=1,...,mo.

Thus, the matrix flmo is replaced by

€€T

A = Cong (o) = Comg (fo) + fo (™) -

mo

with e = [1,...,1]T € R™ and where the rank-1 additional term is known as

Strang correction [30]. Equivalently, fo > 0 is replaced by the generating function
fo=fot o (x[;”o]) X yimel ang > O, (4.13)

1

where X x is the characteristic function of the set X and w[lm(’] =2=0.

In Lemma 4.4 below, it is reported the law to which the generating functions
are subjected at the coarser levels. With respect to this target, it is useful to
consider the following factorization result: let f > 0 be a trigonometric polynomial
with a single zero at 20 of order 2q. Then, there exists a positive trigonometric
polynomial 1 such that

f(x) = [1 = cos(z — z0)]? Y(z). (4.14)

Notice also that, according to Lemma 3.2, the location of the zero is never shifted
at the subsequent levels.

Lemma 4.4. Let fo(z) = fo(z) + coXanz(z), with fo(z) = [1 — cos(x)]%bo(z), q
being a positive integer and 1y being a positive trigonometric polynomial and with
[mo]

co = fo (Cﬂ2 ) Let ps(x) = [1+cos(x)]? for any s =0, ..., Smin — 1. Then, under

the same assumptions of Lemma 3.1, each generating function fs is given by
fs(@) = fs(@) + esXonz (@), fo(z) = [1 = cos(x)] s ().
The sequences {15} and {cs} are defined as

Yetr1 = Py p, (Vs), Cor1 = cspg(O)7 s=0,...,8min — 1,
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where ®,, is an operator such that

@0 @) = 557 [(er9) (5) + opw) (x - 3)].  (419)

with ¢(z) = 1 + cos(z). Moreover, each fs is a trigonometric polynomial that
vanishes only at 2wZ with the same order 2q as fy.

Proof. The claim is a direct consequence of Lemma 3.1. Moreover, since the func-
tion g is positive by assumption, the same holds true for each function ¢¥s. O

Hereafter, we make use of the following notations: for a given function f, we
will write My = sup,, |f|, my = inf, | f] and peo(f) = My/my.

Now, if € (0,27) we can give an upper bound for the left-hand side R(z)
n (4.9), since it holds that

cos ( ) %(m) cos (”—f)pg(ﬂ—x)
L P-a e
R(z) cosQ(g) p2(x) cos (”—2"’”);03(7?—90)
fs(m —2) fs(z)
wi (3) |, oot (552)
_ Br-o ' 20
COSQ( )ps( ) cos? (”gz)ps(ﬂ'—x)
1/15(7T*17) 7/15(55)
M, ! My,

<
)l n)
we can consider vs = My, /m7 . In the case x = 0, since ps(0) = 0, it holds
R(0) = 1/fs(m), so that we have also to require 1/fs(w) < ~s. However, since
1/ fs(m) < My, /m3, , we take vi = My, /m?, as the best value.
n (2.9), by choosing ! = || £/l we simply find 87 = || £, > 1/(29My,)

and as a consequence, we obtain

fr, 1 my_ 1

VT 20My, My, 29u3(vs)
A similar relation can be found in the case of a pre-smoothing iteration. Neverthe-
less, since it is enough to prove one between the inf-min conditions, we focus our at-
tention on condition (4.16). So, to enforce the inf-min condition (4.12), it is enough
to prove the existence of an absolute constant L such that peo(9s) < L < +00
uniformly in order to deduce that [[MGMol| 4, < /1 —(29L2)~1 < 1.

m3, cos? (£) ps(z) + cos? (

(4.16)

Proposition 4.5. Under the same assumptions of Lemma 4.4, let us define s =
[@,, .45 (¥) for every s € N, where ®, , is the linear operator defined as in (4.15).
Then, there exists a positive polynomial 1V~ of degree q such that v¥s uniformly
converges to Vo, and moreover there exists a positive real number L such that
too(Vs) < L for any s € N.
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Proof. Due to the periodicity and to the cosine expansions of all the involved
functions, the operator @, , in (4.15) can be rewritten as

1

[@0p(¥)] @) = 57 [(0p¥) (5) + (epw) (7 +3)]. (@17)

The representation of ®,, in the Fourier basis (see Proposition 4.8 in [2]) leads
to an operator from R™(@ to R"(2) m(q) proper constant depending only on g,
which is identical to the irreducible nonnegative matrix ®, in equation (4.14) of
[2], with ¢ + 1 in place of gq.

As a consequence, the claimed thesis follows by referring to the Perron—
Frobenius theorem [15, 31] according to the very same proof technique considered
in [2]. O

Lastly, by taking into account all the previous results, we can claim the
optimality of the proposed MGM.

Theorem 4.6. Let fy be an even nonnegative trigonometric polynomial vanishing at
0 with order 2q. Let mg =m >my > -+ >ms > -+ > Mg, Mer1 = Mg/2. For
any s =0,...,8min—1, let P7, | be as in Proposition 4.2 with ps(x) = [14cos(x)]?,
and let Vs post = Imy, — Am, /|| fslloo- If we set Apy = Crg (fo + coXarz) with co =

fol émo]) and we consider b € C™, then the MGM (standard V-cycle) converges
to the solution of Am,x = b and is optimal (in the sense of Definition 1.1).

Proof. Under the quoted assumptions it holds that fo(a:) = [1 — cos(z)]? o (z)
for some positive polynomial v¢(z). Therefore, it is enough to observe that the
optimal convergence of MGM as stated in Theorem 2.2 is implied by the inf-min
condition (4.12). Thanks to (4.16), the latter is guaranteed if the quantities fio (¢s)
are uniformly bounded and this holds true according to Proposition 4.5. (I

Now, we consider the case of a generating function fy with a unique zero at
20 = 7, this being particularly important in applications since the discretization
of certain integral equations leads to matrices belonging to this class. For instance,
the signal restoration leads to the case of fo(m) = 0, while for the super-resolution
problem and image restoration fo(m,7) = 0 is found [5].

By virtue of Lemma 3.2 we simply have that the generating function f;
related to the first projected matrix uniquely vanishes at 0, i.e., at the first level
the MGM projects a discretized integral problem, into another which is spectrally
and structurally equivalent to a discretized differential problem.

With respect to the optimal convergence, we have that Theorem 2.2 holds
true with 6 = min{dy,d} since J results to be a constant and independent of
mg. More precisely, &y is directly related to the finest level and ¢ is given by the
inf-min condition of the differential problem obtained at the coarser levels. The
latter constant value has been previously shown, while the former can be proven as
follows. We are dealing with fo(z) = (1+cos(z))?¢o(z) and according to (4.3a) we
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choose po(z) = po(z) + doXarz With po(x) = (1 + cos(z))4! and do = po(wémo]).

Therefore, an upper bound for the left-hand side R(x) in (4.10) is obtained as
~ M
R(z) < %

Mo
i.e., we can consider vy = My, / m?po and so that a value §y independent of my is
found.

5. Numerical experiments

Hereafter, we give numerical evidence of the convergence properties claimed in
the previous sections, both in the case of proposed TGM and MGM (standard
V-cycle), for two types of DCT-III systems with generating functions having zero
at 0 (differential-like problems) and at 7 (integral-like problems).

The projectors P;, | are chosen as described in Section 3 and in Section 4. The
Richardson smoothing iterations are used twice in each iteration with w = 2/|| f||co
and w = 1/|| f||co, respectively. The iteration is stopped when the Euclidean norm
of the relative residual at dimension mg is less than 10~7. Moreover, the exact
solution of the system is found by a direct solver when the coarse grid dimension
equals to 16 (162 in the additional two-level tests).

5.1. Case x? = 0 (differential-like problems)

First, we consider the case Ay, = Cp,(fo) with fo(z) = [2 — 2cos(x)]?, i.e., with a
unique zero at z° = 0 of order 2q.

As previously outlined, the matrix C,,(fo) is singular, so that the solution
of the rank-1 corrected system is considered, whose matrix is given by Cp,(fo) +
(fo(m/m)/m)eel, with e = [1,...,1]7. Since the position of the zero z° = 0 at the
coarser levels is never shifted, then the function ps(z) = [2 — 2 cos(m — z)]" in the
projectors is the same at all the subsequent levels s.

To test TGM/MGM linear convergence with rate independent of the size mg
we tried for different r: according to (3.6a), we must choose r at least equal to 1 if
g =1 and at least equal to 2 if ¢ = 2,3, while according to (4.3a) we must always
choose r equal to ¢. In Table 1, we report the number of iterations required for
convergence. As expected, it results to be bounded by a constant irrespective of
the problem size. Notice also that, in general, the MGM requires the same number
of iterations than the TGM. In other words, the approximation due to the Coarse
Grid Correction in the V-cycle does not introduce any significant loss of accuracy.

By using tensor arguments, the previous results plainly extend to the mul-
tilevel case. In Table 2 we consider the case of generating function fo(z,y) =
fo(x) + fo(y), that arises in the uniform finite difference discretization of elliptic
constant coefficient differential equations on a square with Neumann boundary
conditions, see, e.g., [24].
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TABLE 1. Number of required iterations — 1D Case:
fo(z) = [2 — 2cos(x)]? and p(z) = [2 — 2 cos(m — x)]".

TGM MGM
1 = q=3 qg=1 q=2 q=3
mo | r=1 r:1|r:2 r:2‘r:3 mo | r=1 7':1|r:2 r:2|r:3
16 7 15 13 28 24 16 1 1 1 1 1
32 7 16 15 34 32 32 7 16 15 34 32
64 7 16 16 35 34 64 7 17 16 35 34
128 7 16 16 35 35 128 7 18 16 35 35
256 7 16 16 35 35 256 7 18 16 35 35
512 7 16 16 35 35 512 7 18 16 35 35
TABLE 2. Number of required iterations — 2D Case:

folz,y) = [2 —2cos(x)]? + [2 — 2 cos(y)]? and

p(z,y) = [2 — 2cos(m — x)]" + [2 — 2 cos(m — y)]".

TGM MGM

g=1 q=2 q=3 qg=1 q=2 qg=3

mo | r=1 r:1|r:2 r:2|7“:3 mo | 7T=1 7“:1‘7‘:2 7‘:2|T‘:3
162 15 34 30 - - 162 1 1 1 1 1
322 16 36 35 71 67 322 16 36 35 71 67
642 16 36 36 74 73 642 16 36 36 74 73
1282 16 36 36 74 73 1282 16 36 36 74 73
2562| 16 36 36 74 73 2562 16 37 36 74 73
5122| 16 36 36 74 73 5122 16 37 36 74 73

5.2. Case x° = 7 (integral-like problems)

DCT-III matrices A, = Cp, (fo) whose generating function shows a unique zero
at 2° = 7 are encountered in solving integral equations, for instance in image
restoration problems with Neumann (reflecting) boundary conditions [18].

According to Lemma 3.2, if 2% = 7, then the generating function f; of the
coarser matrix A,,; = Ci,, (f1), m1 = mo/2, has a unique zero at 0, whose order
equals the order of 20 = 7 with respect to fy plus two.

It is worth stressing that in such a case the projector at the first level is
singular so that its rank-1 Strang correction is considered. This choice gives rise
in a natural way to the rank-1 correction considered in Section 5.1. Moreover,
starting from the second coarser level, the new location of the zero is never shifted
from 0. In Table 3 the number of iterations required for convergence, both in the
one-level and two-level case, is reported.

6. Computational costs and conclusions

Some remarks about the computational costs are required in order to highlight
the optimality of the proposed procedure.

Since the matrix C,,, (p) appearing in the definition of P¢_; is banded, the
cost of a matrix vector product involving P?,; is O(my). Therefore, the first con-
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TABLE 3. Number of required iterations — 1D Case:
fo(x) =2+ 2cos(z) and po(x) =2 — 2cos(m — x)
and 2D Case: fo(z,y) = 4+ 2 cos(z) + 2 cos(y)
and po(z,y) =4 — 2cos(m — ) — 2cos(m — y).

| mo | TGM | MGM | | mo | TGM | MGM |

16 15 1 162 7 1
32 14 14 322 7 7
64 12 13 642 7 7
128 | 11 13 1282 7 6
256 | 10 12 2562 7 6
512 8 10 5122 7 6

dition in Definition 1.1 is satisfied. In addition, notice that the matrices at every
level (except for the coarsest) are never formed since we need only to store the
O(1) nonzero Fourier coefficients of the related generating function at each level for
matrix-vector multiplications. Thus, the memory requirements are also very low.

With respect to the second condition in Definition 1.1 we stress that the rep-
resentation of A, ., = Cp,_,,(fs+1) can be obtained formally in O(1) operations
by virtue of (3.5). In addition, the zeros of fs+1 and their orders are obtained
according to Lemma 3.2 by knowing the zeros of fs and their orders. Furthermore,
each iteration of TGM costs O(myg) operations as A,,, is banded. In conclusion,
each iteration of the proposed TGM requires O(mg) operations.

With regard to MGM, optimality is reached since we have proven that there
exists 0 independent from both m and sy, so that the number of required iter-
ations results uniformly bounded by a constant irrespective of the problem size.
In addition, since each iteration has a computational cost proportional to matrix-
vector product, Definition 1.1 states that such a kind of MGM is optimal.

Finally, we report some remarks about the performances of the proposed
method with respect to those achieved by considering Fast Cosine Transform
(FCT) standard resolutions [27]. Let us consider the linear system A,,x,, = by,
where A,, belongs to the DCT-III matrix algebra. Then, the solution is given by

Tm = QmAy_legbmv (61)

where A, is the diagonal matrix holding the eigenvalues of A,,. Since, these eigen-
values can be evaluates as

[Q%Amel]i .
[Am]ii) = QT el i=1,...,m,

with e; = [1,0,...,0]T, the solution (6.1) can be obtained in three FCT, i.e., within
O(mlog m) operations. Thus, such a computational cost is not substantially higher
than the cost of the proposed MGM. In addition, the MGM implementation is a
delicate task since it clearly involves an efficient memory allocation, both with
respect to the recursion itself and the data stored in the setup phase.

Nevertheless, even in the one-level case, for increasing dimensions, the solu-
tion computed by means of FCT can show a worsening in the accuracy greater
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TABLE 4. Relative error in Euclidean norm e, in the case of our MGM
Matlab code and FCT built-in Matlab function based code — 1D case:
fo(x) = [2—2cos(z)]? (p(z) = [2 — 2 cos(m — x)]? and stopping criterion
equal to 107 for the MGM).

mo MGM e, | FCT e,

16 2.23e-011 | 8.43e-014
32 3.99e-010 | 1.87e-013
64 3.20e-010 | 1.16e-011
128 2.43e-008 | 2.68e-010
256 2.68e-007 | 3.54e-009
512 4.46e-006 | 1.04e-007
1024 | 5.47e-005 | 1.61e-006
2048 | 5.67e-004 | 1.72e-002
4096 | 9.22e-003 | 3.93e-001

than the solution computed by MGM, as, for instance, in the case of the generating
function fo(x) = 2 — 2 cos(z). The loss of accuracy appears even more suddenly in
the case of fo(z) = [2—2cos(z)]?: for a size larger than 2000, the results delivered
by our MGM implementation are definitely more accurate than those obtained by
using the Matlab FCT code and show a more predictable pattern. More precisely,
for increasing dimensions, Table 4 compares the relative error in Euclidean norm
obtained by considering our MGM Matlab implementation and by using the built-
in Matlab dct function. For the sake of completeness, we have to mention that our
MGM CPU times are larger than those of the FCT code. Nevertheless, we think
that the comparison is unfair since the former refer to a non-optimized Matlab
code (the matrix-vector product key operation is implemented in O(m) operations
by using loops, but it is known that loops slow down the Matlab performances),
while the latter make use of a built-in executable function.

Moreover, the MGM, due to its iterative nature, has also a greater flexibility
related to the choice of threshold in the stopping criterion, whenever the considered
application does not require a high accuracy. We recall that this situation is not
academic and indeed it does occur when considering image restoration problems
[18, 17], where we cannot expect an error less than the noise level.

As a conclusion, we observe that the reported numerical tests in Section 5
show that the requirements on the order of zero in the projector could be weakened.
Future works will deal with this topic and with the extension of the convergence
analysis in the case of a general location of the zeros of the generating function.
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Abstract. Recently it was shown that the ratio between the normwise Toeplitz
structured condition number of a linear system and the general unstructured
condition number has a finite lower bound. However, the bound was not ex-
plicit, and nothing was known about the quality of the bound. In this note
we derive an explicit lower bound only depending on the dimension n, and
we show that this bound is almost sharp for all n.
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1. Notation and problem formulation

For a system of linear equations Ax = b with A € R"*" . b € R", the condition
number characterizes the sensitivity of the solution x with respect to infinitely
small perturbations of the matrix A. For € > 0, denote

M. == M.(A) = {AA € R™" ;| AA]| < e A}, (1.1)

where throughout the paper || - || denotes the spectral norm for matrices and for
vectors. Denote by P := P.(A,x) the set of all vectors Az € R™ for which there
exists AA € M, with (A+AA)(x+ Ax) = Az. Then the (unstructured) normwise
condition number is defined by

k(A,z):=lim sup Azl

. 1.2
S el (12)

It is well known that x(A, x) = ||[A71]| || A, such that the (unstructured) condition
number does not depend on x.

If the matrix A has some structure, it seems reasonable to restrict the set M.
to matrices with similar structure. For a = (a,(n,l)7 ceeyQ-1,00,01,...,0p_1), the
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n x n Toeplitz matrix T, (a) is of the form

aon al o ap—1
T:=Tya)=| ** % "~ ° [erxn (1.3)
. .- .- a/l
af(nfl) ¢ | agp

For given (nonsingular) Toeplitz matrix 7', restricting M. to Toeplitz matrices
changes (1.2) into the Toeplitz condition number xT°P (T, x) [10], [14], [2, Section
13.3]. Since the set of perturbations AA is restricted, it follows x™°°P(T,z) <
k(T,z) = [T~ ||T||. Note that in contrast to the general condition number, the
Toeplitz condition number depends on x. However, there exists always a worst
case z such that both condition numbers coincide [14, Theorem 4.1]:

St;}g{HTOCp(T, o)} =TT

In [14, Theorem 10.2] it was shown that x™®(T,z) > 271/2,/k(T,z)
(see also [2, Theorem 13.14]), hence the ratio x™°°P/k is bounded below by
20T~ |T|]]~*/2. The question arises, how small can the Toeplitz condition num-
ber actually be compared to the general condition number?

In a recent survey paper on Toeplitz and Hankel matrices [4], Béttcher and
Rost note “One expects that xT°°P(T, x) is in general significantly smaller than
k(T z), but, curiously up to now no convincing example in this direction is known.”
Furthermore, Béttcher and Rost continue to note that, as proved in [3] (submitted

in 2002 but appeared in 2005), it seems rather hopeless to find examples numeri-
cally (see also [2, Theorem 13.20]):

Theorem 1.1 (Bottcher, Grudsky, 2002). Let xg,x1,...,2,—1 € C be independent
random variables whose real and imaginary parts are subject to the standard normal

distribution and put x = (:Uj);:_ol. There are universal constants 6 € (0,00) and
no € N such that

Toep
Probability (”‘ (Tn(a),2) o 0 > 99

w(To(a)z)  — n3%) ~ 100
for all finitely supported sequences a and all n > nyg.

Notice that generically (T}, (a),x) remains bounded or increases exponen-
tially fast as n goes to infinity. Since in the case of exponential growth the factor
§/n3/? is harmless, it follows that with high probability that xT°°P(T),(a), ) in-
creases exponentially fast together with (7T, (a), ).

In [14] the first author showed a lower bound on the ratio xT°°P/k which
surprisingly depends only on the solution x, not on A (see also [2, Theorem 13.16]).
However, despite some examples of small dimension (inspired by Heinig [9]) no
general examples could be derived.
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In this note we

1. derive a general lower bound on xT°°P(T,z)/k(T, z) only depending on the
dimension n, and
2. show that this lower bound is almost sharp for all n.

The solution of both problems is based on the minimization of the smallest singular
value of a class of Toeplitz matrices (2.2) and its surprising connection to a lower
bound on the coefficients of the product of two polynomials. We will prove in
Corollary 2.11 that

2n . ﬁToep(A7x) nxn . n \/5
Ani > inf{ SA7) : A e R™" Toeplitz, 0 # z € R"} > AT

where A = 3.209912. . ..
We denote by omin(A) the smallest singular value of the matrix A, and by J
the permutation matrix (“flip matrix”) mapping (1,...,n) into (n,...,1).

2. Main results

Let a linear system Az = b with Toeplitz matrix A be given. The defining equation
(A+ AA)(x + Az) = Az with |AA] < ]| A]| implies

Az = —A"TAAz + O(e). (2.1)

For Toeplitz perturbations, we have AA = T'(Aa) with Aa € R?"~! according to
(1.3), and using ideas from [10] a computation shows [14]

r1 X2 ... XTp

AAx = JU,Aa with V¥, := T T2 .. I c Rx(@2n—1)

Tl Tz ... Tn

(2.2)
In [14, Lemma 6.3] it was shown that the spectral matrix norm of AA and Eu-
clidean norm of Aa are related by

1
— < < : :
\/HIIAAH < [lAall < V2] A4 (2:3)

Combining this with the definition of xKT°°P(A, x) and (2.1) yields [14, Theorem
6.5]
_ ATt A
=7
]

so that [[A7YJW,|| > [|A7Y||omin(¥,) implies [14, Corollary 6.6]

KIOP(A,) 1 AT, S 1 omin(Ps)

w(Az) T /AT =] T Ve 2

Surprisingly, this lower bound depends only on the solution x. That means, a given
solution z implies a lower bound for KT°°P(A, x)/k(A, x) for any Toeplitz matrix A.

1
KTOP (A7) with — <y < V2, (2.4)
vn

(2.5)




400 S.M. Rump and H. Sekigawa

We will show that the lower bound in (2.5) is achievable up to a small factor.
For this we first construct for given  a Toeplitz matrix A with ratio x°°P/k near
Ouin(22)/ 2]

Let fixed but arbitrary © € R™ be given. For simplicity assume ||z|| = 1. First
we will show that for § > 0 there exists a Toeplitz matrix A with ||[A~1JV,|| <
A | omin(Ps) + 4.

Denote by y € R™, ||ly|| = 1, a left singular vector of ¥, t0 omin(¥:), so that
lyT V.|| = omin(¥s). By ¥, 0T = JU, U JT we may assume either y = Jy or
y = —Jy. Define by

Y4
L(p1,...,pn) := P2 ' e R™x"™
Pn --- P2 D1
a lower triangular Toeplitz matrix depending on p € R™. Define

B = L(ylﬂy27"'7yn) and C := L(anmyn—1>~-~7y2)

and
R.:= (B+el)(B+e)T —CC™. (2.6)
If R. is invertible, then the Gohberg-Semencul formula ([8], see also [4, Th. 3.3])
implies that A. := RZ! is a (symmetric) Toeplitz matrix. Furthermore, a direct
computation using y = £Jy yields
Ry =yy" (2.7)

which implies det(Rp) = 0 for n > 2. The determinant of R, is a monic polynomial
of degree 2n in e, thus R, is nonsingular for all 0 # & < gg for small enough ¢g.
Hence there is a constant «, independent of ¢, with

HRE\D$H < Hny\DxH t+ae= Umin(\llw) +ag,
the latter equality because afnin(

vy o (yy" )T

Since Ac = RZ! is a Toeplitz matrix and y = +.Jy, (2.4) implies the following
result, which is trivially also true for n = 1.

W¥,.) is the only nonzero eigenvalue of

Theorem 2.1. Let 0 # x € R"™ be given. Then for all § > 0 there exists a Toeplitz
matriz A € R™*™ with

”A_l”Umin(\I/x) < ”A_lJ\IIrH < |‘A_1||Umin(\1/z) +4

and

1

min \I]w
07()4—5’ for —=<~y<V2 and 0<§ < V26.

KTOP(A x) = v-k(A, 2)
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For x # 0, the matrix ¥, has full rank because otherwise each nxn submatrix
of ¥, would be singular, taking the leftmost submatrix in ¥, would imply z; = 0,
the second leftmost would imply x5 = 0 and so forth. Thus

Tmin( V) = min opin(¥y) >0 (2.8)

Hn = okeer  af zl|=1

for all n, and Theorem 2.1 yields
Corollary 2.2. For all n,

Toep A 1
w04, z) : A € R™" Toeplitz, 0 £z € R"} > ——p,.
n

k(A x) Vn
In the remaining of the paper we will estimate p,, to characterize the infimum
of kT°P /K. The matrix ¥, is also known as “polynomial matrix” !. Identifying

V24 > inf{

a vector = (21,...,%,) € R™ with the polynomial z(t) := nil Tn—pt” € R[t], a
little computation yields v
2=yTU, < z2(t) =y(t)z(t), (2.9)
and therefore
y'U, =27, (2.10)
This, of course, can also be verified by direct computation. We define the norm

|z(t)|| of a polynomial by the norm ||z|| of its coefficient vector. Since ||yT W, || =
Omin(¥,), we can characterize u, by

pn = min{[|PQ : P,Q € R[t], deg(P) =deg(Q) =n—1, |[P[| =[|Q| = 1}.
(2.11)
To give lower and upper bounds for p,,, we first describe some related results
for polynomials. The supremum norm || P||g of a complex univariate polynomial
P on a compact set £ C C is defined as

IP||g := sup | P(z)]. (2.12)
z€E
In [12] Kneser gave the exact lower bound for the supremum norm on the interval

[—1,1] of the product of two polynomials.

Theorem 2.3 (Kneser, 1934). Suppose that PQ = R, where P, @ and R are com-
plex polynomials of degree m, n —m and n, respectively. Then for all m and n

I1Pll—1,1QN =1, £ KmnllRll=1.1,

where

- 2k — )1\ " 2k — 1
Koy = on—1 H (1 + cos %) H (1 + cos %) .

k=1 k=1
This bound is exactly attained by the Chebyshev polynomial of degree m.

IMany thanks to Ludwig Elsner, Bielefeld, for pointing to this connection.
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To estimate p,, we need similar results for the unit disc D. Boyd’s result
in [5, 6] gives a sharp inequality for this case. To describe Boyd’s results, we
define the Mahler measure. For a complex polynomial F' in k variables the Mahler
measure of F' is defined as

= exp (/ / log|F(e 2”F“ . ,e%ﬁtkﬂdtl e dtk> .

Theorem 2.4 (Boyd, 1992/94). Let R be a polynomial of degree n with complex
coefficients and suppose that PQ = R. Then for the norm || - ||p as in (2.12) on
the unit disc D

IPIplQllp < 0" Rl b,
where § = M (1 +x+y — xy) = 1.7916228 . ... The constant is best possible.

As written in section 3 of [5], the constant § can be expressed in terms of
Clausen’s integral

0 .

k6

Cla(0) = —/0 log (2811(1 ) dt = %7
k=1

or, in terms of I(6), where

10) = /09 log (2005 —) dt = Cla(r — 0).

Using Catalan’s constant G = I(n/2) = Cla(7/2) ~ 0.9160, we can write § =
e2G/m

Theorem 2.4 implies a lower bound for pu,. To obtain an upper bound for
n, We estimate the supremum norms of the following polynomials. Define F,(t)
as t2" + (—1)". Let P,(t) be the monic polynomial of degree n with the zeros
of F,(t) in the right half-plane, and Q,(¢) be the monic polynomial of degree n
with the zeros of F,(t) in the left half-plane. It follows P, Qn = F,, and Qn( ) =

(=1)" Py (—t).
Lemma 2.5. For the norm || - ||p as in (2.12) on the unit disc D, the following
inequalities hold true.

€5 8" > ||Pullp = (=1)"Pu(=1) = |Qullp = Qu(1) > 5™

Remark 2.6. When n is even, 2K, /3, = Qn(1)2, where K, ; is the constant in
Theorem 2.3.

Combining Theorem 2.4 and Lemma 2.5, where the proof of the latter is
deferred to the appendix, with (2.11), we obtain an upper and a lower bound for
1n- Before we state our final result, we prove that we may assume without loss of
generality that polynomials P and ) minimizing p,, as in (2.11) must both have
all their roots on the unit circle. This is also useful to identify such polynomials
P and @ numerically for small n. In fact, the following Theorem 2.7 shows more,
namely that for fixed (normed) @ there is a (normed) polynomial P with only
roots on the unit circle and minimizing || PQ]|.
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Theorem 2.7. For two nonzero real univariate polynomials P and Q with | P|| =
QI = 1, there exists a real univariate polynomial P’ such that deg(P’) = deg(P),
|P'|| =1, all zeros of P’ lie on the unit circle and ||P'Q| < ||PQ].

The proof of Theorem 2.7 is rather involved, and thus deferred to the appen-
dix. An immediate consequence is the following corollary.

Corollary 2.8.

pn = min{[|PQ[: P,Q € R[t], deg(P) = deg(Q) =n—1, [Pl =[IQ[ =1,
and P, Q have all zeros on the unit circle}.

Now we can prove the following upper and lower bounds for p,,.

Theorem 2.9.
V2(n+1 2
¥ > /’L’ﬂ+1 Z ——_—
An V2n + 1A»
where A = e*G/™ for Catalan’s constant G. It is A = §%, where § is the constant
in Theorem 2.4. Note that A = 3.209912. ...

Remark 2.10. Using Proposition 2.12 at the end of this section, we can improve

the upper bound to
Cvn+1
An
where C' is a constant independent of n.

Proof. Let F be a complex polynomial Z:ZO ayt¥. Then, the following inequalities
among norms of F' hold.

Vo +1||F[[ = [Fly = [Fllp = [ F]. (2.13)

Here, |F|; is defined as Y_.._, |a,|. Real polynomials P and ) minimizing yu,, have
all their roots on the unit circle. For this case the right-most inequality in (2.13)
improves into

IFllp > V2|IF| (2.14)

which follows from a much more general result? in [16], see also [17, (7.71)]. From
Theorem 2.4, for real polynomials P and @ of degree n, we have

PQlo 1 _ 1
IPlpllQllp = o2 A
Therefore, for polynomials P and @ with ||P|| = ||Q| = 1, the inequalities
PRl 2
VIR PIolQlp — Van s 147
follow from (2.13) and (2.14). This proves the lower bound for fi, 1.

1PQI =

2Thanks to P. Batra, Hamburg, for pointing to this reference.
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Let P, and Q,, be as in Lemma 2.5. An upper bound for || P, Q|| /(| Pa|| | Q)
is an upper bound for g, . Since || P,Q,|| = v/2, the inequalities

1PaQul Ve V)
[Pall@nll — ([Pallp/ v+ 1)([Qnllp/ v+ 1) An
follow from (2.13) and Lemma 2.5. O

Inserting this into Corollary 2.2 characterizes the asymptotic behavior of the
worst ratio between the unstructured and structured condition number for Toeplitz
matrices.

Corollary 2.11. For all n,

kTP (A, )

2 2

nAn—1’

(2.15)

where A = 3.209912 ... is the constant in Theorem 2.9.

We can improve the upper bound using the following proposition, the proof
of which is given in the Appendix.

Proposition 2.12.

B Qi 1

1 = = .
ne [Pallp me IQullp V2

By similar arguments of the proof for Theorem 2.9, we obtain the following
improved upper bound.

Corollary 2.13. There exists a constant C > 0 such that for all n,

An—l k(A x)
where A = 3.209912 ... is the constant in Theorem 2.9.

Toep A
Cvn inf{w . A € R™" Toeplitz, 04 x € R"} ,

3. Approximation of 1,

Next we show how to approximate ¥, € R"*2"~1 minimizing i, (¥,). Using
VU, a Toeplitz matrix with small ratio x™°°P/k can be constructed following the
discussion preceding Theorem 2.1. For given unit vector z € R™ and z(t) :=

n—1
Zp—pt” define ¥, as in (2.2), and let y € R™ be a unit left singular vector to
v=0
n—1
Omin(Uy) of W,. With y(¢) := > yn—.,t” as in the discussion following Corollary
v=0
2.2 we have

lzll = Iyl = llz(®] = ly@)l =1 and [a@yE) = lly" Vol = omin(¥a)-
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i [|PnQnll

n  approximate fin rigorous bounds of p, fin = TE TG fin/ fin
2 0.70710678118655 [ 0.70710678118 , 0.70710678119 ] 0.707107 1.0000
3 0.33333333333333 [ 0.33333333333 , 0.33333333334 | 0.353553 1.0607
4 0.13201959446019 [ 0.13201959446 , 0.13201959447 ] 0.141421 1.0712
5 0.04836936580270 [ 0.04836936580 , 0.04836936581 ] 0.051777 1.0705
6 0.01702151213258 [ 0.01702151213 , 0.01702151214 ] 0.018183 1.0682
7 0.00584679996238 [ 0.00584679996 , 0.00584679997 ] 0.006234 1.0662
8 0.00197621751074 [ 0.00197621751 , 0.00197621752 ] 0.002104 1.0647

TABLE 1

For fixed x(t), the polynomial y(¢) minimizes |« (¢)y(t)| subject to ||y(¢)|| = 1.
Now (2.10) implies ||a:T\IJy|| = Omin(¥;) and therefore omin(Vy) < Omin(¥y). It-
erating the process, that is replacing x by y and computing y as a left singular
vector to opmin (¥, ), generates a monotonically decreasing and therefore convergent
sequence. Practical experience suggests that for generic starting vector = this se-
quence converges mostly to the same limit, presumably pu,,. In any case this limit
is an upper bound for u,. Table 1 displays this limit for some values of n.

To ensure that the limit is not a local but the global minimum lein Omin(Vz),

a verified global optimization method was used [13] for computing rigorous lower
and upper bounds for p,. Such methods take all procedural, approximation and
rounding errors into account and are, provided the computer system works to its
specifications, rigorous (see, for example, [7]). For given n and using (2.11) this
means 2n variables. This was possible up to n = 5 with reasonable effort. The right-
most column in Table 1 displays the computed bounds for u,. For larger values
of n, the number of variables was significantly reduced using Theorem 2.7. Since
minimizers P, @ have only roots on the unit circle it follows P(z) = £2"P(1/z)
and similarly for @, i.e., the coefficient vectors are (skew-)symmetric to reflection.
Using this allows the computation of rigorous bounds for u, up to n = 8 with
moderate effort.?

The best-known lower and upper bounds for p, are by Kaltofen et al. [11].
They compute verified lower bounds until n = 18. For bounding p15 from below
they need 25 days of computing time. Results and more background are summa-
rized in [15]. Computational evidence supports the following conjecture.

Conjecture 3.1. There are polynomials P,Q € R[t] with degP = deg@ =n — 1
and ||P|| = ||1Q| = 1 with py, = ||PQ|| such that all coefficients of P are positive,
Q(t) = P(—t) and all roots of P and Q lie on the unit circle. The roots a, =+ ib,
of P have all positive real parts a,, and the roots of Q are —a, £ ib,.

3Thanks to Kyoko Makino for performing the verified global optimization using the COSY-
package [1].
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| PrQull
P11 Qnl] o
and the ratio fin,/p,, is displayed as well. It seems that P,, @, are not far from the
optimum. This is supported by Proposition 2.12.

Finally, the values fi,, = for the polynomials If’n, Qn as in Lemma 2.5

4. Appendix

Proof of Lemma 2.5. Since we can write

k
(t+1) H <t2+2tcos—7r+1>, if n is odd,
- n
Qn(t) = - (41>
2k — 1
<t2 + 2t cos (QJ + 1> , if n is even,
n

o

k=1

and cos £Z cos (%2—1)” > 0 for the values of k in question, we have ||Qn||p = Qn(1).

From the definition of Q,,, we have ||Qn|lp = | Pallp and Qn(1) = (=1)"Py(—1).

First we prove the inequalities in Lemma 2.5 when n is odd. From (4.1), we
have

. s k
Qn(1) = 2" H (1 + cos n7T> .

Therefore,
n—1
A _ (n+1)log2 2 km
log Qn(1) = — + ;log 1—|—(3087 .

Let a and b be real numbers with a < b. For a real function f such that f” <0
on the interval [a, b], we have

(b—a)f (‘”b) /f Yz > (b— )LD FFO) (4.2)

2

Applying (4.2) to f = log(1 4 cos7z) on intervals [0, ], [2E=1 2E+1) (k=1 2,
1) for an upper estimation, and on intervals [%, k] (=0, 1, ..., "53),
] for a lower estimation, we have

n 2
logQn(1)  (n+1)log2
n 2n

%
-
[+ 2

1 T
+ —log <1 + cos —)
n 4dn
3
Z/ log(1 + cosma)dx
0

> log@Q,(1) log2 1 1 + cos (n—1)m .
n 2 4dn 2n
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Since 1+ cosTz = 2 cos® ZZ, it follows

1 1
3 3
/ log(1 + cosma)dx = / log (2 cos? E) dx
0 0 2

2 [2 log 2
_—/210g<2cos£>dt o8 =logd
T Jo 2 2

From (4.3), we have

log Qn(1) log2
n o R
log Qn(1)

1
> logd > 7——10g<1+cos
n 4n

+ilo (1+cosl>
2n & 4n

(n—1)r
2n

Therefore, the following inequalities hold.

(n

1 - A
- AV BN
nlogd + 1 log <1 + cos ™ ) log Q,(1)

log 2
>nlogd + 8

1
—ilog<1+cos%).

Since

-1
log <1+cos(n)ﬂ> = log (1+sinl) < log (1+1> < U
2n 2n 2n

we can estimate the left-hand side of (4.4) by

1 -1
nlogd + - log 1+cosu <nlog6+l.
4 2n 8n
An estimation for the right-hand side of (4.4) is as follows.
Since log 2 > log (1 + cos ﬁ), we have

1+()
( COS

log2 1
=2 _ Zlog =
n

log ¢
nog+2 5

) > nlogé,

and therefore

nlogd + & > log Qn(1) > nlogé

proves Lemma 2.5 for odd n. When n is even, we have

w3

A log 2
log@Q,(1) = L ;)g + log (1 + cos
k=1

2n

)

(2k — 1)7r> |

2n’

Applying (4.2) to f = log(1 + cos7x) on intervals [%, Bk =0,1,...,

il] [2k71
1 2n D 2n

[nfl 1

%=, 5] for an upper estimation, and on intervals [0

2k+1
2n

| (%

n
2

407

(.

L,

4)

1),
2,
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., 2—1), [, 1] for a lower estimation, we have
N 1
log @n(1)  log2 :
og Qn(1) _ O§ > / log (1 + cosmz) dx
n 0

logQn(1) log2 1
> ogQ()_ ) ——log(1+cosl)
n 2 2n 2n

log 2 1 -1
+£——log<1+cosu>.
2n

2n 4n

Therefore, the inequalities

1 log 2
nlogd + ilog (1—&—0051) — 05

% )

2n
> loan(l) > nlogd

1
—l—ilog 1+ cos

hold, and from similar arguments for odd n, the inequalities
nlogd + 81 > 1oan(1) > nlogé
n
prove Lemma 2.5 for even n. O

To prove Theorem 2.7, we need the following lemmas, corollaries and algo-
rithm.

Lemma 4.1. Let F' and G be nonzero complex univariate polynomials, and ¢ be a
fized complex number on the unit circle. Define v: R — R by

[ —rO)F|
v(r) = .
It = rQG]
Then, the following statements hold.

1. v(r) has a minimum at either r =1 or —1.
2. If v(1) is not a minimum, then v(r) > v(0) for any r > 0.

Proof. Since v(r) is nonnegative, it is sufficient to prove that N(r) = v(r)? has
the above properties. For P(t) = Y_}'_, axt*, we have

It = rO)P* = || PII*r® — (Czﬁklak +Zzak15k> r+ PP (4.5)
k=1 k=1

Therefore, we can write
It =rQF|* = fir® + for + fi,
It =rO)G? = g1+ gar + g1,
where f; = ||F||?, g1 = ||G||?, and f2, g2 are real numbers. Therefore, we have

f192 — f2g1)(r? — 1)
[(t—7¢)G|?

If fig2 — f2g1 = 0, then N(r) is constant and the statements are clear.
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If figa — fogr > 0, then N(r) tends to fi1/g1 = N(0), as r tends to £oo.
Furthermore, N(r) is monotonically increasing on (—oo, —1], monotonically de-
creasing on [—1, 1] and monotonically increasing on [1, 00). Therefore, N(r) has a
minimum at r = 1.

If figa — fog1 < 0, then similar arguments hold. We have N(r) > N(0) for
any > 0 and N(—1) is a minimum. O

The following corollary immediately follows from Lemma 4.1.

Corollary 4.2. Let F' and G be nonzero complex univariate polynomials in t, and
a be a nonzero complex number. Put ¢ = «af|al. (That is, |(| = 1.) Then, the
following inequality holds.
t—a)F t—Q)F| ||tF
le=erl, y, (I0=OF1 erlly
[t — )G 1= QG It

When polynomials F' and G are real, the following lemma holds.

Lemma 4.3. Let F' and G be nonzero real univariate polynomials in t, and r be a
fizxed nonzero real number. Define v : C — R by

[t —rQF|
v(() == .
= —oal
We consider v(¢) a function on the unit circle in C. Then, v(¢) has a minimum
at ( =—1 or 1.

Proof. Since v(() is nonnegative, it is sufficient to prove that N(¢) = v(¢)? has a
minimum at ¢ = —1 or 1. From Equation (4.5) and considering F', G € R[t], w
have

It=rQOFI? = fi(¢+C)+ f
It =rQ)GI* = g1(¢+C) + g2,
where fz = (r? + 1)||F|]?, g2 = (r* + 1)||G||* and f1, g1 € R. Put s = +( (€ R).
We can write N(¢) as N(s), which is a function of s (=2 < s < 2). Then we have
]\7’(5 _ f192 — fagn

(g1 g2)?
That is, N'(s) is monotonic on [—2, 2]. Therefore, it has a minimum at s = —2 or
2, which corresponds to ( = —1 or 1, respectively. (I

Combining Lemmas 4.1 and 4.3, we can easily see that the following corollary
holds.

Corollary 4.4. Let F' and G be nonzero real univariate polynomials, and o be a
complex number. Then, the following inequality holds.

le=a)F . [llt=DF| ¢+ DF|
=t 2™ fr—Det e+ et )

Finally, we describe the following algorithm.
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Algorithm 4.5. Given a real polynomial P(t) = (t — «)(t — @) Fo(t), where a € C,
¢ R, this algorithm constructs F' € R[¢] satisfying the following conditions.

1. The degree of F' is two.

2. Both zeros of F' lie on the unit circle.

3. F satisfies the following inequality.

1PQIl _ |FRQ]
1Pl = TFB]

Step 1. Put ( = a/|a|. If
[t —a)(t — )RR [I(t = Ot — @) R
[t — )t —@) Pl — (= —@) Pl
then go to Step 2. Otherwise, go to Step 3.

Step 2.
Step 2.1. If
It = —@RQ| _ [t == )R
It = —)holl — ||t = O =Rl
then terminate with the output (¢ — ¢)(t — ¢). Otherwise, go
to Step 2.2.
Step 2.2. If
1t = ORIl _ [t~ DRI
[t = QO Foll [ttt — 1) Pol|
then put b; = 1. Otherwise put by = —1. If
[t = b)) Po@I| o [t = 1)t —b1) R
[t(t =b)Poll — (It = 1)(t = b1) Pol|
then put by = 1. Otherwise put by = —1.
Terminate with the output (t — b1)(t — be).
Step 3. If

[t -2 BQ|  [Itt — 1) Pl
[t(t —@)Pol| — [lt(t — )Rl
then put b3 = 1. Otherwise, put b3 = —1. If
[#(t = b3) @Il o [|(t = 1)(t = b3) Q|
[6(t = bs) Poll — [I(t = 1)(t = bs)Fol|
then put by = 1. Otherwise put by = —1.
Terminate with the output (¢ — bs)(t — by).

The validity of the algorithm is as follows. In Step 2.1, if the inequality does
not hold, then we have
[t = Ot —)RQ _ [It(t = IR
1t = O —a)Poll — ([t = O Rl

from Corollary 4.2.
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In Step 2.2, the following inequalities hold from Corollary 4.4.

[t = QPR ([t —b1) Po@ ||t = b1)(t — b2) R
[t = OBl — [t = bo)Foll — [t = b1)(t = b2) Fol|
In Step 3, the inequality
[(t =)t =) RQ _ [[tt = @) R Q|
[t —a)t—a)Rl — [t —a)R|
holds from Corollary 4.2. Furthermore, the inequalities

[t(t — @) Q|| > llt(t — b3) RoQ| > [(¢ = b3)(t — ba) R Q|
[t —a) Bl — [[t(t—b3) Rl — [[(t—b3)(t — bs) Rl

hold from Corollary 4.4.

Proof of Theorem 2.7. 1t is sufficient to show that the following two statements
hold.

1. Given P = (t — a)Py, where a € R, we can construct a real polynomial

R=(t—b)Py, (b=1 or —1) satisfying the following inequality.
PRIl S [1RQ||

7] (v
2. Given P = (t — a)(t — @)Py, where a € C, ¢ R, we can construct a real
polynomial R = F' Py with the inequality
PRIl o [1RQ||
1Pl IRl
where F' is a univariate real polynomial of degree two with both zeros on the
unit circle.
The first statement and the second statement follow from Corollary 4.4 and Algo-
rithm 4.5, respectively. (I

To prove Proposition 2.12, we need some lemmas.

Lemma 4.6. Let P(t) be a real univariate polynomial of degree n. For an integer
m > n, the equality

1 m
IPI? = — > |Pwh)?
m
k=1
holds, where w € C lies on the unit circle and ¢ is a primitive mth root of unity.

Lemma 4.7. For arbitrary e > 0, there exists 0 > 0 such that the inequality

1_si
1-2(1- ¢z >0t
1+ sinx

holds for 0 > x > 0.
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Proof. Since
1 —sinx 2sinx

l4+sinz =~ 1l+4sinz’
the inequality is equivalent to

sinx
— > (1 - . 4.6
1+sinz — ( €)z (4.6)
As x tends to 0,
sin x 1

N s

x ’ 1+sinz
hold. Therefore, for given € > 0, there exists § > 0 such that the inequality (4.6)
holds for 8 > z > 0. O

Lemma 4.8. For arbitrary e > 0, there exists 0 > 0 such that the inequalities
exp(—z) > 1—x > exp(—(1+¢e)x)

hold for 6 > x > 0.

Lemma 4.9 (Jordan’s Inequality). For 7/2 >z >0,

. 2z
r > sinx > —.
7r
Proof of Proposition 2.12. First we prove the proposition when n is odd. It is
sufficient to show that for any € > 0, there exists an integer N such that the
inequalities

1 LoV (_ Ln2/3J2>

n

2m+ 2/n 2 ex
HQnH v 1 1 iexp (—(1+e)mn!/3)

Q.5 TEe Vm 21+ o)

hold for any odd integer n > N.
Let ¢ be exp(my/—1/n). Then we have

(4.7)

R 2n 2 1(”*1)/2 R
10l = 37 210 = S
k=1

The relation between |Q,(¢*)[? and |Q,,(¢*~1)|? is as follows.

_ _nt1 |2 _n-1 g2
|Qn(CF)P = 1@Qn (¢ 1>|2’Ck e — =|C2n(<’“—1>|2u
e e

Since the equalities

L+ ¢P=1+)A+¢ ) =2 (1 + cos ‘%)
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hold for j € N, we have

) R 14cos (% + (% L 1 _ gip (k=D
1Qu(E)2 = |Qu(cH)? (2 = m) Qu( P
1—|—cos(2 T) 1+ sin ===
(4.8)

First we show the upper bound. Take any € > 0. Then, there exists an integer L
such that the above lemma holds for § = L~=1/37. Take any n > L. Since we have
T T (2n?/3 - _ (2k— 1)
: > >
LY/3 = pt/3 = 2n - 2n

for LnQ/ 3| > k > 1, the following inequalities follow from Lemmas 4.7 and 4.8.

o (2k—1)m
1 —sin kf 1 (1—-¢)(2k— )7 < exp (_(1—6)(2]{—1)71').

<
(2k 1)7r -
1 +sin = n

Therefore, for [n?/3] >k > 1 we have

Since the inequality

(2k—1)m

B e 2k—1
gy PR

1+ sin —(2k2 Lm 2n

1 —sin

holds for (n—1)/2 > k > |n?/3], the following inequalities follow from Lemmas 4.8

and 4.9.
1 sin ZERT 2k = D)7 _ 2k — 1
— . Zexp| —sin—F— exp| ——

1+ sin —(%2 9L P 2n = oxp n

Hence, for (n —1)/2 > k > |n?/3|, we have

n

) ; ' = Qu(1)*exp (—g) :
j=1

Qn(CH < |Qn<<’“—1)|2exp<_2’f—1>SC2 QHGXP( 2 _1)

Il
O
3
—~
—
~—
[ V)
@
»
e}
|
|
S
<
I
—_
~
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Therefore, the following inequality holds.
N R 2/3
n(1)2 12 1—
Q L( ) + Qn( ) Z exp (_( 6)7Tk2>
n

2n n P
A (n—1)/2
Qn(l)z k? A 112
D DI G Y oM
k=|n2/3|+1
Here,

) 1 0 1 1
Z exp (—ﬂlf) < / exp (—( — e)ﬂx2> dr = - n
P n 0 n 2V1—e

holds since

oo 1 oo
_ 2 d — _/ 2 d _ - o
/0 exp(—cz*)dz 7 ), exp(—z“)dx 5\ %

holds for ¢ > 0. Then we have

(n-1)/2 k2 o) 2 L) 22
Z exp (——) < / exp (——) dx < / T exp <——) dx
n \_"2/SJ n \_"2/3] n

k=|n2/3]+1
oo ()] = ree ()
= |——exp|—— =——exp|—|.
2 n [n2/3] 2 n

Hence, the following inequality holds.

. n2/3 2 R
o (et () 10

Therefore, we obtain the upper bound. That is, the inequality

1 1 2/312 An 2
Ly - e (b 5 1l (49)
2v/n 2y/1—¢ 2 n Qn(1)2
holds for n > L.
Next, we show the lower bound. From (4.8) we have

J 2
|Qn(cj)|2 > Qn(1)2 H <1 — sin (2162;1)71-) .

n
k=1

Take any € > 0. Then, there exists an integer M such that the above lemma
holds for § = M~/37. Take any n > M. Since for [n?/3| > k > 1 we have
T i (2?3 — ) _ 2k — )7
> >
M3 = pl/3 = 2n - 2n
the following inequalities follow from Lemma 4.8.

(k=D @k=Dr exp (—(1 +6)(2k — 1)7r> .

l—sin———>1-—
2n 2n 2n
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Hence, for LnQ/?’J > k > 1 we have

—1+e)Rk-1)m ) A (—(1+6)7Tj2>
- = Qn(1)“exp — )

(R

|Qu(CM)P > Qu(1) exp

1

J
Therefore, the following inequalities hold.

N L )

1Qul? > Z QulcHP > S (QMUQGXI’(W))

k=1
A L” J 2
@1 5~ (—<1+e>wk>
= — exp| —————— | .
n = n
The following estimation holds.

[n*/%] 2 (n2/3]+1 2
—(1+e)mk —(1+

E exp <7( L ) > / exp (7( JLics ) dzx.

= n 1 n

For a > 0 and ¢ > 1 we have

a o) 1 00
/ exp(—cx?)dr = / exp(—cx?)dx —/ exp(—cz?)dx —/ exp(—caz?)dx
1 0 0 a

—ca?)dx

\%
s
B
I
—_
I
T~
8
8
@
”
=3

and

Hence, the inequalities

Ln2/3J _(1 + 6)7('](}2 \/ﬁ nexp (_ (1—";746)77(|_n2/3J + 1)2>
S e (A
= n 2v1 +¢€ 21+ e)m
- vn | exp (= (14 e)mn'/?)
2v1+¢ 20+ e)m

hold. Therefore, we have
LnQ/ 3]

9 0] _ )2
”Qn”Q - Z ‘ Qn() Z exp (@)

n n
k=1

[n?/?] —
> Qn / i exp (%W) dx
> < _L ew(-04 e)ﬂ”1/3)>

Vn(l+e n 2(1+¢)
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Then, we obtain the lower bound. That is, the inequality

QulPvE 1L vaes (kg o

Qn(1)? 2\/1+6 N 21+ e)m
holds for n > M. Combining (4.9) and (4.10), we have the statement (4.7) for
N = max{L, M} when n is odd.
Next we prove the statement when n is even. Let (4,, be exp(mv/—1/2n). Note
that ¢?, is a primitive 2nth root of unity. Then, we have

n/2

||Q7L||2 ZlQ 2k— 1 Z'Qn 2k— 1

The relation between |Q,,( 2k+1)|2 and |Q,, (C2*~1)|2 is as follows.

G+ G L+ G P

|
|QTL( 2k+1)| |QTL( o 1)|2 |<2k 1 L71‘2 |Qn( e 1)‘2 |1+ n— 2k|2 .
Since .
14 P = 4+ ) =2 (14 e0s 1),
we have
1+ cos(Z + £2) 1 —sin &z
|Qu (G TP = 1Qn (G P 2t = 1Qu (G P
1+ cos(§ — n) 1+sm7

From similar arguments for odd n, given € > 0 there exists an integer IV such that
the following inequalities hold for any even integer n > .

L VAR QPR
oi—c 2 p( n >>|Qn(C4n)l2

N 1 1 Vvnexp (—(1+ e)mn'/3)
2V1+e n 21+ e)m '
That is, we have
N@n[]*vn 1
|Qn (C4n)| 2
as n tends to infinity.
According to the following Lemma, we have
‘Qn(@n)‘ _
= Quly
and combining with (4.11), we have the statement. O
Lemma 4.10.
|@n (Can)?

lim 5
n=oe||Qnll3,
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Proof. Since the following inequalities

n/2 n/2
Qn(l) = H (1 + <2k 1)7 Qn(<4n) - H (C4n + <2k 1)
k=—n/2+1 k=—n/2+1
hold, we have
n/2 n/2
Q= I @+ =T+ 2+ )
k=—n/2+1 k=1
n/2 2
2k —1
= H <2+2cosu> ,
2n
k=1
n/2 n/2
Qu(Gan)? = I R+ = H L+ Ga 1 1L+ G2 P
k=—n/2+1
n/2 2
2k —1
= H 2cosl+2cosu .
pie 2n 2n

Therefore, the following inequalities hold.

2 2
OuGan)? %2 (con 5 +con (%m) -1 (1 g+ cos (%T”W)
Qn(1)? ol (1 4 cos M) Pl (1 4 cos M)
2
n/2 7T2 7_(_2 n
k=1 8n2 <1 + cos M) 8n
That is, we have
A 2
1> 1@nlGan)l® ( B F_)
@n(1)? 8
Therefore, we have
‘Qn(g4n)|2
Qn(1)2
as n tends to infinity. |
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A New Algorithm for Finding Positive
Eigenvectors for a Class of Nonlinear Operators
Associated with M-matrices

Yuriy V. Shlapak

Abstract. In this paper we state the sufficient conditions for the existence and
uniqueness of positive eigenvectors for a class of nonlinear operators associ-
ated with M-matrices. We also show how to construct a convergent iterative
process for finding these eigenvectors. The details of numerical implementa-
tion of this algorithm for some spectral methods of discretization of elliptic
partial differential equations are also discussed. Some results of numerical ex-
periments for the Gross-Pitaevskii Equation with non-separable potentials in
a rectangular domain are given in the end of the paper.

Mathematics Subject Classification (2000). 47J10.

Keywords. Positive eigenvectors, Nonlinear operators, M-matrices, Monotone
fixed point theorem, Gross-Pitaevskii equation.

1. Introduction

Many problems of the modern physics require finding positive eigenvectors of some
nonlinear elliptic operators. After the discretization these problems can be reduced
to problems of finding positive eigenvectors of nonlinear operators acting from R”™
to R™.

We consider the following problem: find a column vector X € R"™ that satisfies
the equation

AX4+VoX+F(X)=XX (1.1)
where A is a real positive constant (eigenvalue), A is an M-matrix of size n, symbol
o is used to denote the Hadamard product of two matrices, V = [vy,...,v,|7 is a

column vector that is called a potential, and F(X) is a nonlinear vector function
from R™ to R™ that depends only on the vector X . In addition to finding the vector
X, we would like to establish conditions that are sufficient for the existence and
uniqueness of a vector X in this problem.
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To prove the main result of this paper, we use techniques that are similar to
ones given in [1]. We consider a more complex equation (1.1), which has a linear
term V o X in it. This is a generalization of the equation considered in [1]. The
discretizations of many important equations of physics have a linear term in them.
For example, the Gross-Pitaevskii Equation from quantum physics

—Au+V(z,y,2)u+ ku® = \u (1.2)
in one-dimensional case can be discretized by using the 3-point central finite differ-

ences and a uniform mesh with the step h into the equation (1.1) with the matrix
A of the form:

2 -1 0
-1 2 -1
1
. 2 -1
0 -1 2

We should point out that the algorithm described in [1] and [2] allows practical
computation of positive eigenvectors for some special types of equation (1.1). In
this paper we provide both the theoretical justification and practical algorithm for
finding positive eigenvectors of equation (1.1) in its most general form.

We can reformulate the problem of finding a solution of equation (1.1) as a
problem of finding a fixed point of some transformation, namely we need to find
X € R™ such that X = S(X). We define S(X) by the formula

S(X)=(cI+A) H(c+NX -VoX —F(X)) (1.3)

where ¢ > 0 is some positive constant (usually we will choose it to be a large
number). In order to prove the main theorem of this article, we will also need a
Monotone Fixed Point Theorem [3] applied in the context of our problem.

Theorem 1.1 (Monotone Fixed Point Theorem). Consider a space R™ with the
partial order relation < defined in the following way: for any two vectors X =
[1,.. 22T €R™ and Y = [y1,...,yn]T € R™ we will say that X is smaller than
Y (denoted as X <Y) ifx; <wy; foralli=1,...,n and x; < y; for at least one i.

IfXeR", Y eR" and X <Y we can define the interval [X,Y] C R"™ in
the following way: we will say that T € [X, Y] if X <T <Y.

Let Y € R™ and Z € R™ are such that Y < Z and let S: R™ — R" be
defined and continuous on the interval [Y, Z] and suppose the following properties
are satisfied

HY<SY)<Z
2) Y<SZ)<Z
)Y <X1<Xo<ZimpliesY < S(X1) < S(X2)< Z
Then
a) the fized point iteration Xy = S(Xy—1) with Xg =Y converges: X, — X,,
SX.)=X.,Y<X.<Z
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b) the fized point iteration Xy = S(Xk—1) with Xo = Z converges: X, — X*,
SX)=X*Y<X*"<Z

c) if X is a fized point of S in [Y, Z] then X, < X < X*

d) S has a unique fized point in [Y, Z] if and only if X, = X*

2. Monotone iteration for finding positive eigenvector

Now we are ready to prove our main result of this article. It will state the existence
and uniqueness of the positive solution of equation (1.1) and the convergence of
the iteration sequence X,41 = S(X,), where S(X) is defined by (1.3), to this
solution. As was mentioned above, this theorem is a generalization of a theorem
from [1], which is a particular case of our theorem when V = 0.

Theorem 2.1 (Monotone iteration for finding positive eigenvector). Suppose in
the equation (1.1) A is an M-matriz, p is the smallest positive eigenvalue of the
matriz A. Now we will use the notation X = [z1,...,2,]T and V = [v1,...,v,]T.
Let A\ > p+ max v, and let

1<i<n

fi(z1)
fa(z2)
F(X) = . (2.1)
fn(xn)
be such a vector function that fori=1,...,n the components f; : (0,00) — (0, 00)
are C'-functions satisfying conditions
it . it
lim filt) =0, lim Alt) =00 (2.2)
t—0 t t—oo t
Then (1.1) has a positive solution.
If, in addition to the conditions given above, for it =1,...,n we have
i ilt
ils) < fT() whenever 0 < s <t (2.3)
s

then a positive solution of (1.1) is unique and there exists a vector Xo and a
positive constant ¢ such that the sequence X411 = S(X,), where

S(X) = (eI +A) ((c+N)X - VoX—F(X))
converges to the unique positive solution of (1.1).

Proof. The proof is based on showing that S(X) satisfies the conditions of the
Monotone Fixed Point Theorem (Theorem 1.1). It will guarantee the existence of
the positive solution and its uniqueness.

First of all, we choose a real number (3; small enough so that (A — v; —
w)(Bipi) > fi(Bip;) for all i = 1,...,n and we choose 32 > [ large enough so
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that (A — v; — p)(Bapi) < fi(B2p;) for all i = 1,... ,n. This is always possible in
view of limits (2.2). We also choose a positive number ¢ such that

1<i<n \ g1p; <t<B2pi 1<

¢ > max ( sup |f{(t)|> -+ max v; (2.4)

and then reformulate the problem of finding a solution of equation (1.1) into a
problem of finding a fixed point of the transformation S : R” — R"™, where S(X)
is defined as in (1.3), i.e.,

S(X)=(cI+A) e+ NX -VoX—F(X)) (2.5)

To prove the existence of a fixed point of (1.3) it is enough to show that S(X)
satisfies the conditions of Monotone Fixed Point Theorem given above with ¥ =
Bip and Z = [ap.

First of all, let us show that the condition 1) of Monotone Fixed Point The-
orem is satisfied, i.e., Y < S(Y) < Z. In the proof below we will use the obvious
fact that p = (A + cI)~t(c + p)p.

Since (A +cI)~tu > 0 whenever u > 0 (i.e., (A +cI)~! is a positive matrix)
it suffices to show that

(c+w)(Bip) < (e + A)(Bip) =V o (Bip) — F(Bip) < (¢ + p)(B2p) (2.6)

We start from proving the left part of this double inequality. The argument
below is valid for any ¢ = 1,...,n. From (A —v; — u)(B1pi) > fi(B1pi) we have
(A = v — ) (Bips) — fi(Bipi) > 0 and so (¢ + p)(Bipi) + (A — vi — p)(Bipi) —
fi(Bipi) > (¢ + p)(Bip;). After cancelling out the term ufip; in the left part
we get (¢ + A)(Bipi) — vi(Bipi) — fi(Bipi) > (¢ + p)(Bipi) which is exactly the
componentwise notation of the left part of the double inequality (2.6).

Now we will prove the right part of the double inequality (2.6). By our choice
of B for any i = 1,...,n we have f;(B2p;) > (A—v; — u)(Ba2p;). It can be rewritten
as fi(Bips) + (fi(Bepi) — fi(Bipi)) > (A — v; — p)(Bap;) or, if we estimate the
change in f by its derivative multiplied by the change in argument of f, and use
(2.4), we will obtain that f;(Bipi) + (¢ + X — v;)((B2pi) — (Bipi)) > (A —v; —
1)(B2p;) and after moving some terms into the left part we get f;(f1p;) — (c+ XA —
v;)(B1pi) > (A —v; — 1) (B2pi) — (¢ + X — v;)(B2p;). After simplification it becomes
Ji(Bipi) — (c+A—v;)(Bipi) > —(u+c)(B2p;) or, if we multiply it by —1, it becomes
(u+¢)(B2pi) > (c+ N)(Bipi) — vi(Bipi) — fi(B1p:), which is exactly the right part
of equality (2.6).

We also need to prove that the second condition of Monotone Fixed Point
Theorem is satisfied, namely, Y < S(Z) < Z. Due to the fact that (A +cl)~!is a
positive matrix it suffices to show only that

(¢4 p)(Bip) < (c+A)(B2p) =V o (B2p) — F(B2p) < (c+ p)(B2p) (2.7)
Let us show now that the right part of this double inequality holds. The argument
below is valid for any i = 1,...,n. From (A — v; — p)(B2pi) < fi(B2pi) we have
(A —v; — p)(B2pi) — fi(Bapi) < 0 and so we can write (¢ + p)(Bapi) + (A — v; —
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w)(Bapi) — fi(Bapi) < (¢ + p)(B2p;) and then after cancelling out the term pB2p;
in the left part we get (¢ + A\)(Bapi) — vi(Bap:i) — fi(B2pi) < (¢ + 1) (B2pi), which is
exactly the right part of the double inequality (2.7).

Now we will prove that the left part of the double inequality (2.7) holds.
From our choice of 51 we have f;(81p;) < (A —v; — u)(B1p;), which can be written
as fi(Bepi) + (fi(B1pi) — fi(Bapi)) < (A—v; — w)(Bipi) or, if we estimate the change
in f by its derivative multiplied by the change in argument of f, and use (2.4),
we will get fi(Bapi) + (¢ + A —vi)((Bipi) — (B2pi)) < (A — vi — p)(Bapi). After
moving some terms into the left part, it becomes f;(B2pi) — (¢ + A — v;)(Bapi) <
(A —wv; — ) (B1pi) — (¢ + X — v;)(F1p:) and after some simplification it becomes
Ji(Bapi) — (c+ X —v;)(B2pi) < —(+ ¢)(B1p;). Finally, if we multiply it by —1 we
will get (pu + ¢)(B1pi) < (¢ + AN)(Bap;) — vi(Bapi) — fi(B2p;) which is exactly the
componentwise notation of the left part of double inequality (2.7).

Now we have to show that if S1p < X7 < X5 < fop then S(X7) < S(X2). It
will guarantee that the condition 3) of Monotone Fixed Point Theorem is satisfied.
If we denote ith components of vectors X; and X5 as x1; and x2; correspondingly
then we can write the ith component of S(X3)—S(X1) as (A+cl) 71 ((c+A—v;)w2;—
fi(x2:)— (c+A—v;)x1;+ fi(21:)). Due to the fact that (A+cl)™! is a positive matrix
it suffices to show only that (c+A—wv;)xe; — fi(z2;) — (c+A—v;)x1; + fi(x1;) > 0 for
eachi =1,...,n.. It can be shown by using some simple algebraic transformations
and estimating the change in f by the maximum of its derivative multiplied by the
change in argument of f and then using (2.4). For each i we have (c+ A —v;)zg; —
fi(x2) = (c+ A —vi)2i + fi(21i) = (¢ + A —vi) (22 — 213) — (filw2i — fi(z1:)) >
(c+ X =wvi)(wes — 215) — (c+ X —wv)(22s —215) = 0. So Bip < Xy < Xp < fBop
implies S(Xl) < S(XQ)

We have checked that the conditions 1)-3) of Monotone Fixed Point Theo-
rem are satisfied. It guarantees that there exists at least one fixed point of the
transformation defined by (1.3) that will also be a solution of the equation (1.1).
The Monotone Fixed Point Theorem also implies that if we choose Xy = (1p or
Xo = Bop then the sequence X, 11 = S(X,,) will converge to a fixed point of the
transformation S(X) (which will also be a solution of equation (1.1)). And finally,
it guarantees that such fixed point(s) of S(X) will lie between 3;p and Bap, which
guarantees the positivity of all components of the solution.

Now we will prove the uniqueness of the positive solution under the conditions
of Theorem 2.1. Suppose now that the condition (2.3), i.e.,

fils) _ fi(t)

—<T whenever 0 < s <t
s

is satisfied. We want to show that in this case for any two positive solutions X*
and X, it must be X* = X,.
Since both X* and X, are solutions of the equation (1.1), we have
AX*+ Vo X"+ F(X*)=AX"
AX, +VoX,+ F(X,) =X, .
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Pre-multiplying the first equation by X! and the second equation by X*T and
subtracting the second equation from the first one we will get (using an obvious
identity X*T-Vo X, = XI'.VoX*) that XI F(X*) = X*TF(X,) or, equivalently,
that using the componentwise notation we can write

0= i(fi(zj)x*i — filzsi)z}) = i (x*ixf (%?) ; %))

Since z} and ;. are always positive, the only case when this sum can be zero is
when for each i =1,...,n

= (2.8)
xZ; Ljx

which, by condition (2.3), can only be true when X, = X*. So the uniqueness of
the positive solution of (1.1) under the condition (2.3) is also proven.

The proof of Theorem 2.1 is completed. U

3. The numerical implementation in two-dimensional case

As an application of the algorithm described above, we consider solving a dis-
cretized boundary value problem for a nonlinear elliptic PDE in two dimensions.
Suppose our domain is a square Q = {(z,y)| - T <z <T,-T <y < T} and
we need to find a function u(z,y) such that for every (z,y) € € it satisfies the
equation

—Au(x, y) + V(JZ, y)u(x, y) + f(u(x’ y)) = /\U(%, y) (31)
where A is Laplace operator, V(z,y) is a function that is called a potential, f is

a nonlinear function and A is a positive constant. The function u must also satisfy
the following boundary condition:

u‘r =0 (3.2)

where I' is the boundary of a square €.
We approximate the function u(z,y) by a linear combination of normalized
Legendre polynomials:

N
x Yy
u(z,y) = '21 QijPi (T) Pj (f) ) (3.3)
6=

where p;(x) is the normalized Legendre polynomial of degree i. We use the set of
collocation points {(z,ym)| k,m = 1,..., N + 1}, where z; and y; are zeros of
the N + 1-st normalized Legendre polynomial py1(x) that are multiplied by T.
Naturally, we have

N

W(Tk, Ym) = Z Q5 P; (x?k) pj (y?m) (3.4)

1,j=1
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and now we define U to be the matrix of values of function w at the collocation
points, i.e., Ugm = w(Z, Ym ). We similarly define matrix V' as the matrix of values
of potential V' at the collocation points, i.e., Vi = V(Zk, Ym)-

It is widely known (see [4] or the Appendix of [2]) that if u is a linear combi-
nation of normalized Legendre polynomials as given in (3.4), and U is the matrix
of values of u at the collocation points given above, then the matrices of values of
partial derivatives % and % at the collocation points can be found correspond-
ingly as DU and UD, where D is a known square matrix that depends only on
N and T. The matrix D plays the role of the double differentiation operator for
our functions at the collocation points. The boundary value problem (3.1)—(3.2)
at the collocation points can be written as the following matrix equation:

—DU —~UD+VoU + f(U) = AU, (3.5)

where o is a symbol of Hadamard product of two matrices. The matrix D is not an
M-matrix, but our numerical experiments showed that the inverse of the matrix
cl + D was a positive matrix in all our experiments. So the statement and the
results of the Theorem 2.1 are also valid for the matrix equations that involve D
instead of A. The iteration sequence generated by transformation (1.3) for finding
the approximate solution of the equation (3.5) is defined by relation

Unt1 — DUpi1 — Ups1D = cUp + AU, — V o U, — £(Uy) (3.6)

In order to find Up+1 (when U, is known) we use a technique described in [2],
[4]. This technique makes extensive use of properties of orthogonal polynomials
at certain points. The numerical implementation of this technique is relatively
straightforward and gives excellent results in terms of computational speed and
precision.

To illustrate the feasibility and effectiveness of the method described in this
paper, we found positive solutions of the Gross-Pitaevskii Equation (1.2) with
non-separable potentials (i.e., potentials that cannot be expressed as sums of two
functions that depend only on one spacial variable each). This type of the Gross-
Pitaevskii Equation is more difficult to work with than the one with a separable
potential. For example, the method described in [1], [2] cannot be used for such
equations.

In our experiments, the domain was a square [—10,10] x [—10,10]. It took
about 31 seconds for our personal computer to do 1000 iterations on a 128 by
128 mesh of collocation points. Some graphs and tables related to our numerical
experiments are given next.
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FIGURE 1. The solution for
V(z,y) = 0.62% + 0.4y? + Te~ @D V" k=10, A=10

Table 1. Convergence results for

V(z,y) = 0.622 + 0.4y% 4+ Te~ @2 =" | =10, A=10, c¢=100
Number of iterations | 2-norm of the residue

2 14.4357

5 4.4489

10 3.7863

20 7.3529

50 46.2945

100 14.0350

200 0.6203

500 1.6815 -10~°
1000 2.4052 -10~Y
2000 2.4054 -10~°
5000 2.4054 -10~Y
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FIGURE 2. The solution for

429

3
k=10, \=10

V(z,y) = 0.1 (\/0.6(95 — 22+ 0.8(y + 3)2) :

Table 2. Convergence results for

V(z,y) =0.1 (\/0.6(33 —2)2408(y+ 3)2)3 , k=10, A=10, ¢=200
Number of iterations | 2-norm of the residue
2 28.1881
5 9.8392
10 5.2898
20 6.2834
50 21.7926
100 83.8192
200 15.5093
500 0.0366
1000 1.0538 106
2000 5.2324 -10~Y
5000 5.2321 1079
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We should point out that increasing ¢ in (3.6) slows down the convergence of
our algorithm. However, as the condition (2.4) in Theorem 2.1 indicates, increas-
ing ¢ may be necessary to guarantee the convergence of the algorithm and our
numerical experiments confirmed the necessity of this requirement.
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Mathematics Subject Classification (2000). 15A12; 65F10; 65F15.

Keywords. Pade approximants; Hankel matrices; Toeplitz matrices; rational
approximations.

1. Introduction

Algebraic theory of Pade approximations is in fact a theory of submatrices in a
semi-infinite Hankel matrix. Basic assertions of this theory in [1] are formulated
in an elegant and simple way. However, one could be disappointed by some proofs
looking too tangled and even somewhat misleading. At the same time, algebraic
facts are not in the focus of the extensive literature on rational approximations
(see [7, 2, 3]) devoted chiefly to analytical questions and applications.

The purpose of this paper is a complete, brief and transparent presentation
of the algebraic Pade theory as a corollary of a nice property of leading minors of
a Hankel matrix, which is probably best exposed in the enlightening book by G.
Heinig and K. Rost [5]. This property is related to a problem of rank-preserving
augmentations [6] and was expounded in [10] as a base of the “method of jumps” for
the inversion of Hankel matrices with some of leading minors equal to zero. Besides
a certain development of the “method of jumps”, in this paper we contribute with
new proofs for a systematic presentation of the known statements of the algebraic
Pade theory.

Supported by RFBR grants 08-01-00115, 09-01-91332, 09-01-112058, the State Contract 11940
and Priority Research Programme of Department of Mathematical Sciences of Russian Academy
of Sciences.
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2. Series and matrices

Consider a formal series

u(zx) = Zuizi, v(z) = Zlel
i=0 i=0
such that
f@)v(z) = u(z) = O(a™ ™) (2.1)
under an additional restriction
v(0) = 1. (2.2)

It follows immediately that

fz) - = O(a™ ).

Condition (2.1) is equivalent to the system of linear equations
n
Zai,jvj =0, m+1<i<m+n,
=0

or, in matrix notation,

Am+1  Gm cov Omen+41 Vo
Am+2  Am41 <o Omen v1| _ 0
Um+n  Am+4n—-1  --- am Un

Taking into account the equation vy = 1, we obtain

Am oo A —n+41 U1 Am 41

Um4n—1  --- (€27 Un, Am4n

To clarify things, take m = n = 3, then

az a2 ai U1 Gy
a4 a3 Az V2| = — |G5
as Qa4 as U3 ae

Each entry in the coefficient matrix of this system is defined by the difference of
the row and column indices — such matrices are called Toeplitz matrices. By taking
the columns in the reverse order we obtain a matrix whose entries are defined by
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the sum of row and column indices — such matrices are called Hankel matrices. By
reversion of columns the above system reduces to the following one:

ayp az as U3 4
a2 a3 a4 Vog| = — Q5
a3z a4 as U1 6

Q

Q

In the general case we obtain a system of the form

am—n+1 .- (€27 Un Um+1
| ..., (2.3)
A CIE Am+n—1 U1 Am+n
or, in short notation,
A" = —a™". (2.4)

The Hankel matrix A, is composed of the coefficients of the formal series f(x)
and defined by m and n as follows: a,, is located in its lower left corner and n is
the matrix order. If i < 0, then a; = 0 by definition. The right-hand side vector
a™" is the last column of the extended rectangular Hankel matrix [Ayp,y, a™"].

Thus, the existence of a Pade approximation of type (m,n) is equivalent to
the consistency of the linear system (2.4). The latter means that

a™" € imAyy,
and, by the Kronecker—Capelli theorem, is equivalent to the condition

rankA,,, = rank[A;,,,a™"]. (2.5)

3. Jumps over zero minors

Given a semi-infinite Hankel matrix
A=laipj1], 1<4,j<oo,

let us consider its leading submatrices. Let Ay be a leading submatrix of order k,
and let a sequence of natural numbers

ng <ng <---

determine the orders of those and only those of them which are nonsingular. The
method of jumps suggested in [10] is a scheme of the transition from some compact
representation (suggested in [4] for Toeplitz matrices and then generalized to many
classes of structured matrices, cf. [5]) for A; ! to a similar-style representation
for A7_Lk1+1' It can be thought of as a jump over all intermediate singular leading
submatrices, which explains the name.

General questions of the design of fast algorithms for Hankel and Toeplitz
matrices are considered, for instance, in [8, 9]. Algebraic properties of Hankel
matrices needed to perform the above-discussed jump are presented in [5] together
with a structure of null-spaces of Hankel matrices. They are closely connected with
infinite rank-preserving augmentations studied in [6].
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The method of jumps stems from the following observation. Let p = ng and
g = Ng41. Since A, is nonsingular, the system

ay . ap S1 Ap41

Qp . az2p—1 Sp a2p

has a unique solution. In other words, the columns from the 1st to pth truncated up
to p elements are linearly independent, and the column p-+1 truncated in the same
way can be written as their linear combination with the coefficients sy,... ,sp,. It
may happen that the same coefficients can be used for the column p + 1 to be a
linear combination of the preceding columns when truncated up to p + 1 or even
larger number of elements.

Theorem 3.1. Let r(p) > p be the minimal size for truncation, in which the column
p+ 1 is not in the linear span of preceding columns. Then nii1 = r(nk).

Proof. Let p =ny, and r = r(p). Then

a1 ceap Gp+1 0
—51
a e a2p—1 as .. 0
v A A S el PR
P

Apr—-1 ... Qr4p—2 Qrip—1 1 0

(79 . Qr4p—1  Qr4p L Y
This implies the equation

F s 1 - i )
s 1 ai az ... ap
a2 as . Ap41
—Sp e . 1
A 1 —sp ... = G dp+1 .- G2p-1
1p Y |Gp+1 Apt+2 ... azp
v
—sp
1 LY -+« o0 . Qpr Ar4+1 «.. Qr4p—1 |
(3.1)

If p = ny then the matrix A, is nonsingular. Therefore, its augmentation A, is
nonsingular if and only if v # 0. (]

Corollary 3.2. If ny <n < ng41 then
dimker4,, = min{n — ng, ng+1 — n}.

Proof. We derive directly from (3.1) that A, times a nonsingular matrix is a matrix
having min{n — ny, ng+1 — n} zero columns and all nonzero columns producing a
linearly independent system. (]
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Denote by A,, the augmentation of A,, of the following form:

ay ce Qp, Ap+1

n ... Q2p—1 A2n
Corollary 3.3. If np <n < ngy1, then the equality of ranks

rankA,, = rankA,, (3.2)
takes place when and only when

n—ng < Ngt1 — N (3.3)

Proof. According to the Kronecker—Capelli theorem, the equality (3.2) is equiv-
alent to the claim for the last column of the extended matrix A, to be a linear
combination of the preceding columns. Let p = ny and g = ngy1.

Let p < n = p+i < g, and note that the column p + 1 of A;_; is a linear
combination of the preceding columns with the coefficients sq,...,s,. The same
is valid for the column p 4 1 of all those of its leading submatrices that contain
Apyr. If

p+2t<g,
then this holds true for the matrix Apys;. Allowing for the Hankel structure of
matrices, we easily deduce that the column p + 1 + ¢ — (the last column of the
extended matrix Ap+i) is in the linear span of the preceding p columns (with the
same coefficients s, ..., s,). The inequality p + 2i < ¢ is equivalently to n —p <
q—n.

It remains to prove that (3.2) implies (3.3). In accordance with (3.2) the last
column of the extended matrix A, is in the linear span of the columns of A,. In
this case, when passing from A,, to A,+1 the rank may increase by at most 1. By
contradiction, let us admit that

n—pz=q-—p.
On the base of Corollary 3.2,
rankA, =n — min{n —p,q¢ — n} =2n —q,
rankA,11 =n+1—min{n+1-—p,g—n—1}=2n—q+2.

Hence,
rankA,,+1 = rankA, + 2,

which is impossible since the rank cannot inflate greater than by 1. ]

Corollary 3.4. If ni, < n < ngy1, then the inequality (3.3) is fulfilled when and
only when

rankA, 1 —rank4, <1.
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4. An identity for determinants

Let A be a matrix of order n and A;; be its submatrix of order n — 1 obtained by
ruling out the row ¢ and column j. Let A;;,;; denote a submatrix of order n — 2
appeared from A be deleting a pair rows with the indices ¢ and k and a pair of
columns with the indices j and [. The next result is known as the Sylvester identity.

Theorem 4.1. Leti <k and j <l. Then
det A det A,’k;ﬂ = det Aij det Ay — det A;; det Akj.

Proof. Without loss of generality we may assume that ¢ = j=n—1and k=1 =n.
Let B = Ajp;ji. Then the matrix A is of the form

B v ¢
A=|u ¢ d
P g h

Suppose first that B is nonsingular. By block Gaussian elimination of u and p with
the pivot B we find

I 0 0| |B v gq B v ¢
—uB ™ 1 0| |u ¢ d|l =0 a d},
—pB’1 0 1 p g h 0 g1 M

where
hi=h—-pB~lq, ci=c—uB v, gi=g—pB v, di=d—uB lq
Consequently,
det A;; det Ay, — det A;; det Ay; = (det B)?(hicy — gidy) = det B det A.

If B is singular then the target identity is valid as soon as we replace B with any
nonsingular block B.. Since B. can be chosen arbitrarily close to B, we complete
the proof by transition to the limit. O

5. Table of minors

Proceed with the study of an infinite Hankel matrix A = [a;4;] composed of
o0

coefficients of the formal series f(z) = > a;z° (if i@ < 0 then a; = 0). Recall
i=0

i=
that A,,, is its Hankel submatrix of order n with the entry a,, in the lower left
corner. We are interested to examine a semi-infinite matrix C' = [¢p,,| collecting
the minors of A: ¢y =det Ay, 0<m,n <oo. Setcpo=1.

_ 2
Lemma 5.1. ¢ nt+1Cm.n—1 = Cmt+1,nCm—1,n — Copn-

Proof. This equality is nothing else than the Sylvester identity for determinants
(Theorem 4.1) applied to the Hankel matrix Ay, n+1 and its submatrices after
expunging the first and last rows and columns, the Hankel property being kept
with this special choice. [
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The table of minors C for the Hankel matrix A is sometimes referred to as
C'-table [1]. The basic property of the C-table consists in a special structure of
zeroes (zero minors of A). Let us call a window any finite or infinite submatrix
made up from the entries of contiguous rows and columns. A window is called
a square window if it corresponds to a finite square submatrix or an infinite one
with infinitely many both rows and columns. All the entries adjacent to a given
window will be called a frame — these entries belong to a wider window with the
rows and columns augmenting the given window. Above all, we need to investigate
zero windows and nonzero frames — in the first case all the entries in the window
are zeroes, in the second case all the entries in the frame differ from zero.

Here and throughout, assume that ag # 0. Then c¢g,, # 0 for n > 1 (the de-
terminants of Hankel triangular matrices with a nonzero along the anti-diagonal).
Moreover, let us agree that ¢,,0 = 1 whenever m > 0.

Theorem 5.2. Any zero entry in the table of minors C' belongs to a square window
with a nonzero frame.

Proof. Assume that ¢pn—1 = cmtin = 0 and ¢mpnt1 = Emt1,n = 0. From
Lemma 5.1 we find ¢,,, = 0. As a corollary, submatrices of the form

Fal b

must be zero. Combining this with the inequalities ¢,,0 # 0 and cg, # 0 we
conclude that any zero entry of C' belongs to a rectangular window with a nonzero
frame. It remains to prove that this window is in fact a square one.

Let ¢y # 0 is an entry of the frame located at the upper left corner. Assume
that ¢p4rntr 7 0 is one more entry of the same window’s frame and prove that
it lies at the lower right corner. If it were not so, then we would have two options:

(1) Cm+r,n+'r‘71 = O, or

(2> Cmtr—1n+r = 0.
Option (1). Note that A, and A,y nir are nonsingular leading submatrices in
the Hankel matrix A, 4, n4+r and the intermediate leading submatrices Ay,44 nti
for 0 < ¢ < r are singular. According to the method of jumps (Theorem 3.1),
the column n + 1 of A4y nyr without the last row is a linear combination of the
preceding columns.

In this case cmt1,n # 0, Cmtrt1,n+r 7 0. This validates application of the
method of jumps to nonsingular Hankel matrices A, 11, and Ay414r ntr, and so
we come to the conclusion that the column n + 2 of A, 4y pntr without the last
row is a linear combination of the preceding columns starting from the 2nd one.
By subtraction of these linear combinations from the columns n+ 1 and n + 2 we
do not change the determinant of A, 4+, and acquire two columns with zeroes
except for the last row’s entries. Consequently, ¢pirntr = det Apippntr = 0,
which contradicts to the initial assumption. Thus, ¢pqrntr—1 7# 0.

Option (2). Observe that ¢, 4r ntr+1 # 0 (otherwise ¢4rnt+r = 0 by Lemma 5.1).
Thus, Ay, nt1 are Apyyrnir+1 are nonsingular leading submatrices with singular
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intermediate submatrices. In line with the method of jumps, the column n + 2 in
Avpitrntrt1 wWithout the last row is a linear combination of the preceding columns.
Hence, the column n + 2 of A, 4, n4r without the last row is a linear combination
of the preceding columns. As previously, the same holds true for the column n + 1
of the same matrix. Again we come to contradiction with the nonsingularity of
Apitrntr. Therefore, cpyr—1n4r # 0.

All in all, both options (1) and (2) lead to contradiction. It means that we
have simultaneously

Cm+4rn+r # 0, Cm4rmntr—1 #0, Cm+tr—1,n+r # 0.

This proves that ¢, 4y n+r is located at the lower right corner of the zero window’s
frame. Since the upper left corner is occupied by ¢y, this is a square window.
The case when c¢pqpptr # 0 for all » > 0 is merely simpler: a recursive use of
Lemma 5.1 makes it clear that we deal with an infinite square window. O

6. Pade theory

Pade theory provides us with the necessary and sufficient condition for the exis-
tence of a Pade approximation of type (m,n) in the terms of zero structure in
the table of minors associated with the formal series f(z). As we already know,
a condition of this kind is the consistency of the linear system (2.4). Obviously,
the existence is guaranteed whenever c,,,, = det A,,,,, # 0. The main result for the
case C,, = 0 is formulated as follows.

Theorem 6.1. Let ¢, = 0 belong to a zero window with a nonzero frame whose
upper left and lower right corners keep ciy # 0 and ¢y 14r 7 0, respectively. Then,
Pade approzimation of type (m,n) exists if and only if k+1 <m—+n<k+1+r.

Proof. Assume that cs; and ce1p 1+p belong to the nonzero frame of the given zero
window and for some h > 0 we have m = s + h and n =t + h. The matrix Ag; is
a nonsingular leading submatrix in the nonsingular Hankel matrix Asyp t4p, and
the submatrices Asy; 44 are all singular for 0 < 4 < p. From the method of jumps
(see Corollary 3.3) it emanates that the compatibility condition (2.5) is equivalent
to the inequality

(t+h)—t<(t+p) —(t+h) < h<p/2

It is fulfilled if and only if
mitn<k+Il+r. O

Theorem 6.2. Let c; and cpqr 4r be the corner entries of a nonzero frame of some
zero window of the table of minors, and assume that m > k and n > 1 satisfy the
inequalities k +1 < m+n < k+1+4r. Then, a Pade approximation of type (k,l)
is also a Pade approximation of type (m,n).

If ¢y is the corner nonzero entry of the infinite zero window’s frame, then
the same is valid for all m > k and n > 1 provided that k+1 < m + n.
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Proof. Let k < m and [ < n. The claim reduces to the following check: if for vl we
have
Akl’Ul = —G,kl,

then, so long as k+1 <m+n < k + 1+ r, we also obtain
0
Aon |:1}l:| = —g™",

In the case of infinite window, the latter holds true for all » > 0. O

References

[1] G.A. Baker, Jr. and P. Graves-Morris, Pade Approzimants, Addison-Wesley Pub-
lishing Co., 1981.

[2] A. Bultheel, M. Van Barel, Linear Algebra, Rational Approximation and Orthogonal
Polynomials, Studies in Computational Mathematics, vol. 6, North-Holland, Elsevier
Science, Amsterdam, 1997.

[3] A. Bultheel, M. Van Barel, Pade techniques for model reduction in linear system
theory: a survey, J. Comput. Appl. Math., 14, pp. 401-438 (1986).

[4] 1. Gohberg, A.A. Semencul, On inversion of finite-section Toeplitz matrices and their
continuous analogues, Matem. Issled. (Russian), Vol.7, No. 2, pp. 201-224 (1972).

[5] G. Heinig, K. Rost, Algebraic Methods for Toeplitz-like Matrices and Operators,
Academie-Verlag, Berlin, 1984.

[6] I.C. Iohvidov, Hankel and Toeplitz Matrices and Forms, Nauka, 1984.

[7] E.M. Nikishin and V.N. Sorokin, Rational approzimations and orthogonality, Nauka,
1988.

[8] E.E. Tyrtyshnikov, Toeplitz Matrices, Some Analogs and Applications, OVM RAN,
1989.

[9] E.E. Tyrtyshnikov, Euclidean Algorithm and Hankel Matrices, Numerical Analysis
and Applied Mathematics, AIP Conference Proceedings, vol. 936, Melville, New York,
pp. 27-30 (2007).

[10] V.V. Voevodin and E.E. Tyrtyshnikov, Computational Processes with Toeplitz Ma-

trices, Nauka, 1987.

Eugene Tyrtyshnikov

Institute of Numerical Mathematics
Russian Academy of Sciences
Gubkin Street, 8

Moscow 119333, Russia

e-mail: tee@inm.ras.ru



	Cover
	Operator Theory: Advances and Applications
Vol. 199
	Numerical Methods for
Structured Matrices
and Applications
	ISBN 9783764389956
	Table of Contents

	Foreword
	Part I: Georg Heinig
	Georg Heinig (1947–2005) In Memoriam
	Georg Heinig November 24, 1947 – May 10, 2005 A Personal Memoir and Appreciation
	References
	List of Georg Heinig’s (refereed) publications

	Introduction to Bezoutians
	Foreword
	1. Preliminaries
	1. Notation.
	2. Sylvester’s inertia law.
	3. Toeplitz, Hankel, and Toeplitz-plus-Hankel matrices.
	4. Quasi-Toeplitz matrices, quasi-Hankel matrices, and quasi-T+H matrices.
	5. Mobius transformations.

	2. Definitions and properties for the Hankel and Toeplitz case
	1. Hankel Bezoutians.
	2. The transformation ∇H.
	3. Uniqueness.
	4. Quasi-H-Bezoutians.
	5. Frobenius-Fischer transformations.
	6. Splitting of H-Bezoutians.
	7. Toeplitz Bezoutians.
	8. The transformation ∇T .
	9. Symmetric and skewsymmetric T-Bezoutians.
	10. Hermitian T-Bezoutians.
	11. Splitting of symmetric T-Bezoutians.
	12. Relations between H- and T-Bezoutians.

	3. Resultant matrices and matrix representations of Bezoutians
	1. Kravitsky-Russakovsky formulas.
	2. Matrix representations of Bezoutians.
	3. Bezoutians as Schur complements.

	4. Inverses of Hankel and Toeplitz matrices
	1. Inverses of Hankel matrices.
	2. Characterization of fundamental systems.
	3. Christoffel-Darboux formula.
	4. Inverses of Toeplitz matrices.
	5. Characterization of fundamental systems.
	6. Inverses of symmetric Toeplitz matrices.
	7. Inverses of skewsymmetric Toeplitz matrices.
	8. Inverses of Hermitian Toeplitz matrices.
	9. Solution of systems.

	5. Generalized triangular factorizations of Bezoutians
	1. Division with remainder.
	2. Factorization step for H-Bezoutians.
	3. Euclidian algorithm.
	4. Generalized UL-factorization of H-Bezoutians.
	5. Inertia computation.
	6. Factorization step for T-Bezoutians in the generic case.
	7. LU-factorization of T-Bezoutians.
	8. Non-generic case for T-Bezoutians.
	9. Hermitian T-Bezoutians.

	6. Bezoutians and companion matrices
	1. Factorization of the companion.
	2. Functional calculus.
	3. Barnett’s formula.
	4. Barnett’s formula for T-Bezoutians.

	7. Hankel matrices generated by rational functions
	1. Generating functions of Hankel matrices.
	2. Vandermonde factorization of Hankel matrices.
	3.Real Hankel matrices.
	4. The Cauchy index.
	5. Congruence to H-Bezoutians.
	6. Inverses of H-Bezoutians.
	7. Solving the Bezout equation.

	8. Toeplitz matrices generated by rational functions
	1. Generating functions of Toeplitz matrices.
	2. Matrices with symmetry properties.
	3. Vandermonde factorization of nonsingular Toeplitz matrices.
	4. Hermitian Toeplitz matrices.
	5. Signature and Cauchy index.
	6. Congruence to T-Bezoutians.
	7. Inverses of T-Bezoutians.
	8. Relations between Toeplitz and Hankel matrices.

	9. Vandermonde reduction of Bezoutians
	1. Non-confluent Hankel case.
	2. Non-confluent Toeplitz case.
	3. Confluent case.

	10. Root localization problems
	1. Inertia of polynomials.
	2. Inertia with respect to the real line.
	3. Real roots of real polynomials.
	4. Inertia with respect to the imaginary axis.
	5. Roots on the imaginary axis and positive real roots of real polynomials.
	6. Inertia with respect to the unit circle.
	7. Roots of conjugate-symmetric polynomials.

	11. Toeplitz-plus-Hankel Bezoutians
	1. Definition.
	2. The transformation ∇T+H.
	3. Uniqueness.
	4. Inverses of T+H-Bezoutians.

	12. Inverses of T+H-matrices
	1. Fundamental systems.
	2. Inversion of T+H matrices.
	3. Inversion of symmetric T+H matrices.
	4. Inversion of centrosymmetric T+H matrices.
	5. Inversion of centro-skewsymmetric T+H matrices.

	13. Exercises
	14. Notes
	References

	On Matrices that are not Similar to a Toeplitz Matrix and a Family of Polynomials
	1. Introduction
	2. On a family of polynomials
	3. Appendix
	References

	A Traub-like Algorithm for Hessenberg quasiseparable-Vandermonde Matrices of Arbitrary Order
	1. Introduction. Polynomial-Vandermonde matrices and quasiseparable matrices
	1.1. Inversion of polynomial-Vandermonde matrices
	1.2. Capturing recurrence relations via confederate matrices
	1.3. Main tool: quasiseparable matrices and polynomials
	1.4. Main problem: Inversion of (H,m)-quasiseparable-Vandermonde matrices

	2. Inversion formula
	2.1. The key property of all Traub-like algorithms: pertransposition

	3. Recurrence relations for (H,m)-quasiseparable polynomials
	3.1. Generators of quasiseparable matrices
	3.2. Sparse recurrence relations for (H,m)-quasiseparable polynomials

	4. Recurrence relations for polynomials associated with (H,m)-quasiseparable polynomials
	4.1. Introduction of a perturbation term via pertransposition of confederate matrices
	4.2. Perturbed [EGO05]-type recurrence relations
	4.3. Known special cases of these more general recurrence relations

	5. Computing the coefficients of the master polynomial
	6. The overall Traub-like algorithm
	6.1. Quasiseparable generator input
	6.2. Recurrence relation coefficient input

	7. Numerical Experiments
	8. Conclusions
	References


	Part II: Research Contributions
	A Fast Algorithm for Approximate Polynomial GCD Based on Structured Matrix Computations
	1. Introduction
	2. Resultant matrices and  -gcd
	2.1. Sylvester and B´ezout matrices
	2.2. Cauchy-like matrices
	2.3. Modified GKO algorithm

	3. Fast  -gcd computation
	3.1. Estimating degree and coefficients of the  -gcd
	3.2. Refinement
	3.3. The overall algorithm

	4. Numerical experiments
	4.1. Badly conditioned polynomials
	4.2. High gcd degree
	4.3. Unbalanced coefficients
	4.4. Multiple roots
	4.5. Small leading coefficient
	4.6. Running time

	References

	On Inertia of Some Structured Hermitian Matrices
	1. Introduction
	2. The interior case
	3. The boundary case
	References

	Variable-coefficient Toeplitz Matrices with Symbols beyond the Wiener Algebra
	1. Introduction
	2. H¨older continuity
	3. Counterexamples
	4. Sufficient conditions
	5. Discontinuous generating functions
	References

	A Priori Estimates on the Structured Conditioning of Cauchy and Vandermonde Matrices
	1. Introduction
	1.1. Main definitions and notations
	1.2. Basic displacement structured matrices

	2. Cauchy matrices
	3. Vandermonde matrices
	3.1. Vandermonde matrices with nonnegative nodes
	3.2. Vandermonde matrices with symmetric nodes

	4. Cauchy-Vandermonde matrices
	References

	Factorizations of Totally Negative Matrices
	1. Introduction and background
	2. Auxiliary results
	3. QR decomposition of TN matrices
	4. Symmetric-triangular decomposition of TN matrices
	References

	QR-factorization of Displacement Structured Matrices Using a Rank Structured Matrix Approach
	1. Introduction
	2. Rank Structure Preliminaries
	3. QR-factorization of displacement structured matrices
	4. The Cauchy-like case
	5. The Vandermonde-like case
	6. The Toeplitz-like case
	7. Numerical experiments
	References

	Bezoutians Applied to Least Squares Approximation of Rational Functions
	1. Introduction
	2. The construction of hξ
	3. Bezoutians
	4. The matrix L for ν = 1 and indefinite Γ
	5. The unit circle case γ = T
	6. The imaginary axis case γ = iR
	7. Computation of hξ via its minimal realizations
	8. The construction of hη
	9. The limit behavior of Q
	10. Bilinear transformation between D and H
	11. Examples
	References

	On the Weyl Matrix Balls Corresponding to the Matricial Caratheodory Problem in Both Nondegenerate and Degenerate Cases
	0. Introduction
	1. Preliminaries
	2. On a parametrization of the solution set Cq[D, (Γj)nj=0]
	3. Particular matrix-valued Schur functions associated with given q × q Carath´eodory sequences
	4. On the Weyl matrix balls associated with matricial Caratheodory sequences
	5. On the Weyl matrix balls associated with reciprocal matrix-valued Caratheodory sequences
	6. Further observations on the matrix-valued functions Θn and Θ�n
	7. Some remarks on central q × q Carath´eodory functions
	References

	On Extremal Problems of Interpolation Theory with Unique Solution
	0. Introduction
	1. Extremal interpolation problems
	2. On a nonlinear matrix equation
	3. Methods of computation
	4. Schur extremal problem
	5. Nevanlinna-Pick extremal problem
	6. Jordan block diagonal structure
	References

	O(n) Algorithms for Banded Plus Semiseparable Matrices
	1. Introduction
	2. Preliminaries
	3. Structure for inverses of banded plus semiseparable matrices
	4. Fast solution of Ax = c
	5. Numerical results
	5.1. A is a sum of diagonal and semiseparable matrix
	5.2. A is a sum of banded and semiseparable matrix

	6. Conclusions
	Appendix
	References

	Unified Nearly Optimal Algorithms for Structured Integer Matrices
	1. Introduction
	2. Definitions and basic facts
	2.1. Integers
	2.2. Polynomial and integer multiplication
	2.3. General matrices
	2.4. Matrices with displacement structure: general properties
	2.5. Most popular matrices with displacement structure
	2.6. Randomization

	3. Computations in Zp with matrices having displacement structure
	3.1. Inversion of strongly nonsingular structured matrices
	3.2. Inversion of nonsingular structured matrices in Zp
	3.3. The case of singular matrices with displacement structure

	4. Computations with structured integer matrices
	5. Related works
	References

	V-cycle Optimal Convergence for DCT-III Matrices
	1. Introduction
	2. Two-grid and multi-grid methods
	3. Two-grid and multi-grid methods for DCT-III matrices
	4. V-cycle optimal convergence
	5. Numerical experiments
	5.1. Case x0 = 0 (differential-like problems)
	5.2. Case x0 = π (integral-like problems)

	6. Computational costs and conclusions
	References

	The Ratio Between the Toeplitz and the Unstructured Condition Number
	1. Notation and problem formulation
	2. Main results
	3. Approximation of μn
	4. Appendix
	References

	A New Algorithm for Finding Positive Eigenvectors for a Class of Nonlinear Operators Associated with M-matrices
	1. Introduction
	2. Monotone iteration for finding positive eigenvector
	3. The numerical implementation in two-dimensional case
	References

	Hankel Minors and Pade Approximations
	1. Introduction
	2. Series and matrices
	3. Jumps over zero minors
	4. An identity for determinants
	5. Table of minors
	6. Pade theory
	References



