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Preface

These are the lecture notes of the fifth European summer school on Orthog-
onal Polynomials and Special Functions, which was held at the Universidad
Carlos IIT de Madrid, Leganés, Spain from July 8 to July 18, 2004. Previous
summer schools were in Laredo, Spain (2000) [1], Inzell, Germany (2001) [2],
Leuven, Belgium (2002) [3] and Coimbra, Portugal (2003) [4]. These summer
schools are intended for young researchers preparing a doctorate or Ph.D. and
postdocs working in the area of special functions.

For this edition we were happy to have eight invited speakers who gave
a series of lectures on a subject for which they are internationally known
experts. Seven of these lectures are collected in this volume. The lecture of
J. S. Geronimo on WKB and turning point theory for second order difference
equations has been published elsewhere [5].

The lectures fall into two categories: on one hand we have lectures on com-
putational aspects of orthogonal polynomials and special functions and on the
other hand we have some modern applications. The computational aspects
deal with algorithms for computing quantities related to orthogonal polyno-
mials and quadrature (Walter Gautschi’s contribution), but recently it was
also found that computational aspects of numerical linear algebra are closely
related to the asymptotic behavior of (discrete) orthogonal polynomials. The
contributions of Andrei Martinez and Bernhard Beckermann deal with this in-
teraction between numerical linear algebra, logarithmic potential theory and
asymptotics of discrete orthogonal polynomials. The contribution of Adhe-
mar Bultheel makes the transition between applications (linear prediction of
discrete stationary time series) and computational aspects of orthogonal ratio-
nal functions on the unit circle and their matrix analogues. Other applications
in this volume are quantum integrability and separation of variables (Vadim
Kuznetsov), the classification of orthogonal polynomials in terms of two lin-
ear transformations each tridiagonal with respect to an eigenbasis of the other
(Paul Terwilliger), and the theory of nonlinear special functions arising from
the Painlevé equations (Peter Clarkson).
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Walter Gautschi gave a lecture about Computational methods and software
for orthogonal polynomials, in particular related to quadrature and approxi-
mation. His lecture describes many algorithms which can be used in Matlab.
The lecture of Andrei Martinez-Finkelshtein is about Equilibrium problems
of potential theory in the complex plane and gives a brief introduction to the
logarithmic potential in the complex plane and the corresponding equilibrium
problems. Minimizing logarithmic energy is very close to best polynomial ap-
proximation. In his lecture the equilibrium problem is described in the classical
sense, but also the extensions with external fields and with constraints, which
are more recent, are considered. The lecture of Bernhard Beckermann on Dis-
crete orthogonal polynomials and superlinear convergence of Krylov subspace
methods in numerical linear algebra makes heavy use of the equilibrium prob-
lem with constraint and external field, which is a necessary ingredient for
describing the asymptotics for discrete orthogonal polynomials. This asymp-
totic behavior gives important insight in the convergence behavior of several
numerical methods in linear algebra, such as the conjugate gradient method,
the Lanczos method, and in general many Krylov subspace methods.

The contribution of Adhemar Bultheel and his co-authors on Orthogonal
rational functions on the unit circle: from the scalar to the matriz case extends
on one hand the notion of orthogonal polynomials to orthogonal rational func-
tions and on the other hand the typical situation with scalar coefficients to
matrix coefficients. The motivation for using orthogonality on the unit circle
lies in linear prediction for a discrete stationary time series. The motivation
for using rational functions is the rational Krylov method (with shifts) and
numerical quadrature of functions with singularities, thereby making the link
with the lectures of Gautschi and Beckermann.

Vadim Kuznetsov’s lecture on Orthogonal polynomials and separation of
variables first deals with Chebyshev polynomials and Gegenbauer polynomi-
als, which are important orthogonal polynomials of one variable for which he
gives several well known properties. Then he considers polynomials in several
variables and shows how they can be factorized and how this is relevant for
quantum integrability and separability.

Paul Terwilliger describes An algebraic approach to the Askey scheme
of orthogonal polynomials. The fundamental object in his contribution is a
Leonard pair and a correspondence between Leonard pairs and a class of or-
thogonal polynomials is given. Even though the description is elementary and
uses only linear algebra, it is sufficient to show how the three term recurrence
relation, the difference equation, Askey-Wilson duality, and orthogonality can
be expressed in a uniform and attractive way using Leonard pairs.

Finally, Peter Clarkson brings us to a very exciting topic: Painlevé equa-
tions — Nonlinear special functions. The six Painlevé equations, which are
nonlinear second-order differential equations, are presented and many impor-
tant mathematical properties are given: Bécklund transformations, rational
solutions, special function solutions, asymptotic expansions and connection
formulae. Several applications of these Painlevé equations are described, such
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as partial differential equations, combinatorics, and orthogonal polynomials,
which brings us back to the central notion in these lecture notes.

We believe that these lecture notes will be useful for all researchers in the
field of special functions and orthogonal polynomials since all the contribu-
tions contain recent work of the invited speakers, most of which is not available
in books or not easily accessible in the scientific literature. All contributions
contain exercises so that the reader is encouraged to participate actively. To-
gether with open problems and pointers to the available literature, young
researchers looking for a topic for their Ph.D. or recent postdocs looking for
new challenges have a useful source for contemporary research problems.

We would like to thank Guillermo Lépez Lagomasino, Jorge Arvesi Car-
ballo, Jorge Sanchez Ruiz, Maria Isabel Bueno Cachadina and Roberto Costas
Santos for their work in the local organizing committee of the summer school
and for their help in hosting 50 participants from Austria, Belarus, Belgium,
Denmark, England, France, Poland, Portugal, South Africa, Spain, Tunisia,
and the U.S.A. This summer school and these lecture notes and some of the
lecturers and participants were supported by INTAS Research Network on
Constructive Complex Approximation (03-51-6637) and by the SIAM activ-
ity group on Orthogonal Polynomials and Special Functions.
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VIII  Preface

During the processing of this volume we received sad news of the sudden
death on December 16, 2005 of Vadim Kuznetsov, one of the contributors.
Vadim Kuznetsov enjoyed a very strong international reputation in the field
of integrable systems and was responsible for a number of fundamental contri-
butions to the development of separation of variables techniques by exploiting
the methods of integrability, a topic on which he lectured during the summer
school and which is the subject in his present contribution Orthogonal poly-
nomials and separation of variables. We dedicate this volume in memory of
Vadim Kuznetsov.

Vadim Kuznetsov 1963-2005

Leganés (Madrid) and Leuven, Francisco Marcelldn
Walter Van Assche
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Orthogonal Polynomials, Quadrature, and
Approximation: Computational Methods and
Software (in Matlab)

Walter Gautschi

Department of Computer Sciences, Purdue University,
West, Lafayette, IN 47907, USA
e-mail: wrg@cs.purdue.edu

Summary. One of the main problems in the constructive theory of orthogonal
polynomials is the computation of the coefficients, if not known explicitly, in the
three-term recurrence relation satisfied by orthogonal polynomials. Two classes of
methods are discussed: those based on moment information, and those using dis-
cretization of the underlying inner product. Other computational problems consid-
ered are the computation of Cauchy integrals of orthogonal polynomials, and the
problem of modification, i.e., of ascertaining the effect on the recurrence coefficients
of multiplying the weight function by a (positive) rational function. Moment-based
methods and discretization algorithms are also available for generating Sobolev or-
thogonal polynomials, i.e., polynomials orthogonal with respect to an inner product
involving derivatives. Of particular interest here is the computation of their zeros.

Important applications of orthogonal polynomials are to the development of
quadrature rules of maximum algebraic degree of exactness, most notably Gauss-
type quadrature rules, but also Gauss-Kronrod and Gauss-Turan quadratures. Mod-
ification algorithms and discretization methods find application to constructing
quadrature rules exact not only for polynomials, but also for rational functions
with prescribed poles. Gauss-type quadrature rules are applicable also for comput-
ing Cauchy principal value integrals. Gaussian quadrature sums are expressible in
terms of the related Jacobi matrix, which has interesting applications to generating
orthogonal polynomials on several intervals and to the estimation of matrix func-
tionals.

In the realm of approximation, the classical use of orthogonal polynomials, in-
cluding Sobolev orthogonal polynomials, is to least squares approximation to which
interpolatory constraints may be added. Among other uses considered are moment-
preserving spline approximation and the summation of slowly convergent series.

All computational methods and applications considered are supported by a soft-
ware package, called 0PQ, of Matlab routines which are downloadable individually
from the internet. Their use is illustrated throughout.
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1 Introduction

Orthogonal polynomials, unless they are classical, require special techniques
for their computation. One of the central problems is to generate the coeffi-
cients in the basic three-term recurrence relation they are known to satisfy.
There are two general approaches for doing this: methods based on moment
information, and discretization methods. In the former, one develops algo-
rithms that take as input given moments, or modified moments, of the un-
derlying measure and produce as output the desired recurrence coefficients.
In theory, these algorithms yield exact answers. In practice, owing to round-
ing errors, the results are potentially inaccurate depending on the numerical
condition of the mapping from the given moments (or modified moments) to
the recurrence coefficients. A study of related condition numbers is therefore
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of practical interest. In contrast to moment-based algorithms, discretization
methods are basically approximate methods: one approximates the underlying
inner product by a discrete inner product and takes the recurrence coefficients
of the corresponding discrete orthogonal polynomials to approximate those of
the desired orthogonal polynomials. Finding discretizations that yield satis-
factory rates of convergence requires a certain amount of skill and creativity
on the part of the user, although general-purpose discretizations are available
if all else fails.

Other interesting problems have as objective the computation of new or-
thogonal polynomials out of old ones. If the measure of the new orthogonal
polynomials is the measure of the old ones multiplied by a rational function,
one talks about modification of orthogonal polynomials and modification algo-
rithms that carry out the transition from the old to the new orthogonal poly-
nomials. This enters into a circle of ideas already investigated by Christoffel
in the 1850s, but effective algorithms have been obtained only very recently.
They require the computation of Cauchy integrals of orthogonal polynomials
— another interesting computational problem.

In the 1960s, a new type of orthogonal polynomials emerged — the so-
called Sobolev orthogonal polynomials — which are based on inner products
involving derivatives. Although they present their own computational chal-
lenges, moment-based algorithms and discretization methods are still two of
the main working tools. The computation of zeros of Sobolev orthogonal poly-
nomials is of particular interest in practice.

An important application of orthogonal polynomials is to quadrature,
specifically quadrature rules of the highest algebraic degree of exactness. Fore-
most among them is the Gaussian quadrature rule and its close relatives, the
Gauss—Radau and Gauss—Lobatto rules. More recent extensions are due to
Kronrod, who inserts n 4+ 1 new nodes into a given n-point Gauss formula,
again optimally with respect to degree of exactness, and to Turdn, who al-
lows derivative terms to appear in the quadrature sum. When integrating
functions having poles outside the interval of integration, quadrature rules of
polynomial /rational degree of exactness are of interest. Poles inside the in-
terval of integration give rise to Cauchy principal value integrals, which pose
computational problems of their own. Interpreting Gaussian quadrature sums
in terms of matrices allows interesting applications to orthogonal polynomials
on several intervals, and to the computation of matrix functionals.

In the realm of approximation, orthogonal polynomials, especially discrete
ones, find use in curve fitting, e.g. in the least squares approximation of dis-
crete data. This indeed is the problem in which orthogonal polynomials (in
substance if not in name) first appeared in the 1850s in work of Chebyshev.
The presence of interpolatory constraints can be handled by a modification
algorithm relative to special quadratic factors. Sobolev orthogonal polynomi-
als also had their origin in least squares approximation, when one tries to
fit simultaneously functions together with some of their derivatives. Physi-
cally motivated are approximations by spline functions that preserve as many
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moments as possible. Interestingly, these also are related to orthogonal poly-
nomials via Gauss and generalized Gauss-type quadrature formulae. Slowly
convergent series whose sum can be expressed as a definite integral naturally
invite the application of Gauss-type quadratures to speed up their conver-
gence. An example are series whose general term is expressible in terms of
the Laplace transform or its derivative of a known function. Such series occur
prominently in plate contact problems.

A comprehensive package, called OPQ, of Matlab routines is available that
can be used to work with orthogonal polynomials. It resides at the web site

http://www.cs.purdue.edu/archives/2002/wxg/codes/

and all its routines are downloadable individually.

2 Orthogonal Polynomials

2.1 Recurrence Coefficients
Background and Notation

Orthogonality is defined with respect to an inner product, which in turn in-
volves a measure of integration, dA. An absolutely continuous measure has the
form

dA(t) = w(t)dt on [a,b], —oo<a<b<oo,

where w is referred to as a weight function. Usually, w is positive on (a,b), in
which case dA is said to be a positive measure and [a, b] is called the support
of dX. A discrete measure has the form

N
dAn(t) = Zwké(t —xp)dt, T <32 <--- <N,
k=1

where § is the Dirac delta function, and usually wy > 0. The support of
dAy consists of its N support points x1,xs, ..., xn. For absolutely continuous
measures, we make the standing assumption that all moments

,urz/trd/\(t), r=20,1,2,...,
R

exist and are finite. The inner product of two polynomials p and ¢ relative to
the measure d\ is then well defined by

(P, ar = /R p(Ha(t)AA(),

and the norm of a polynomial p by

[pllax = V/(p; P)ax-
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Orthogonal polynomials relative to the (positive) measure d are defined by
mx(+) = m(-;d\) a polynomial of exact degree k, k=0,1,2,...,

—0, k£,
(T, Te)ax {> 0. k i ‘

There are infinitely many, if d\ is absolutely continuous, and they are uniquely
defined up to the leading coefficient. If all leading coefficients are equal to 1,
they are said to be monic. For a discrete measure d\y, there are exactly N or-
thogonal polynomials g, 71, ...,7mn_1. Orthonormal polynomials are defined
and denoted by

ﬁk(~;d/\):M, k=0,1,2,....
7kl ax
They satisfy
L. 0, k#£¢,
(Tk, Te)dax = Op0 = { 1k i ¢

Examples of measures resp. weight functions are shown in Tables 1 and 2. The
former displays the most important “classical” weight functions, the latter the
best-known discrete measures.

Three-Term Recurrence Relation

For any n (< N—1if d\ = d\y), the first n+ 1 monic orthogonal polynomials
satisfy a three-term recurrence relation

7Tk+1(t) = (t—ak)ﬂk(t)—ﬂkﬁk,l(t), kZO,].,...,'rL—l, (2.1>
= 1,

7'['_1(t)=07 Fo(t)
where the recurrence coefficients o, = ag(dN), By = Pr(dA) are real and

positive, respectively. The coefficient Gy in (2.1) multiplies 7_; = 0, and hence
can be arbitrary. For later use, it is convenient to define

Table 1. “Classical” weight functions dA(t) = w(¢t)dt

name w(t) support comment
Jacobi (1—t)*(141t)° 1,1 a> -1,
B>-1
Laguerre te? [0,00] a>-1
Hermite [t]2oe" [—00,00] a>—1

Meixner- - O™ (N +it)|]> [—o0,00] A >0,
Pollaczek O<op<m
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M

Table 2. “Classical” discrete measures dA(t) = >, _  wxd(t — k)dt
name M Wi comment
discrete N -1 1
Chebyshev

Krawtchouk N (f)pk(l —p)N-F 0<p<l1

Charlier 00 e “a®/k! a>0
Meixner o0 %% 0<c<1,6>0
Hahn N (N a>-18> -1
o = Aul@) = [ ax). (2.2)
R

The proof of (2.1) is rather simple if one expands mgy1(t) — tmp(t) € Pg
in orthogonal polynomials 7y, 71, ..., 7, and observes orthogonality and the
obvious, but important, property (tp,q)ax = (p,tq)ax of the inner product.
As a by-product of the proof, one finds the formulae of Darboux,

ap(d)) = (momar g1
(W(kﬂrk)d)A (2.3)
ks Tk )dA
d\) = ———————, k=1,2,....
Bir(dA) (Thk—1, Th—1)dx
The second yields
7k 135 = BoBi - -+ B (2.4)

Placing the coefficients aj on the diagonal, and /3 on the two side diagonals
of a matrix produces what is called the Jacobi matriz of the measure d,

010\/571 0
VBl a1 VB2

0

It is a real, symmetric, tridiagonal matrix of infinite order, in general. Its
principal minor matrix of order n will be denoted by

Noting that the three-term recurrence relation for the orthonormal poly-
nomials is
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VBT (t) = (t — )T (t) — VBefr-1(t), k=0,1,2,...,

(2.7)
T-1(t) =0, o(t) =1/vPo,
or, in matrix form, with @ (t) = [7o(t), 71 (t), ..., 7n_1(t)]T,
t7w(t) = Jp(dN)7(t) + / BnTn(t)en, (2.8)

one sees that the zeros 7, of T, (- ;dA) are precisely the eigenvalues of J,(dA),
and 7(7,) corresponding eigenvectors. This is only one of many reasons why
knowledge of the Jacobi matrix, i.e. of the recurrence coefficients, is of great
practical interest. For classical measures as the ones in Tables 1 and 2, all
recurrence coefficients are explicitly known (cf. [10, Tables 1.1 and 1.2]). In
most other cases, they must be computed numerically.

In the OPQ package, routines generating recurrence coefficients have the
syntax ab=r_name(N), where name identifies the name of the orthogonal poly-
nomial and N is an input parameter specifying the number of a; and of G
desired. There may be additional input parameters. The as and (s are stored
in the Nx2 array ab:

ag | Bo
o | B
N € N.
aN—1 51\771

For example, ab=r_jacobi(N,a,b) generates the first N recurrence coefficients
of the (monic) Jacobi polynomials with parameters a=a, §=b.

The first ten recurrence coefficients for the Jacobi polynomials

with parameters o = —%, 8= %
The Matlab command, followed by the output, is shown in the box below.

>> ab=r_jacobi(10,-.5,1.5)

ab =

.666666666666666e—01 4.712388980384690e+00
.333333333333333e-01 1.388388888888889%e-01
.714285714285714e-02 2.100000000000000e-01
.174603174603174e-02 2.295918367346939e-01
.020202020202020e-02 2.376543209876543e-01
.398601398601399e-02 2.417355371900826e-01
.025641025641026e-02 2.440828402366864e-01
.843137254901961e-03 2.455555555555556e-01
.191950464396285e-03 2.465397923875433e-01
.012531328320802e-03 2.472299168975069e-01

GONFREEP,PNWORO®
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2.2 Modified Chebyshev Algorithm

The first 2n moments g, 41, - - ., on—1 of a measure d\ uniquely determine
the first n recurrence coefficients ay(dA) and Bi(dA), k =0,1,...,n—1. How-
ever, the corresponding moment map R?" — R2™ ;[ ]2" 01 = [ag, Bi]r 2y is
severely ill-conditioned when n is large. Therefore, other moment maps must
be sought that are better conditioned. One that has been studied extensively

in the literature is based on modified moments
my = /pk(t)d)\(t), k=0,1,2,..., (2.9)
R

where {pr}, pr € Pi, is a given system of polynomials chosen to be close
in some sense to the desired polynomials {7 }. We assume that py, like 7,
satisfies a three-term recurrence relation

pk+1(t) = (tfak)pk(t)fbkﬂ'k_l(t), k:O,1,2,...,
p-1(t) =0, po(t) =1,

(2.10)

but with coefficients ar € R, by > 0, that are known. The case ap = by = 0
yields powers pi(t) = t*, hence ordinary moments sy, which however, as
already mentioned, is not recommended.

The modified moment map

R2" — R?" . [mk]ilgl — [ak,ﬁk]z;é (2.11)

and related maps have been well studied from the point of view of conditioning
(cf. [10, §2.1.5 and 2.1.6]). The maps are often remarkably well-conditioned,
especially for measures supported on a finite interval, but can still be ill-
conditioned otherwise.

An algorithm that implements the map (2.11) is the modified Chebyshev
algorithm (cf. [10, §2.1.7]), which improves on Chebyshev’s original algorithm
based on ordinary moments. To describe it, we need the mized moments

Oy = / ﬂk(t;d)\)pg(t)d)\(t), k,g Z 7]., (212)
R

which by orthogonality are clearly zero if ¢ < k.
Algorithm 1 Modified Chebyshev algorithm
initialization:
ag = ap +m1/mg, B = mo,
o_1,0=0, (=12,...,2n—-2,
ooe=my, ¢=0,1,...,2n—-1

continuation (if n > 1): for k =1,2,...,n—1 do
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Computing stencil

k“
Okl
n-l ] [@]
e 0] © @
o @ © @ © o
@ @ @ © © @ © @ ;
-—— Oy =ml
Toooooooo? ~— 5_ ;=0
0 2n—1

Fig. 1. Modified Chebyshev algorithm, schematically

Okt = Ok—1,404+1 — (Oékfl - a@)akfl,f - ﬁk710k72,£

+ beok—1p—1, L=kk+1,....2n -k -1,

Ok k+1 Ok—1,k Okk
ap = ag + - y Br=—
Okk Ok—1,k—1 Ok—1,k—1

If ay, = by, = 0, Algorithm 1 reduces to Chebyshev’s original algorithm.

Fig. 1 depicts the trapezoidal array of the mixed moments and the com-
puting stencil indicating that the circled entry is computed in terms of the
four entries below. The entries in boxes are used to compute the as and fs.

The 0PQ Matlab command that implements the modified Chebyshev algo-
rithm has the form ab=chebyshev(N,mom,abm), where mom is the 1x2N array
of the modified moments, and abm the (2N—1)x2 array of the recurrence co-

efficients ag, by from (2.10) needed in Algorithm 1:

[mo[ma[mol- -~ [man ]
ag bo
ai by

aan—2|ban—2

abm
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If the input parameter abm is omitted, the routine assumes ay = by = 0 and
implements Chebyshev’s original algorithm.

“Elliptic” orthogonal polynomials.

These are orthogonal relative to the measure
dA(t) = [(1 —w*?)(1 —t3)]7Y2dt on [-1,1], 0<w<1.

To apply the modified Chebyshev algorithm, it seems natural to employ
Chebyshev moments (i.e. py = the monic Chebyshev polynomial of degree
k)

1 1
1
Their computation is not entirely trivial (cf. [10, Example 2.29]), but a stable
algorithm is available as OPQ routine mm_ell.m, which for given N generates
the first 2N modified moments of d\ with w? being input via the parameter
om2. The complete Matlab routine is as follows:

function ab=r_elliptic(N,om2)
abm=r_jacobi(2*N-1,-1/2);
mom=mm_el1l(N,om2) ;
ab=chebyshev (N, mom, abm)

For om2=.999 and N=40, results produced by the routine are partially shown
in the box below.

ab =

.682265121100620e+00
.937821421385184e-01
.198676724605757e-01
.270401183698990e-01
.410608787266061e-01
.454285325203698e-01
.473016530297635e-01
.482587060199245e-01

[eleoleolojoloRoNa)
NNNNNENO

2.499915376529289e-01
.499924312667191e-01
.499932210069769e-01

NN

Clearly, 3B — i as k — oo, which is consistent with the fact that d\ belongs
to the Szeg6 class (cf. [10, p. 12]). Convergence, in fact, is monotone for k > 2.

2.3 Discrete Stieltjes and Lanczos Algorithm

Computing the recurrence coefficients of a discrete measure is a prerequisite
for discretization methods to be discussed in the next section. Given the mea-
sure
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N
d)\N(t) = Z wké(t - (Ek)dt, (213)
k=1

the problem is to compute o, y = v, (dAN), Bo, v = Bu(dAn) for allv < n—1,
n < N, which will provide access to the discrete orthogonal polynomials of
degrees up to n, or else, to determine the Jacobi matrix J n(dAy), which will
provide access to all discrete orthogonal polynomials. There are two methods
in use, a discrete Stieltjes procedure and a Lanczos-type algorithm.

Discrete Stieltjes Procedure

Since the inner product for the measure (2.13) is a finite sum,

N
(0 Dary = > wip(r)q(x), (2.14)
k=1

Darboux’s formulae (2.3) seem to offer attractive means of computing the
desired recurrence coefficients, since all inner products appearing in these
formulae are finite sums. The only problem is that we do not yet know the
orthogonal polynomials 73, = 7 v involved. For this, however, we can make
use of an idea already expressed by Stieltjes in 1884: combine Darboux’s
formulae with the basic three-term recurrence relation. Indeed, when & = 0
we know that mg xy = 1, so that Darboux’s formula for ag(dAx) can be applied,
and o (dAy) is simply the sum of the weights wy. Now that we know ag(dAy),
we can apply the recurrence relation (2.1) for k£ = 0 to compute m n(¢) for
t=uxk, k=1,2,...,N. We then have all the information at hand to reapply
Darboux’s formulae for a5 and £ n, which in turn allows us to compute
mo,n(t) for all ¢ = z from (2.1). In this manner we proceed until all a, n,
Bu,n, v <n—1, are determined. If n = N, this will yield the Jacobi matrix
Jn(dAn).

The procedure is quite effective, at least when n <« N. As n approaches
N, instabilities may develop, particularly if the support points x; of dAy are
equally, or nearly equally, spaced.

The OPQ routine implementing Stieltjes’s procedure is called by ab=
stieltjes(n,xw), where n < N, and xw is an N x 2 array containing the
support points and weights of the inner product,

1| w1
T2 | W2

IN|WN

Xw

As usual, the recurrence coefficients oy, n, Bu,n, 0 < v < n — 1, are stored in
the nx2 array ab.
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Lanczos-type Algorithm

Lanczos’s algorithm is a general procedure to orthogonally tridiagonalize a
given symmetric matrix A. Thus, it finds an orthogonal matrix @ and a
symmetric tridiagonal matrix T' such that QTAQ = T'. Both Q and T are
uniquely determined by the first column of Q.

Given the measure (2.13), it is known that an orthogonal matrix Q €
RIVHDX(N+1) exists, with the first column being e; = [1,0,...,0]T € RN+1,
such that (see [10, Corollary to Theorem 3.1])

Ly g e N 1 VB 0 - 0

ywi 1 0 -+ 0 VB a0 VB 0
QT | vwe 0 @ 0 g 0 VB a0 (2.15)

JVwuny 0 0 - xn 0 0 0 ---an_1

where o, = ag, N, B = Bi,n. We are thus in the situation described above,

where A is the matrix displayed on the left and T the matrix on the right,

the desired Jacobi matrix Jx(dAy) bordered by a first column and a first

row containing Bp. The computation can be arranged so that only the leading

principal minor matrix of order n + 1 is obtained.

Lanczos’s algorithm in its original form (published in 1950) is numerically
unstable, but can be stabilized using ideas of Rutishauser (1963). An algorithm
and pseudocode of Gragg and Harrod [14], using a sequence of Givens rotations
to construct the matrix @ in (2.15), forms the basis for the 0PQ Matlab code
ab=lanczos(n,xw), where the input and output parameters have the same
meaning as in the routine stieltjes.m.

This routine enjoys good stability properties but may be considerably
slower than Stieltjes’s procedure.

2.4 Discretization Methods

The basic idea is to discretize the given measure d\, i.e. approximate it by a
discrete measure

AN(t) ~ dAn (1), (2.16)

and then use the recurrence coefficients ai(dAn), Ox(dAy) of the discrete
measure to approximate ay(dA), Ok (dA). The former are computed by either
Stieltjes’s procedure or a Lanczos-type algorithm. The effectiveness of the
method is crucially tied to the quality of the discretization. We illustrate this
by a simple, yet instructive, example.

Example 1. Chebyshev weight function plus a constant,
wt)=1—-t3)"24¢ on[-1,1], ¢>0.

It suffices to approximate the inner product for the weight function w. This
can always be done by using appropriate quadrature formulae. In the case at
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hand, it is natural to treat the two parts of the weight function separately,
indeed to use Gauss—Chebyshev quadrature for the first part and Gauss—
Legendre quadrature for the second,

1

= [ 00 =) e+ [ poa(oa

—1 —1

M M

~ wPp(xIM)q(zFM) + cZw,];p(xI,;)q(xk) (2.17)
k=1 =

Here, 70", w™ are the nodes and weights of the M-point Gauss—Chebyshev

quadrature rule, and x¥, wk those of the Gauss—Legendre quadrature rule.
The discrete measure implied by (2.17) is d\x with N = 2M and

dAn(t ZwChé Jcmw St —ax). (2.18)

What is attractive about this choice is the fact that the approximation in
(2.17) is actually an equality whenever the product p - ¢ is a polynomial of
degree < 2M — 1. Now if we are interested in computing oy (w), Ox(w) for
k < n —1, then the products p - ¢ that occur in Darboux’s formulae are all of
degree < 2n — 1. Therefore, we have equality in (2.17) if n < M. It therefore
suffices to take M = n in (2.17) to obtain the first n recurrence coefficients
exactly.

In general, the quadrature rules will not produce exact results, and M will
have to be increased through a sequence of integers until convergence occurs.

Example 1 illustrates the case of a 2-component discretization. In a general
multiple-component discretization, the support [a, b] of d\ is decomposed into

s intervals,
S

[a,b] = U [&j,bj], (219)
j=1

where the intervals [a;,b;] may or may not be disjoint. The measure d\ is
then discretized on each interval [a;,b;] using either a tailor-made M-point
quadrature (as in Example 1), or a general-purpose quadrature. For the latter,
a Fejér quadrature rule on [—1, 1], suitably transformed to [a;, b;], has been
found useful. (The Fejér rule is the interpolatory quadrature formula based
on Chebyshev points.) If the original measure d\ has also a discrete compo-
nent, this component is simply added on. Rather than go into details (which
are discussed in [10, §2.2.4]), we present the Matlab implementation, another
illustrative example, and a demo.

The 0OPQ routine for the multiple-component discretization is ab=mcdis
(N, eps0,quad,Mmnax), where in addition to the variables ab and n, which
have the usual meaning, there are three other parameters, epsO: a prescribed
accuracy tolerance, quad: the name of a quadrature routine carrying out
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the discretization on each subinterval if tailor-made (otherwise, quadgp.m,
a general-purpose quadrature routine can be used), Mmax: a maximal allow-
able value for the discretization parameter M. The decomposition (2.19) is
input via the mcx2 array

ay b1

az | by
AB=

Gme |bme

where mc is the number of components (the s in (2.19)). A discrete component
which may possibly be present in dA is input via the array

Ty | Y1

T2 | Y2
DM=

Lmp |Ymp

with the first column containing the support points, and the second column
the associated weights. The number of support points is mp. Both mc and mp,
as well as AB and DM, are global variables. Another global variable is iq, which
has to be set equal to 1 if the user provides his or her own quadrature routine,
and equal to 0 otherwise.

Ezxample 2. The normalized Jacobi weight function plus a discrete measure.
This is the measure

P
dA(t) = (B) 7 A =) (L +1)Pdt + Y w;d(t — x;)dt on [1,1],
j=1
where .
By :/ (1-t)*(1+t)Pdt, a>-1, 8> 1.

-1
Here, one single component suffices to do the discretization, and the obvious
choice of quadrature rule is the Gauss—Jacobi M-point quadrature formula to
which the discrete component is added on. Similarly as in Example 1, taking

M = n yields the first n recurrence coefficients ay(d)), Br(dN), & < n —1,
exactly. The global parameters in Matlab are here mc=1, mp=p, iq=1, and

T |Wy

—_— To|W2
se=[CI1]  ow=

Tp|Wp

Logistic density function,
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The discretization is conveniently effected by the quadrature rule

[ p(-t) ot > p() ot
froweo = | (4o e [ e
M
LP %) + o)
g 1+e 715) 7

where T,%, )\}5 are the nodes and weights of the M-point Gauss—Laguerre
quadrature formula. This no longer produces exact results for M = n, but
converges rapidly as M — oco. The exact answers happen to be known,

ar(dA) =0 by symmetry,

kA2
= = > 1.
ﬁO(d)‘) 17 6k(d)‘> 42 — 1 5 k = 1

Numerical results produced by mcdis.m with N=40, eps0=10°%xeps, along
with errors (absolute errors for oy, relative errors for §i) are shown in the
box below. The two entries in the bottom row are the maximum errors taken
over 0 <n < 39.

n BGn err o err 3

0 1.0000000000(0) 7.18(-17) 3.33(-16)

1 3.2898681337(0) 1.29(-16) 2.70(-16)

6 8.9447603523(1) 4.52(-16) 1.43(-15)

15 5.5578278399(2) 2.14(-14) 0.00(400)

39 3.7535340252(3) 6.24(—14) 4.48(-15)
6.24(-14) 8.75(-15)

2.5 Cauchy Integrals of Orthogonal Polynomials
The Jacobi Continued Fraction

The Jacobi continued fraction associated with the measure d\ is

Bo B Bo

t—ao— t—al— t—OZQ—

T =J(td\) = . (2.20)
where ay = ai(d)), B = Br(d)). From the theory of continued fractions it
is readily seen that the nth convergent of J is

ﬁO ﬂl . 57171 Jn(z; d)‘)

- C on=1,2,3,..., (221
Z—og— 22— — z2—Qp_1  Tnp(z;dN) " ( )

where 7, is the monic orthogonal polynomial of degree n, and o, a polynomial
of degree n — 1 satisfying the same basic three-term recurrence relation as m,,
but with different starting values,
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opt1(2) = (2 — ag)or(z) — Brow-1(2), k=1,2,3,...,
00(2’) :0, 01(2) :60.

(2.22)

Recall that By = [, dA(t). If we define 0_; = —1, then (2.22) holds also for
k = 0. We have, moreover,

o Tn(2) — ma(t) -
on(z) = /Riz—t dA(¢), 0,1,2,..., (2.23)

as can be seen by showing that the integral on the right also satisfies (2.22).
If we define

F(z) = Fz;d)) = / dr() (2.24)
R % — t
to be the Cauchy transform of the measure d\, and more generally consider
n(t
pu(a) = pn(zsan) = [ 28, (225)
R 2 — t

the Cauchy integral of the orthogonal polynomial 7,, we can give (2.23) the
form

0u(2) = () F(2) = pu(2), (2.26)
and hence ) )

on(z) . Pn(z

() = F(z) (2) (2.27)

An important result from the theory of the moment problem tells us that,
whenever the moment problem for d\ is determined, then

lim In(2)
n—oo Ty, (z)

= F(z) for z € C\[a,b], (2.28)

where [a, b] is the support of the measure d\. If [a, ] is a finite interval, then
the moment problem is always determined, and (2.28) is known as Markov’s
theorem.

Note from (2.26) that, since 0_1 = —1, we have

p-1(z) =1, (2.29)

and the sequence {p,}32 _; satisfies the same three-term recurrence relation
as {mp 152 ;. As a consequence of (2.27) and (2.28), however, it behaves quite
differently at infinity,

lim 224 g (2.30)
which implies that {p,(2)} is the minimal solution of the three-term recur-
rence relation having the initial value (2.29). It is well known that a minimal
solution of a three-term recurrence relation is uniquely determined by its
starting value, and, moreover, that
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Pn Z) . 671 6n+1 ﬂn+2

pn-1(2)  z—ap— 2 —0pp1— 2 — Qppo—

- (2.31)

i.e. the successive ratios of the minimal solution are the successive tails of the
Jacobi continued fraction (Pincherle’s theorem). In particular, by (2.31) for
n =0, and (2.21), (2.28) and (2.29),

po(z) = F(2), (2.32)

i.e., po is the Cauchy transform of the measure.
We remark that (2.25) is meaningful also for real z = z in (a,b), if the
integral is interpreted as a Cauchy principal value integral (cf. (4.36))

pn(2) :]i %dx(t), z € (ab), (2.33)

and the sequence {p,(z)} satisfies the basic three-term recurrence relation
with initial values

AA(t)

z—t’

pr@) =1, polz) = ][ (2.34)

but is no longer minimal.

Continued Fraction Algorithm

This is an algorithm for computing the minimal solution p,(z), z € C\[a, ],
of the basic three-term recurrence relation. Denote the ratio in (2.31) by

pn(2)
Tpo1 = . 2.35
' pn—l(z) ( )
Then, clearly,
Tp—1 = L (2.36)

If, for some v > N, we knew r,, we could apply (2.36) for r =v,v—1,...,0,
and then obtain

pn(2) =Tn_1pn-1(2), n=0,1,...,N. (2.37)

The continued fraction algorithm is precisely this algorithm, except that r, is
replaced by 0. All quantities generated then depend on v, which is indicated
by a superscript.

Algorithm 2 Continued fraction algorithm
backward phase; v > N:

T[VV] = Oa Tiﬂl -



18 Walter Gautschi

forward phase:

() =1, P =ripli(z), n=0,1,.. N

It can be shown that, as a consequence of the minimality of {p,(2)} (cf. [10,
pp. 114-115]),

lim pll(2) = pn(2), n=0,1,...,N, if z € C\[a,b). (2.38)
V—00
Convergence is faster the larger dist(z, [a, b]). To compute p,(z), it suffices to
apply Algorithm 2 for a sequence of increasing values of v until convergence
is achieved to within the desired accuracy.
The O0PQ command implementing this algorithm is

[rho,r,nu]l=cauchy(N,ab,z,eps0,nu0,numax)

where the meanings of the output variables rho, r and input variable ab are
as shown below.

po(2) 70(2) o Bo

p1(2) r1(2) 251 b1

PN(Z) TN (Z) Onumax 6numax
rho r ab

The input variable epsO is an error tolerance, the variable nu0 a suitable
starting value of v in Algorithm 2, which is incremented in steps of, say 5,
until the algorithm converges to the accuracy eps0. If convergence does not
occur within v < numax, an error message is issued, otherwise the value of v
yielding convergence is output as nu.

2.6 Modification Algorithms

By “modification” of a measure d)\, we mean here multiplication of dA by a
rational function r which is positive on the support [a,b] of dX. The modified
measure thus is

dA(t) = r(t)dA(t), r rational and r > 0 on [a, b]. (2.39)

We are interested in determining the recurrence coefficients &y, Bk for d\ in
terms of the recurrence coefficients oy, By of dA. An algorithm that carries out
the transition from oy, Oy to dg, Bk is called a modification algorithm. While
the passage from the orthogonal polynomials relative to d\ to those relative
to d\ is classical (at least in the case when r is a polynomial), the transition
in terms of recurrence coefficients is more recent. It was first treated for linear
factors in 1971 by Galant.
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Ezample 3. Linear factor r(t) = s(t — ¢), ¢ € R\[a, ], s = £1.

Here, s is a sign factor to make r(¢t) > 0 on (a,b). Galant’s approach
is to determine the Jacobi matrix of d\ from the Jacobi matrix of d\ by
means of one step of the symmetric, shifted LR algorithm: by the choice of
s, the matrix s[J,4+1(d\) — cI] is symmetric positive definite, hence admits a

Cholesky decomposition
s[Tpq1(dN) —el] = LLT,

where L is lower triangular. The Jacobi matrix J,(d\) is now obtained by
reversing the order of the product on the right, adding back the shift ¢, and
then discarding the last row and column,’

Jo(d)) = (LTL + cI)

[1:n,1:n] '

Since the matrices involved are tridiagonal, the procedure can be implemented
by simple nonlinear recurrence relations. These can also be obtained more
systematically via Christoffel’s theorem and its generalizations.

Generalized Christoffel’s Theorem

We write
0 m
dA(t) = o© AA@®), ut) ==+ ][]t —u), ot)=[[t=0v.), (240)
A=1 pn=1

where uy and v, are real numbers outside the support of dA. The sign of u(t)
is chosen so that d\ is a positive measure. Christoffel’s original theorem (1858)
relates to the case v(t) = 1, i.e. m = 0. The generalization to arbitrary v is
due to Uvarov (1969). It has a different form depending on whether m < n or
m > n. In the first case, it states that

w(t)m (t; dX) = const x

Tn—m(t) -+ Tno1(t) () - Tnye(t)
Tpnem(u1) -+ Tpo1(u1) mp(ur) - Tnpe(ur)

e .o e e e (2.41)
'/Tn—m(uf) e 7Tn—l(uf) 7Tn(uf) e 7Tn+g(Ug) 5

Pr-m(V1) -+ pn_1(v1) pn(vi) -+ prye(vr)

pn—m(vm) e pn—l(vm) p’ﬂ(vm) T pn+é(vm)

where o
o) = [ BN e, k=012
R

z—t

! See, e.g. [9], where it is also shown how a quadratic factor (¢ — ¢1)(t — c2) can be
dealt with by one step of the QR algorithm; see in particular §3.2 and 3.3
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are the Cauchy integrals of the orthogonal polynomials 7. They occur only
if m > 0. To get monic polynomials, the constant in (2.41) must be taken to
be the reciprocal of the (signed) cofactor of the element 7, (t).

If m > n, the generalized Christoffel theorem has the form

u(t)m, (t;dX) = const x

00 -+ 0 mt) - mpe(t)
0O 0 --- 0 7r0(u1) 7Tn+12(ul)
......... (2.42)
00 -+ 0  molue) - mnpe(ue)
1 vy --- v{n_n_l po(v1) =+ prye(v)
1 Uy - U;rnn—n—l p()(vm) .. pn+g(’l}m)

Both versions of the theorem remain valid for complex uy, v, if orthogo-
nality is understood in the sense of formal orthogonality.

Linear Factor
Generalizing Example 3 to arbitrary complex shifts, we let

dA(t) = (t — 2)dA(t), =z € C\[a,b)]. (2.43)
Using Christoffel’s theorem, letting 7, () = (- ;d)), we have

Wn(t) Tn+1 (t)
Tn(2) Tnt1(2)

(t—2)7n(t) = ) = Tpt1(t) — rpmn(t), (2.44)
where )
- Tn+1(%

Ty = 77%(2) . (2.45)

Following Verlinden [17], we write (t — 2)t7x(t) in two different ways: in the
first, we use the three-term recurrence relation for 7 to obtain

(t - Z)tfl’k(t) = tﬁk+1(t) — Tk tTl'k(t)
= Mhr2(t) + (1 — ) Tr41 () + (Brt1 — mear) i (t) — reBrme—1(t);

in the second, we use the three-term recurrence relation directly on 7, and
then apply (2.44), to write

(t = 2)tAx(t) = (t — 2)[Frg1 + Qnfn(t) + Befe—1(0)]

= Trro(t) + @k — Tro1)Tes1 (t) + (Be — e T (t) — o1 Brme—1 ().
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Since orthogonal polynomials are linearly independent, the coefficients in the
two expressions obtained must be the same. This yields

Q= Tht1 = Qg1 — T, Th—1Bk = 7Bk,
hence the following algorithm.
Algorithm 3 Modification by a linear factor ¢t — z
initialization:
To=2z—ag, 711 =2—0ai—[3/r,

Go=o0q+711—7r0, Po=—7000-

continuation (if n > 1): for k=1,2,...,n—1do

Thl = 2 — Qg1 — Bkt1/Ths
G = Qjy1 + Thy1 — Tk,

B = Brri/re—1.

Note that this requires «,, 3, in addition to the usual n recurrence coefficients
ag, B for k <n — 1. Algorithm 3 has been found to be numerically stable.
The 0PQ Matlab command implementing Algorithm 3 is

ab=chril(N,ab0,z)

where ab0 is an (N+1)x2 array containing the recurrence coefficients «y, Ok,
k=0,1,...,N.

Quadratic Factor

We consider (real) quadratic factors (t —x)? +y* = (t —2)(t — 2), 2 = x + iy,
y > 0. Christoffel’s theorem is now applied with u; = 2, us = Z to express
(t — 2)(t — 2)7,(t) as a linear combination of 7, mp+1, and 7,42,

(t - Z) (t - z)7AT71(1‘L) = Tn+2 (t) + Snﬂ—nJrl(t) =+ tnﬂn(t)a (246)
where
/ Tyt Tyl 2
Sn = — (TnJrl + r Tn) y o tn= ! 7" (247)

Here we use the notation
rl =Rer,(2), rl =Imr,(2), |ral> = ra(2)?, n=0,1,2,..., (2.48)

where r,(z) continues to be the quantity defined in (2.45). The same tech-
nique used before can be applied to (2.46): express (t — z)(t — Z)t7,(t) in two
different ways as a linear combination of mj43, Tgt2,...,mx—1 and compare
the respective coefficients. The result gives rise to the following algorithm.
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Algorithm 4 Modification by a quadratic factor (t — 2)(t — 2), z = = + iy
initialization:
ro=2—0p, 11 =2— a1 — B1/ro, T2 =2 —az — [2/11,
R ,r,// ,’,//
Ao :a2+r'2+%r'1 — (r’1+,1/r6>,
™ To
Bo = Bo(Br + |rol?).
continuation (if n > 1): for k=1,2,...,n—1do

Tht42 = 2 — Q42 — ﬂk+2/rk+1»
1!

1
T T
P / k+2 7 / k+1
Qp = Opq2 + Thyo + —r— Thp1 — (%H + i Tk)

T;c-i-l k
1 1
n oo Tk+1Tk—1 | Tk
Br = Bx—m5—
[7";.@] Tk—1

Note that this requires ay, B for k up to n 4+ 1. Algorithm 4 is also quite
stable, numerically.
The OPQ routine for Algorithm 4 is

ab=chri2(N,ab0,x,y)

with obvious meanings of the variables involved.

Since any real polynomial can be factored into a product of real linear and
quadratic factors of the type considered, Algorithms 3 and 4 can be applied
repeatedly to deal with modification by an arbitrary polynomial which is
positive on the support [a, b].

Linear Divisor

In analogy to (2.43), we consider

dA(t) = %(’2, z € C\[a,b]. (2.49)
Now the generalized Christoffel theorem (with £ = 0, mn = 1) comes into play,
giving
Tn—1(t) ()
pr1(2) pul2)
—Pn-1 (Z)

n(t) = =7p(t) — rp—1mp_1(), (2.50)
where now ()
o pn+1 z
Ty = 7[)”(2) . (2.51)
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Similarly as before, we express t7(t) in two different ways as a linear combi-
nation of 741, 7k, ..., Tr—2 and compare coefficients. By convention,

b= [ado = [ P = e

Algorithm 5 Modification by a linear divisor
initialization:

The result is:

Go =ag+1o, fo=—po(2).

continuation (if n > 1): for k=1,2,...,n—1do

Qp = Qp + 7T — g1,

Br = Br—1Tk—1/Tk—2.

Note that here no coefficient oy, Br beyond k < n — 1 is needed, not even
6n71~

The ratios r of Cauchy integrals that appear in Algorithm 5 can be pre-
computed by Algorithm 2, where only the backward phase is relevant, conver-
gence being tested on the r,[:]. Once converged, the algorithm also provides
po(z) =l

As z approaches the support interval [a, b], the strength of minimality of
the Cauchy integrals {pj(z)} weakens and ceases altogether when z = z €
[a,b]. For z very close to [a,b], Algorithm 2 therefore converges very slowly.
On the other hand, since minimality is very weak, one can generate p, with
impunity, if n is not too large, by forward application of the basic three-term
recurrence relation, using the initial values p_;(z) = 1 and po(z).

All of this is implemented in the OPQ routine

[ab,nu]=chri4 (N, ab0,z,eps0,nu0,numax,rho0,iopt)

where all variables except rho and iopt have the same meaning as before. The
parameter rho is pg(2), whereas iopt controls the method of computation for
rg: Algorithm 2 if iopt=1, and forward recursion otherwise.

Quadratic Divisor

‘We now consider

dA(t) = 0 _d;)g)_ 5= _d;)g’fl 7 z=x+iy, x € R, y>0. (2.52)

Here we have
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/thx(w/lt—zl U CC)
tédMﬂAt—AQ

, Bo= —élmpo(z)- (2.53)

w0 Y T po(2)

We are in the case ¢ = 0, m = 2 of the generalized Christoffel theorems (2.41)
and (2.42), which give respectively

Tn—2(t) Tp_1(t) mp(t) 0 mo(t) m1(t)
pn—2gf§ pn—lgf; pngfg 1 pogfg plgfg
N Pn—-2(7) Pn—1{%) PnlZ N . polz) p1l=z
n(t) - pn72(25) pnfl(Z) ;2 27 1 (t) ‘ 1 pO(Z) (254)
prn—2(Z) pn-1(Z) 1 po(z)
This becomes
Fn(t) = T (t) + sSpTn_1(t) + thmn_o(t), n>1, (2.55)

"
Tn—2

" "
re_ Th—
Sn =7 (T;l—l + =1 7";1—2> s n=>l by = ﬂil rnal?, n>2, (2.56)

n—2

with 7, as defined in (2.51) and notation as in (2.48). Exactly the same pro-
cedure used to obtain Algorithm 5 yields

Algorithm 6 Modification by a quadratic divisor
initialization:
o =+ poy/py,  Bo=—ri/y,
d1=0a1—s3+s1, [i=7p1+s1(a0—a1)—ta,

Qg = ag — 83 + S2, B2=ﬁ2+82(041—072)—t3+t2~
continuation (if n > 3): for k =3,4,...,n—1do

G, = 0 — Sp1 + Sk, Bk = Bre—2ti/tr-1.

The 0PQ routine for Algorithm 6 is
[ab,nu]=chri5(N,ab0,z,eps0,nu0,numax,rho0,iopt)

where the input and output variables have the same meaning as in the routine
chri4.m.

Just like Algorithms 3 and 4, also Algorithms 5 and 6 can be applied
repeatedly to deal with more general polynomial divisors.
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Exercises to §2 (Stars indicate more advanced exercises.)

1. Explain why, under the assumptions made about the measure d\, the
inner product (p,q)ax of two polynomials p, ¢ is well defined.

2. Show that monic orthogonal polynomials relative to an absolutely con-
tinuous measure are uniquely defined. { Hint: Use Gram-Schmidt orthog-
onalization.} Discuss the uniqueness in the case of discrete measures.

3. Supply the details of the proof of (2.1). In particular, derive (2.3) and
(2.4).

4. Derive the three-term recurrence relation (2.7) for the orthonormal poly-
nomials.

5. (a) With 7; denoting the orthonormal polynomials relative to a measure

dA, show that

0 if [k—¢ >1,
/ 7R ()7 ()AN(E) = { /Brga if [k — €] =1,
R e if k= E,

where ag, = ag(dN), B = Br(dN).
(b) Use (a) to prove

J = J,(d)) = / tp(t)p™ (£)AA(2),

where pT (t) = [7~T0 (t), 7~T1 (t), s 77}n71(t)]'
(¢) With notation as in (b), prove

tp(t) = Jp(t) + 5n7~rn(t)en»

where e,, = [0,0,...,1]T € R™.
6. Let dA(¢) = w(¢)dt be symmetric on [—a, a], a > 0, that is, w(—t) = w(t)
on [—a,a]. Show that ay(dA) =0, all & > 0.
7*. Symmetry of orthogonal polynomials.
Let dA(t) = w(t)dt be symmetric in the sense of Exercise 6.
(a) Show that

Top(t;dN) = mf (£2),  mapta(t;dN) = tmy (£2),
where 7i are the monic polynomials orthogonal on [0, a?] with respect
to dAE (1) = tF1/ 2w (tY/?)dt.
(b) Let (cf. Exercise 6)

Tpt1(t) = tmp(t) — Bemr—1(t), k=0,1,2,...,
7T,1(t) = 0, ’/To(t) =1

be the recurrence relation for {my(-;d\)}, and let aif, B be the
recurrence coefficients for {ri}. Show that
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B = aa'
Bar = By [ Bar—1

k=1,2,3,....
Bokt1 = aif — Bog

(c) Derive relations similar to those in (b) which involve o and a;, 3 .

(d) Write a Matlab program that checks the numerical stability of the
nonlinear recursions in (b) and (c¢) when {7} are the monic Legendre
polynomials.

8. The recurrence relation, in Matlab, of the Chebyshev polynomials of the
second kind.

(a) Using Matlab, compute Ug(z) for 1 < k < N either by means of
the three-term recurrence relation Uyy1(z) = 22U, (z) — Up—1(z) for
n=0,1,...,N —1 (where U_1(x) = 0, Up(x) = 1), or else by putting
n=1: N in the explicit formula U, (cos ) = sin(n + 1)/ sin 6, where
x = cos 0. For selected values of x and N, determine which of the two
methods, by timing each, is more efficient.

(b) Using Matlab, compute the single value Uy () either by use of the
three-term recurrence relation, or by direct computation based on the
trigonometric formula for Uy (cos ). For selected values of z and N,
determine which of the two methods, by timing each, is more efficient.

9*. Orthogonality on two separate (symmetric) intervals.
Let 0 < £ < 1 and consider orthogonal polynomials 7 relative to the
weight function

|t|’Y(1 - t2)a(t2 - 52)B7 te [7135] U [57 1L

0, otherwise.

w(t) =

Here, v € R and a > —1, 8 > —1. Evidently, w is a symmetric weight
function (in the sense of Exercise 6). Define 7" as in Exercise 7(a).

(a) Transform the polynomials 7;° orthogonal on [¢2,1] to orthogonal
polynomials fr,f on the interval [—1, 1] and obtain the respective weight
function w*.

(b) Express (o) and for41 in terms of %,jﬂ the leading coefficient of the
orthonormal polynomial of degree r relative to the weight function
wt on [~1,1]. {Hint: Use B, = ||m.||?/||7r—1]|* (cf. eqn (2.4)) and
relate this to the leading coefficients i, v, and ¥;-, with obvious
notations. }

(c) Prove that

LA€7l s = (1402

i -
Jm ok = 5 4

{Hint: Use the result of (b) in combination with the asymptotic equiv-
alence
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1
'Yl:gt ~ 2ksE %i _ 7r_1/2exp{—/
2

-1

1
Inw* (z)(1 — :L“z)_l/zdx}7

as k — oo
(cf. [16, eqn (12.7.2)]). You may also want to use

1+ (1—a?)/?

2
7 <1
D) a

1
/ In(1 —a?z?)(1 — 2%~ Y2dz = nln
0

(see [13, eqn 4.295.29]).}
(d) Prove that

14¢2 1—¢2\?
limaki: +§, klimﬁ;f:( f)

k—oo 2

{Hint: Express aki, ﬂ,f in terms of &ki, ﬁ,f, and use the fact that the
weight function w?® is in the Szegd class.}

(e) The recurrence coefficients {3} must satisfy the two nonlinear recur-
sions of Exercise 7(b),(c). Each of them can be interpreted as a pair
of fixed-point iterations for the even-indexed and for the odd-indexed
subsequence, the fixed points being respectively the limits in (c). Show
that, asymptotically, both fixed points are “attractive” for the recur-
sion in 7(b), and “repelling” for the one in 7(c). Also show that in the
latter, the fixed points become attractive if they are switched. What
are the numerical implications of all this?

(f) Consider the special case ¥ = +1 and o = 3 = —4. In the case
~v = 1, use Matlab to run the nonlinear recursion of Exercise 7(b) and
compare the results with the known answers

) 1+ ,,72]@72

o k=123, 0<t<]
1

5%:%(1—5)

and

1

2%+2
B = 5(1 + &%), Bokt1 = i (14¢)° kbl

el k=1,2,3,...,

where n = (1 —&)/(1 4+ &) (see [10, Example 2.30]). Likewise, in the
case v = —1, run the nonlinear recursion of Exercise 7(c) and compare
the results with the exact answers

B2 =5(1-€)7 Po=101-¢7% k=23,...,

and
Br=¢ Pory1=3(1+8% k=1,23,....

Comment on what you observe.
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10. Prove the validity of Algorithm 1.
(a) Verify the initialization part.
(b) Combine oj41,,—1 = 0 with the three-term recurrence relation for
to prove the formula for 85 in the continuation part.
(c) Combine oj41,, = 0 with the three-term recurrence relation for both,
7 and pg, and use the result of (b), to prove the formula for oy in
the continuation part.
11*. Orthogonal polynomials {7 (-;w)} relative to the weight function (“hat
function”)
1+t if —1<¢t<0,
wt)=q¢1—t f0<t<1,
0 otherwise.

(a) Develop a modified Chebyshev algorithm for generating the first n
recurrence coefficients O (w), k = 0,1,...,n—1 (all ag(w) = 0; why?).
Define modified moments with respect to a suitable system of (monic)
orthogonal polynomials.

(b) What changes in the routine are required if one wants {m(-;1—w)},
or {mp(-;w(l —w))}, or {mp(-;wP)} where p > —17

(c¢) Download from OPQ the routine chebyshev.m, write a routine mom.m
for the modified moments to be used in conjunction with chebyshev.m
to implement (a), and write a Matlab driver to produce results for
selected values of n.

(d) Devise a 2-component discretization scheme for computing the first
n recurrence coefficients Gy (w), k = 0,1,2,...,n — 1, which uses an
n-point discretization of the inner product on each component interval
and is to yield exact answers (in the absence of rounding errors).

(e) Same as (b).

(f) Download from OPQ the routine mcdis.m, write a quadrature rou-
tine ghatf.m necessary to implement (d), and append a script to the
driver of (c) that produces results of the discretization procedure for
selected values of n. Download whatever additional routines you need.
Run the procedure with irout = 1 and irout # 1 and observe the re-
spective timings and the maximum discrepancy between the two sets
of answers. Verify that the routine “converges” after one iteration if
idelta is properly set. Compare the results with those of (a).

(g) Use the routines acondG.m and rcondG.m to print the absolute and
relative condition numbers of the relevant map G,,. Do any of these
correlate well with the numerical results obtained in (c)? If not, why
not?

12*. Orthogonal polynomials {m(-;w)} relative to the weight function (“ex-
ponential integral”)

w)) = B0, B) = | T

These are of interest in the theory of radiative transfer (Chandrasekhar
[2, Chapter II, §23]).

—ts

ds on [0, o0].
s
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(a) Develop and run a multiple-component discretization routine for
generating the first n recurrence coefficients ay(w), Grx(w), k =
0,1,...,n — 1. Check your results for n = 20 against [3, Table 3].
{Hint: Decompose the interval [0, 0] into two subintervals [0, 2] and
[2,00] (additional subdivisions may be necessary to implement the
developments that follow) and incorporate the behavior of Fy(t) near
t = 0 and t = oo to come up with appropriate discretizations. For
0 <t <2, use the power series

X (_1\k+k
By 1) = — - S
k=1

where v = .57721566490153286 . . . is Euler’s constant, and for ¢ > 2
the continued fraction (cf. [1, eqn 5.1.22])

1 a1 Gz az a4
Sl 14+ 14 14 1+

te' B (t) oy ap = [k/2]/t.

Evaluate the continued fraction recursively by (cf. [7, §2])

1 a a

1 2
_ —E t
1 1+ 1+ k0k7

where
to =1, & =p1p2---pk, k=1,2,3,...,

_ —ap(1+ pr—1)
1+ ap(l+ pr—1)

p0:O7 Pk ’ k:1u2737""

Download the array abjaclog(101:200,:) to obtain the recurrence
coefficients ab for the logarithmic weight function In(1/t).}
(b) Do the same for

—ts

- ds on [0, o0].

wszmx@wzlme

Check your results against the respective two- and three-point Gauss
quadrature formulae in Chandrasekhar [2, Table VI].
(¢) Do the same for

w(t) = En(t) on[0,c, 0<ec<oo, m=1,2.

Check your results against the respective two-point Gauss quadrature
formulae in Chandrasekhar [2, Table VII].
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13. Let C = bg+ bf—i b;j b:i -+ be an infinite continued fraction, and C,, =
bo + bl% R = g" its nth convergent. From the theory of continued

fractions, it is known that

Ap=byAn_1 +a,An_2
By, =b,Bp_1+a,B,_2

n=1,23,...,

where
A_lil, A():bo; B_1:0, B():l

Use this to prove (2.21) and (2.22).

14. Prove (2.23).

15. Show that (2.30) implies lim,, % = 0, where y,, is any solution of the
three-term recurrence relation (satisfied by p, and m,) which is linearly
independent of p,,. Thus, {p,} is indeed a minimal solution.

16. Show that the minimal solutions of a three-term recurrence relation form
a one-dimensional manifold.

17.  (a) Derive (2.47).

(b) Supply the details for deriving Algorithm 4.

18. Supply the details for deriving Algorithm 5.

19. (a) Prove (2.53).

(b) Prove (2.55), (2.56).
(c) Supply the details for deriving Algorithm 6.

3 Sobolev Orthogonal Polynomials

3.1 Sobolev Inner Product and Recurrence Relation

In contrast to the orthogonal polynomials considered so far, the inner product
here involves not only function values, but also successive derivative values,
all being endowed with their own measures. Thus,

<n@s=4pwﬂWMaﬂ+AﬂuquMw

3.1
bt [ B0 0@, 521 o
R

If all the measures d)\, are positive, the inner product (3.1) has associated
with it a sequence of (monic) polynomials 7 (-;5), k= 0,1,2,..., orthogonal

in the sense
=0,k #/,
(Tk, ) s {> 0.k i / (3.2)

These are called Sobolev orthogonal polynomials. We cannot expect them to
satisfy a three-term recurrence relation, since the inner product no longer
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has the shift property (tp,q) = (p,tq). However, like any sequence of monic
polynomials of degrees 0,1,2,..., orthogonal or not, they must satisfy an
extended recurrence relation of the type

k
M1 () = tmi(t) = > Bime_j(t), k=0,1,2,.... (3.3)
§=0

Associated with it is the upper Hessenberg matriz of recurrence coefficients

B3 Br 5 - By Busy
1 35 5; Z:% ::%
O A (3.4)
00 0625
000-- 1 gt

In the case s = 0 (of ordinary orthogonal polynomials) there holds ﬁ]’? =0 for
j > 1, and the matrix H,, is tridiagonal. If symmetrized by a (real) diagonal
similarity transformation, it becomes the Jacobi matrix J,,(dAg). When s > 0,
however, symmetrization of H,, is no longer possible, since H,, may well have
complex eigenvalues (see Example 6).

3.2 Moment-Based Algorithm

There are now s + 1 sets of modified moments, one set for each measure d\,,
m\?) = /pk(t)d/\a, k=0,1,2,...; o0=0,1,...,s. (3.5)
R

The first 2n modified moments of all the sets will uniquely determine the
matrix H, in (3.4), i.e. there is a well-determined map

M\t o =0,1,...,s — H,, (3.6)

called modified moment map for Sobolev orthogonal polynomials. In the case
where the polynomials py in (3.5) satisfy a three-term recurrence relation
with known coefficients, and for s = 1, an algorithm has been developed that
implements the map (3.6). It very much resembles the modified Chebyshev
algorithm for ordinary orthogonal polynomials, but is technically much more
elaborate (see [12]). The algorithm, however, is implemented in the OPQ routine

B=chebyshev_sob(N,mom, abm)

which produces the NxN upper triangular matrix B of recurrence coefficients,
with ﬁf, 0 <j <k, 0<k<N-1, occupying the position (j + 1,k + 1) in the
matrix. The input parameter mom is the 2 x (2N) array of modified moments
m,(f), k=0,1,...,2N-1; 0 = 0,1, of the two measures d\g and d\;, and abm
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the (2N—1) x 2 array of coefficients ay, b, kK = 0,1,...,2N-2, defining the
polynomials py.
Ezample 4. Althammer’s polynomials (1962).
These are the Sobolev polynomials relative to the measures d\o(t) = dt,
dA1(t) = ydt on [—1,1], v > 0.

A natural choice of modified moments are the Legendre moments, i.e.
pi(t) is the monic Legendre polynomial of degree k. By orthogonality of the

Legendre polynomials, all modified moments m,&o) and m,(gl) are zero for k > 0,
while méo) =2 and mél) = 2. The following Matlab routine, therefore, can

be used to generate the Althammer polynomials.

mom=zeros (2,2*N) ;
mom(1,1)=2; mom(2,1)=2%g;
abm=r_jacobi(2%N-1);
B=chebyshev_sob(N,mom, abm) ;

3.3 Discretization Algorithm
Taking the inner product of both sides of (3.3) with m,_; gives

0= (Tht1,mo—j)s = (tmn, mo—j)s — B (Mo—jy They)s, §=0,1,....k,
hence

g WmeTi)s oo k01 n-1. (3.7)
T (Th—jy Th—j)s

These are the analogues of Darboux’s formulae for ordinary orthogonal poly-
nomials, and like these, can be combined with the recurrence relation (3.3) to
successively build up the recurrence coefficients 65? in the manner of Stieltjes’s
procedure. The technical details, of course, are more involved, since we must
generate not only the polynomials 7, but also their derivatives, in order to be
able to compute the Sobolev inner products in (3.7). This all is implemented,
for arbitrary s > 1, in the Matlab routine stieltjes_sob.m. The basic as-
sumption in the design of this routine is the availability, for each measure d\,,
of an n,-point quadrature rule

/p(t)d)\(,(t) =Sl p), pEPynys, 0=0,1,....5 (38)
R k=1

that is exact for polynomials p of degree < 2(n — o) — 1. These are typically
Gaussian quadrature rules, possibly with discrete components (present in d\, )
added on. The information is supplied to the routine via the 1 x (s +1) array

nd= [n()anla-'-ans]
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and the mdx (2s + 2) array

RONSSNE) IO NURNE

20 o
XW=

Tid Tt | Vg Wi

where md=max (nd). In each column of xw the entries after xf{? resp. wﬁ{? (if

any) are not used by the routine. Two more input parameters are needed; the
first is a0, the coeflicient ap(dAg), which allows us to initialize the matrix of
recurrence coefficients,

o_ (t1Ds _ (t1)ax
0 (171)5 (171)d/\0

The other, same, is a logical variable set equal to 1 if all quadrature rules have
the same set of nodes, and equal to 0 otherwise. The role of this parameter is
to switch to a simplified, and thus faster, procedure if same=1. A call to the
routine, therefore, has the form

6 = ao(d/\o).

B=stieltjes_sob(N,s,nd,xw,a0,same)

Ezample 5. Althammer’s polynomials, revisited.
Here, the obvious choice of the quadrature rule for d\g and dA; is the
n-point Gauss—Legendre rule. This gives rise to the following routine:

s=1; nd=[N N];
a0=0; same=1;
ab=r_jacobi(N);
zw=gauss (N, ab) ;
xw=[zw(:,1) zw(:,1)
zw(:,2) gzw(:,2)];
B=stieltjes_sob(N,s,nd,xw,a0,same);

The results are identical with those obtained in Example 4.

3.4 Zeros

If we let wh(t) = [mo(t), m1(t), ..., mn_1(t)], where 7 are the Sobolev orthog-
onal polynomials, then the recurrence relation (3.3) can be written in matrix
form as

toel(t) = w () H,, + m.(t)e, (3.9)

n

in terms of the matrix H, in (3.4). This immediately shows that the zeros 7,
of 7, are the eigenvalues of H,, and 7' (7,) corresponding left eigenvectors.
Naturally, there is no guarantee that the eigenvalues are real; some may well be
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complex. Also, if n is large, there is a good chance that some of the eigenvalues
are ill-conditioned.
The 0PQ routine for the zeros of m, is

z=sobzeros(n,N,B)

where B is the NxN matrix returned by chebyshev_sob.mor stieltjes_sob.m,
and z the n-vector of the zeros of m,, 1 <n < N.

Ezample 6. Sobolev orthogonal polynomials with only a few real zeros
(Meijer, 1994).
The Sobolev inner product in question is

1

(u,v)s = /3 u(t)v(t)dt +7/

3

o ()’ (¢) dt +/ o' () () dt, v > 0.
-1 -1 1

(3.10)
Meijer proved that for n(even)> 2 and v sufficiently large, the polynomial
(-3 S) has exactly two real zeros, one in [—-3, —1] and the other in [1,3]. If
n(odd) > 3, there is exactly one real zero, located in [1, 3], if v is sufficiently
large. We use the routine stieltjes_sob.m and sobzeros.m to illustrate this
for n = 6 and v = 44,000. (The critical value of v above which Meijer’s
theorem takes hold is about v = 43, 646.2; see [10, Table 2.30].)

The inner product corresponds to the case s = 1 and

dtif t € [~1,1],
Dot =dion [-1,3], dhlt) = {vdt itte E1 3].]

Thus, we can write, with suitable transformations of variables,
3 1
/ p(#) ddo(t) = 2/ (22 + 1) da,
-1 -1
3 1
[ pane = [ ) + oo+ 2))do
-1

-1
and apply n-point Gauss—Legendre quadrature to the integrals on the right.
This will produce the matrix H, exactly. The parameters in the routine
stieltjes_sob.m have to be chosen as follows:

[2rG 41 7f 20§ F ]

219 +1 78 22§ G
nd = [n,2n], xw= 7 € R2nx4,

7'1G—|—2 )\f

TS +2 AG

n
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where 7&, A\G are the nodes and weight of the n-point Gauss-Legendre quadra-

ture rule. Furthermore, a0=1 and same=0. The complete program, therefore,
is as follows:

N=6; s=1; a0=1; same=0; g=44000; nd=[N 2xN];
ab=r_jacobi(N); zw=gauss(N,ab);

xw=zeros (2*N,2x(s+1)) ;

xw(1:N,1)=2*%zw(:,1)+1; xw(1:N,2)=zw(:,1);
xw(1:N,3)=2xzw(:,2); xw(l:N,4)=g*zw(:,2);
xW(N+1:2%N,2)=zw(:,1)+2; xw(N+1:2%N,4)=zw(:,2);
B=stieltjes_sob(N,s,nd,xw,a0,same);
z=sobzeros(N,N,B)

It produces the output

-4.176763898909848e-01 - 1.703657992747233e-011
-4.176763898909848e-01 + 1.703657992747233e-011
8.453761089539369e-01 1.538233952529940e-011
8.453761089539369e-01 + 1.538233952529940e-011
-1.070135059563751e+00
2.598402134930250e+00

confirming Meijer’s theorem for n = 6. A more detailed numerical study, also
in the case of odd values of n, has been made in [10, Table 2.30].

Exercises to §3

1. Show that a Sobolev inner product does not satisfy the shift property
(tp,q) = (p, tq).

2. Prove (3.3).

3. The Sobolev inner product (3.1) is called symmetric if each measure d\,
is symmetric in the sense of Problem 6, §2. For symmetric Sobolev inner
products,

(a) show that m1,(—t;.9) = (—=1)kmp(t; S);
(b) show that 35 =0 for r =0,1,..., k/2].
4. Consider a Sobolev inner product with s =1 and

dXg =dA, dA; =~dA (’)/ > 0),

and d\ a symmetric measure. Use the routines chebyshev_sob.m and
sobzeros.m to check numerically whether or not the positive zeros of
the Sobolev orthogonal polynomials are monotonically increasing with ~.
Experiment in turn with dA(¢) = dt on [—1, 1] (Althammer polynomials),
d\(t) = (1—t*)* on [-1,1], @ > —1, and dA(t) = exp(—t?) on R. Identify
any computational problems and how to deal with them.

5. Special Sobolev orthogonal polynomials.
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(a) Consider the special Sobolev orthogonal polynomials that have an
absolutely continuous (or, possibly, discrete) ground measure d\y and
all dA\,, 1 < o < s, identically zero except for dA,,, k =1,2,..., K,
where 1 <r; <ry <---<rg <s, which are atomic measures located
at the points ¢; and having masses my. Assuming that the ground
measure is given by the array ab of recurrence coefficients, write a
Matlab routine specsob.m that uses the OPQ routine stieltjes_sob.m
to compute the recurrence matrix B of the special Sobolev orthogonal
polynomials.

(b) Use your routine together with the 0PQ routine sobzeros.m to check
Tables 2-4 in [8], relating to the Hermite measure dA\o(t) = exp(—t?)d¢
and a single atomic measure involving the rth derivative. In the cited
reference, the results were obtained by a different method.

(c) In the case of the Laguerre measure dAg(t) = exp(—t)dt on R4 and
r, =k, ¢, =0, mp = 1, it may be conjectured that any complex zero
that occurs has negative real part. Use your routine and sobzeros.m
to check out this conjecture.

(d) For dAg, 7k, ¢k, my as in (c), determine the pattern of occurrence of
complex zeros. Cover the range 1 < s <10, 1 < n < 40.

(e) Repeat (c) and (d) with d\¢ the Laguerre measure plus an atomic
measure with mass 1 at the origin.

4 Quadrature

4.1 Gauss-Type Quadrature Formulae
Gauss Formula

Given a positive measure d\, the n-point Gaussian quadrature formula asso-
ciated with the measure d\ is

/R FHANE) = SOACF(rE) + RE(f), (4.1)

which has maximum algebraic degree of exactness 2n — 1,
RE(f)=0 if f€Pop_y. (4.2)

It is well known that the nodes 7 are the zeros of 7, (-;d\), and hence the
eigenvalues of the Jacobi matrix J,(d\); cf. §2.1. Interestingly, the weights
MG too, can be expressed in terms of spectral data of J, (d\); indeed, they
are (Golub and Welsch, 1969)

/\5 = 50’03,17 (4.3)
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where v, ; is the first component of the normalized eigenvector v, correspond-

ing to the eigenvalue 7&,

Jp(dN)v, = T,,Gvy, vy, =1, (4.4)
and, as usual, 8y = [, dA(t). This is implemented in the 0PQ Matlab routine
xw=gauss (N, ab)

where ab, as in all previous routines, is the Nx2 array of recurrence coefficients
for d\, and xw the Nx2 array containing the nodes 7& in the first column, and
the weights A\S in the second.

We remark, for later purposes, that the Gauss quadrature sum, for f suf-
ficiently regular, can be expressed in matrix form as

n

STAGF(E) = Boel F(Tn(dN)er, e =[1,0,....0".  (4.5)

v=1
This is an easy consequence of (4.3) and the spectral decomposition of J,,

J,(dNV =VD,, D,=diag(x" ¢, ...,79),

r'n

where V' = [v1,v2,...,0,].
Ezxample 7. Zeros of Sobolev orthogonal polynomials of Gegenbauer type
(Groenevelt, 2002).
The polynomials in question are those orthogonal with respect to the
Sobolev inner product
! 2va—1 ! (1—12)>
(wo)s = [ upe - teey [

2 dt.
1 -1 2 45?2

Groenevelt proved that in the case v — oo the Sobolev orthogonal polyno-
mials of even degrees n > 4 have complex zeros if y is sufficiently small. By
symmetry, they must in fact be purely imaginary, and by the reality of the
Sobolev polynomials, must occur in conjugate complex pairs. As we illustrate
this theorem, we have an opportunity to apply not only the routine gauss.m,
but also a number of other routines, specifically the modification algorithm
embodied in the routine chri6.m, dealing with the special quadratic divisor
t2 4+ 42 in the second integral, and the routine stieltjes_sob.m generating
the recurrence matrix of the Sobolev orthogonal polynomials:

s=1; same=0; epsO=le-14; numax=250; nd=[N NJ];

abO=r_jacobi (numax,alpha) ;

z=complex(0,y) ;

nuO=nuOjac(N,z,eps0); rho0=0; iopt=1;

abl=chri6(N,ab0,y,eps0,nu0,numax,rho0,iopt);

zwl=gauss(N,abl);

ab=r_jacobi(N,alpha-1); zw=gauss(N,ab);

xw=[zw(:,1) zwl(:,1) zw(:,2) gamma*zwl(:,2)];

a0=ab(1,1); B=stieltjes_sob(N,s,nd,xw,a0,same);

z=sobzeros(N,N,B)
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The case N=12, a = %, and v = 1 of Example 7.

Applying the above routine for y = .1 and y = .09 yields the following
zeros (with positive imaginary parts; the other six zeros are the same with
opposite signs):

Y ZEros Y Zeros
.1.027543282225 .09 .011086169153 i
.284410786673 .281480077515
.541878443180 .540697645595
756375307278 755863108617
909868274113 909697039063
.989848649239 989830182743

The numerical results (and additional tests) suggest that Groenevelt’s theo-
rem also holds for finite, not necessarily large, values of v, and, when v = 1,
that the critical value of y below which there are complex zeros must be
betweeen .09 and .1.

Gauss—Radau Formula

If there is an interval [a, 0], —00 < a, containing the support of dJ, it may
be desirable to have an (n + 1)-point quadrature rule of maximum degree of
exactness that has a as a prescribed node,

/Rf(t)d/\(t) = A5 f(a) + Z A f (1) + B (f)- (4.6)
v=1

Here, R%(f) = 0 for all f € Py,, and 77 are the zeros of m,(-;dA,),
dAy(t) = (t—a)dA(t). This is called the Gauss—Radau formula. There is again
a symmetric, tridiagonal matrix, the Jacobi—Radau matriz

T () = J"ﬁ(dAT) \/F’I’:” , oy =a—f, W;‘Eéj‘) SN %)
nen an "

where e, = [0,0,...,1]T € R, 8, = B,(d\), and 7 (-) = 7x(-;dA), which
allows the Gauss—Radau formula to be characterized in terms of eigenvalues
and eigenvectors: all nodes of (4.6), including the node a, are the eigenvalues of
(4.7), and the weights A% expressible as in (4.3) in terms of the corresponding
normalized eigenvectors v,, of (4.7),

A= Bovly, v=0,1,2,...,n. (4.8)

As in (4.5), this implies that the Gauss—Radau quadrature sum, for smooth
f, can be expressed as ﬁoerlrf(Jgfl)el, where e; = [1,0,...,0] € R*+1,

Naturally, if the support of d is contained in an interval [—oo, b], b < oo,
there is a companion formula to (4.6) which has the prescribed node b,
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/R FE AN = S A F(rE) + AL F(B) + B (F). (4.9)
v=1

The eigenvalue/vector characterization also holds for (4.9) if in the formula
for af in (4.7), the variable a, at every occurrence, is replaced by b.
The remainder terms of (4.6) and (4.9), if f € C?"*1[a,b], have the useful

property
RA(f) >0, RA(f)<0 ifsgnf®") =1 on [a,b], (4.10)

with the inequalities reversed if sgn f27+1) = —1.
For Jacobi resp. generalized Laguerre measures with parameters «, 0 resp.
a, the quantity o is explicitly known (cf. [10, Examples 3.4 and 3.5]). For

example, if a = —1 (in the case of Jacobi measures),
aff = 14 2n(n + o) aff =n (4.11)
" Cn+a+B)2n+a+p+1) " ’ '

whereas for a = 1, the sign of o must be changed and « and 3 interchanged.
The respective OPQ Matlab routines are

xw=radau(N,ab,end0)
xw=radau_jacobi(N,iopt,a,b)
xw=radau_laguerre(N,a)

In the first, ab is the (N4+1)x2 array of recurrence coefficients for dA, and
endo either a (for (4.6)) or b (for (4.9)). The last two routines make use of the
explicit formulae for af in the case of Jacobi resp. Laguerre measures, the
parameters being a=a, f=b. The parameter iopt chooses between the two
Gauss—Radau formulae: the left-handed, if iopt=1, the right-handed other-

wise.

Gauss—Lobatto Formula

If the support of d\ is contained in the finite interval [a,b], we may wish to
prescribe two nodes, the points a and b. Maximizing the degree of exactness
subject to these constraints yields the Gauss—Lobatto formula

b n
/ FOANE) = MG f(a) + D ALFEE) + A f(0) + RYY(),  (4.12)
a v=1

which we write as an (n + 2)-point formula; we have R%*(f) = 0 for f €
Pyy,+1. The internal nodes Tl{“ are the zeros of the polynomial m,(-;dA.s),
dAgp(t) = (t—a)(b—1t)dA(t). All nodes and weights can be expressed in terms
of eigenvalues and eigenvectors exactly as in the two preceding subsections,

except that the matrix involved is the Jacobi—Lobatto matrix
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T a(dN) = AN/ Bnaenss (4.13)

3
/ AL T L
ﬁn+1en+1 an—i—l

where a, | and 3%, are the solution of the 2x2 system of linear equations

Tr1(@) m(@) | [afyy | [amn(@

= . (4.14)
Tn+1(b) ™0 (D) ﬁqurl by 11(b)

For smooth f, the quadrature sum is expressible as ﬂoele(Jﬁ_ﬂ)el. For
f € C?"*2[a,b] with constant sign on [a, b], the remainder R%?(f) satisfies

RAP(f) <0 if sgn f®"*2 =1 on [a,b], (4.15)

with the inequality reversed if sgn f(?"+2) = —1.
The quantities a2, |, BF ; for Jacobi measures on [—1, 1] with parameters
a, f and a = —b = —1 are explicitly known (cf. [10, Example 3.8]),

ok :—a—ﬂ

T onta+ 427

I :4(n+a+1)(n+ﬁ+1)(n+a+ﬂ+l)
et 2n+a+p+1)2n+a+p+2)

(4.16)

The 0PQ Matlab routines are

xw=lobatto(N,ab,endl,endr)
xw=lobatto_jacobi(N,a,b)

with the meaning of ab, a, b the same as in the Gauss—Radau routines, and
endl=a, endr=b.

We remark that both Gauss—Radau and Gauss—Lobatto formulae can be
generalized to include boundary points of multiplicity » > 1. The internal
(simple) nodes and weights are still related to orthogonal polynomials, but the
boundary weights require new techniques for their computation; see Exercises
12-13.

4.2 Gauss—Kronrod Quadrature

In an attempt to estimate the error of the n-point Gauss quadrature rule,
Kronrod in 1964 had the idea of inserting n+ 1 additional nodes and choosing
them, along with all 2n 4+ 1 weights, in such a way as to achieve maximum
degree of exactness. The resulting quadrature rule can be expected to yield
much higher accuracy than the Gauss formula, so that the difference of the
two provides an estimate of the error in the Gauss formula. The extended
formula thus can be written in the form
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n+1

JRCEUE SONFE) + SN AR+ RER (), (a1m)

and having 3n + 2 free parameters A, 55, 7€ at disposal, one ought to be
able to achieve degree of exactness 3n + 1,
RIX(f) =0 for f € Py (4.18)

A quadrature formula (4.17) that satisfies (4.18) is called a Gauss—Kronrod
formula. The nodes Tf , called Kronrod nodes, are the zeros of the polynomial

K "1 of degree n + 1 which is orthogonal to all polynomials of lower degree in
the sense

/ T (D) (AN dA(E) = 0 for all p € B, (4.19)
R

Note that the measure of orthogonality here is 7, (¢; dA)dA(¢) and thus oscil-
lates on the support of dA. Stieltjes (1894) was the first to consider polynomials
7, | of this kind (for dA(¢) = dt); a polynomial 7/, ;| satisfying (4.19) is there-
fore called a Stieltjes polynomial. Stieltjes conjectured (in the case dA(t) = dt)
that all zeros of 7/, ; are real and interlace with the n Gauss nodes— a highly
desirable configuration! This has been proved only later by Szegd (1935) not
only for Legendre measures, but also for a class of Gegenbauer measures. The
study of the reality of the zeros for more general measures is an interesting
and ongoing activity.

The computation of Gauss—Kronrod formulae is a challenging problem. An
elegant solution has been given recently by Laurie (1997), at least in the case
when a Gauss—Kronrod formula exists with real nodes and positive weights. It
can be computed again in terms of eigenvalues and eigenvectors of a symmetric
tridiagonal matrix, just like the previous Gauss-type formulae. The relevant
matrix, however, is the Jacobi—Kronrod matrix

Jo(d\) VBren 0
JS@N) = | VBoel  an  /Bariel |- (4.20)
0 \/ﬂn+1€1 J;:

Here, a,, = a,(dN), B, = Bn(dN), ete, and J), (which is partially known)
can be computed by Laurie’s algorithm (cf. [10, §3.1.2.2]). Should some of the
eigenvalues of (4.20) turn out to be complex, this would be an indication that
a Gauss—Kronrod formula (with real nodes) does not exist.

There are two routines in 0PQ,

ab=r_kronrod (N, ab0)
xw=kronrod(n,ab)

that serve to compute Gauss—Kronrod formulae. The first generates the
Jacobi-Kronrod matrix of order 2N+1, the other the nodes and weights of
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the quadrature formula, stored respectively in the first and second column of
the (2N+1)x2 array xw. The recurrence coefficients of the given measure dA
are input via the [3N/2+41]x2 array abO.

4.3 Gauss—Turan Quadrature

The idea of allowing derivatives to appear in a Gauss-type quadrature formula
is due to Turdn (1950). He considered the case where each node has the same
multiplicity » > 1, that is,

/]Rf(t) d)‘(t) = Z[)\Vf(TV) + )\;/f/(TV) +ooet Al(/r_l)f(r_l)(ﬂ/)] + Rn(f)

(4.21)
This is clearly related to Hermite interpolation. Indeed, if all nodes were pre-
scribed and distinct, one could use Hermite interpolation to obtain a formula
with degree of exactness rn — 1 (there are rn free parameters). Turdn asked,
like Gauss before him, whether one can do better by choosing the nodes 7,
judiciously. The answer is yes; more precisely, we can get degree of exactness
rm— 14k, k>0, if and only if

/ W (Op(#)dA(E) = 0 for all p € Py, (4.22)
R

where w, (t) = [[/'_, (t — 7,) is the node polynomial of (4.21). We have here a
new type of orthogonality: the rth power of w,,, not w,, must be orthogonal to
all polynomials of degree k — 1. This is called power orthogonality. 1t is easily
seen that » must be odd,

r=2s+1, s>0, (4.23)
so that (4.21) becomes
n 2s
L1000 =X XA ) + R, (4.21)
v=10=0

Then in (4.22), necessarily k < n, and k = n is optimal. The maximum
possible degree of exactness, therefore, is (2s 4+ 2)n — 1, and is achieved if

/ [wn ()2 p(t) dA(t) = 0 for all p € P,_y. (4.25)
R

The polynomial w, = m, s satisfying (4.25) is called s-orthogonal. It exists
uniquely and has distinct simple zeros contained in the support interval of
dA. The formula (4.24) is the Gauss-Turdn formula if its node polynomial w,

satisfies (4.25) and the weights AY) are obtained by Hermite interpolation.
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The computation of Gauss-Turdan formulae is not as simple as in the case of
ordinary Gauss-type formulae. The basic idea, however, is to consider the posi-
tive measure d\,, s(t) = [m,.s(t)]?**dA(¢) and to note that ,, s is the nth-degree
polynomial orthogonal relative to d\, s. The difficulty is that this defines m,, 5
implicitly, since m, s already occurs in the measure d\, s. Nevertheless, the
difficulty can be surmounted, but at the expense of having to solve a system of
nonlinear equations; for details, see [10, §3.1.3.2]. The procedure is embodied
in the OPQ routine

xw=turan(n,s,eps0,ab0,hom)

where the nodes are stored in the first column of the nx(2s+2) array xw, and
the successive weights in the remaining 2s+1 columns. The input parameter
epsO0 is an error tolerance used in the iterative solution of the nonliner sys-
tem of equations, and the measure dA is specified by the ((s+1)n)x2 input
array ab0 of its recurrence coefficients. Finally, hom=1 or hom#1 depending
on whether or not a certain homotopy in the variable s is used to facilitate
convergence of Newton’s method for solving the system of nonlinear equations.

4.4 Quadrature Formulae Based on Rational Functions

All quadrature formulae considered so far were based on polynomial degree
of exactness. This is meaningful if the integrand is indeed polynomial-like.
Not infrequently, however, it happens that the integrand has poles outside
the interval of integration. In this case, exactness for appropriate rational
functions, in addition to polynomials, is more natural. We discuss this for the
simplest type of quadrature rule,

/R AN = 3 Ag(n) + Rulg). (4.26)

v=1

The problem, more precisely, is to determine \,, 7, such that R,,(g) = 0 if
g € So,, Where Sy, is a space of dimension 2n consisting of rational functions
and polynomials,
S2n = Qm 2 P?n—m—la 0<m< 2’[’L,
Ps,_m_1 = polynomials of degree <2n—m —1, (4.27)

Q,, = rational functions with prescribed poles.

Here, m is an integer of our choosing, and

@ = span {r(0)

where
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Cu€C, (u#0, 14 (ut#0onsupp(dl). (4.29)

The idea is to select the poles —1/¢, of the rational functions in Q,, to match
the pole(s) of g closest to the support interval of dA.

In principle, the solution of the problem is rather simple: put w,,(t) =
H;nzl(l + (,t) and construct, if possible, the n-point (poynomial) Gauss for-

mula
/ o(t) dA(t)
R

for the modified measure dA(t) = dA(t) /wm(t). Then

=Y "\g(r), g €Pany, (4.30)
v=1

7, =78 A =wn (NG, v=1,2,...n, (4.31)

are the desired nodes and weights in (4.26).

We said “if possible”, since in general w,, is complex-valued, and the ex-
istence of a Gauss formula for d\ is not guaranteed. There is no problem,
however, if w,, > 0 on the support of d\. Fortunately, in many instances of
practical interest, this is indeed the case.

There are a number of ways the formula (4.30) can be constructed: a
discretization method using Gauss quadrature relative to dA to do the dis-
cretization; repeated application of modification algorithms involving linear
or quadratic divisors; special techniques to handle “difficult” poles, that is,
poles very close to the support interval of d\. Rather than going into details
(which can be found in [10, §3.1.4]), we present an example taken from solid
state physics.

Ezxample 8. Generalized Fermi—Dirac integral.
This is the integral

ootk /1 + 6t/2
R = [ OVITOTE
0

e+t 41

where n € R, 6 > 0, and k is the Boltzmann constant (=3, 2, or 2). The
ordinary Fermi-Dirac integral corresponds to 8 = 0.
The integral is conveniently rewritten as

ivat
/ +6t/2 dA[k dAFI (1) = the~tde, (4.32)

e et

which is of the form (4.26) with g(t) = /1 + 0t/2/(e”"+e~*) and d\ = dA¥
a generalized Laguerre measure. The poles of g evidently are n + pim, p =
+1,43,45,..., and all are “easy”, that is, at a comfortable distance from the
interval [0, cc]. It is natural to take m even, and to incorporate the first m/2
pairs of conjugate complex poles. An easy computation then yields

m/2

wm(t) = H (14 &) +n,t%], 2 < m(even) < 2n, (4.33)
v=1
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where

—n B 2v— 1)
n2+ (2v —1)2n2’ = n2+ (2v —1)2n2°
Once the nodes and weights 7,,, A, have been obtained according to (4.31),
the rational /polynomial quadrature approximation is given by

Z V1+601,/2 (4.35)

e N4 e Tn

It is computed in the OPQ routine
xw=fermi_ dirac(N,m,eta,theta,k,eps0,Nmax)

where eps0 is an error tolerance, Nmax a limit on the discretization parameter,
and the other variables having obvious meanings.

4.5 Cauchy Principal Value Integrals

When there is a (simple) pole inside the support interval [a, b] of the measure
dA\, the integral must be taken in the sense of a Cauchy principal value integral

b T—e b
(Cf)(z;dN) ::][ zf(—j)td)\(t) = lelﬁ)l (/ +/+ > %d)\(t), x € (a,d).

(4.36)
There are two types of quadrature rules for Cauchy principal value integrals:
one in which = occurs as a node, and one in which it does not. They have
essentially different character and will be considered separately.

Modified Quadrature Rule

This is a quadrature rule of the form

n

(CHa:dN) = co(@) f(2) + Y en(@) () + Ru(f;2). (4.37)

v=1

It can be made “Gaussian”, that is, R,(f;x) = 0 for f € Py,, by rewriting
the integral in (4.36) as

e =@ § 20 [Ty ass

and applying the n-point Gauss formula for d\ to the second integral. The
result is

) @an) = 22 iy 4 Z)\G 1 Ro(f: ), (4.39)
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where p,, () is the Cauchy principal value integral (2.33) and 7, AG are the
Gauss nodes and weights for dA.

Formula (4.39) is not without numerical difficulties. The major one occurs
when z approaches one of the Gauss nodes 7, in which case two terms on
the right go to infinity, but with opposite signs. In effect, this means that for
x near a Gaussian node severe cancellation must occur.

The problem can be avoided by expanding the integral (4.36) in Cauchy
integrals pi(x). Let p,(f; -) be the polynomial of degree n interpolating f at
the n Gauss nodes 7 and at 2. The quadrature sum in (4.39) is then precisely

the Cauchy integral of p,,

enman = £ 2D a4 m g, (4.40)
Expanding p,, in the orthogonal polynomials 7y,

n 1 b
D= am(t). o= / pn(FiDme(AND), (441
k=0 a

and integrating, one finds

(Cf)(z;dN) Zakpk + R, (f;2), (4.42)

where

& @) - 09
||m ZA FEOm(n), k< ‘g x—n iy (r0)
(4.43)

The Cauchy integrals pp(x) in (4.42) can be computed in a stable manner
by forward recursion; cf. the paragraph surrounding (2.33) and (2.34). This
requires po(z), which is either explicitly known or can be computed by the
continued fraction algorithm. Some care must be exercised in computing the
divided difference of f in the formula for a,.

The procedure is inplemented in the 0PQ routine

cpvi=cauchyPVI(N,x,f,ddf,iopt,ab,rho0)

with iopt#1, which produces the (N+1)-term approximation (4.42) where
R, (f;z) is neglected. The input parameter ddf is a routine for computing
the divided difference of f in a stable manner. It is used only if iopt#1. The
meaning of the other parameters is obvious.

Quadrature Rule in the Strict Sense

This rule, in which the node ¢ = z is absent, is obtained by interpolating f at
the n Gauss nodes 7¢ by a polynomial p,,_1(f; -) of degree n — 1,
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f(t):pn—l(f;t)+En—1(f;t)v Pn-1 ft :Z

t—T
V:l v

where F,,_1 is the interpolation error, which vanishes identically if f € P, _1.
The formula to be derived, therefore, will have degree of exactness n — 1
(which can be shown to be maximum possible). Integrating in the sense of
(4.36) yields

~ x) — pp (78
ey = 3 LT fr) 1 R (i) ()
where R jc En 1 f7 )d)‘( )/(1’ - t)

This formula too, suffers from severe cancellation errors when z is near a
Gauss node. The resolution of this problem is similar (in fact, simpler) as in
the previous subsection: expand p,—_1(f; -) in the orthogonal polynomials 7y
to obtain

(Cf)(x;dN) Zakpk ) + Ry, (f; ),

1
712

(4.45)

ay =

b
/ P (1 )i (£)AA(2).

It turns out that
ap=ag, k=0,1,...,n—1, (4.46)

where ag, k < n, is given by (4.43). This is implemented in the 0PQ routine
cauchyPVI.m with iopt=1.

4.6 Polynomials Orthogonal on Several Intervals

We are given a finite set of intervals [c;, d;], which may be disjoint or not, and
on each interval a positive measure d);. Let dA be the “composite” measure

At) = Z Xjey.a;) ()N (8), (4.47)

where x|, q;) s the characteristic function of the interval [c;,d;]. Assuming

known the Jacobi matrices JY) = J,, (dA;) of the component measures d\;,
we now consider the problem of determining the Jacobi matrix J = J,(d\) of
the composite measure dA. We provide two solutions, one based on Stieltjes’s
procedure, and one based on the modified Chebyshev algorithm.

Solution by Stieltjes’s Procedure

The main problem in applying Stieltjes’s procedure is to compute the inner
products (tmg, 7g)ax and (7, 7 )ax for k =0,1,2,...,n—1. This can be done
by using n-point Gaussian quadrature on each component interval,
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d;
/ ZA(” (+9), pe Py, (4.48)
Here we use (4.5) to express the quadrature sum in terms of the Jacobi matrix
J(j)7
dj
| pan® = 5 eFpa e, / ar( (4.49)
Cj Cj

Then, for the inner products (tmx, T )ax, k < n — 1, we get

dj
(memar = [ triane) = 3 [ emboan 0
_ Zﬂ(j) T'](J‘)[Wk(‘](a'))]?e1

_ Zﬂ(]) Tir J(J))]TJ( J) (J(j))el

and for (mg, 7 )ax similarly (in fact, simpler)

(T, Th)a Zﬁm T (T T (T9))ey

This can be conveniently expressed in terms of the vectors
¢V = (JD)ey, e =11,0,...,0]7,

which, as required in Stieltjes’s procedure, can be updated by means of the
basic three-term recurrence relation. This leads to the following algorithm.

Algorithm 7 Stieltjes procedure for polynomials orthogonal on several inter-
vals

initialization:
¢ =e ¢Ul=0 (any),
> ﬁéj)e?J(j)el )
ag = —— . Bo=> B
=, A ;
continuation (if n > 1): for k=0,1,...,n—2 do

¢Vl =09 —ap )¢ — B¢, (all ),

) DT 70) T (4

o = TG G G,
+ ) + Nt
Z ﬁ(]) k+1 1(3421 Z ﬁ(])c(] Cl(c])

In Matlab, this is implemented in the OPQ routine
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ab=r_multidomain_sti(N,abmd)

where abmd is the array containing the (v, §)-coefficients of the measures d )

Ezample 9. Example 1, revisited.
This is the case of two identical intervals [~1,1] and two measures d\(7)
n [—1,1], one a multiple ¢ of the Legendre measure, the other the Cheby-
shev measure. This was solved in Example 1 by a 2-component discretization
method. The solution by the 2-domain algorithm of this subsection, in Matlab,
looks as follows:

abl=r_jacobi(N); abl(1,2)=2%c;
ab2=r_jacobi(N,-.5);

abmd=[abl ab2];
ab=r_multidomain_sti(N,abmd)

It produces results identical with those produced by the method of Example
1.

Solution by the Modified Chebyshev Algorithm

The quadrature procedure used in the previous subsection to compute inner
products can equally be applied to compute the first 2n modified moments of
dA,

my, —Z/ pr(t)dA;( Zﬁme i ( J(j))el. (4.50)

The relevant vectors are now
zéj) = pk(J(j))el, e1 =[1,0,... 7O]T,

and the computation proceeds as in

Algorithm 8 Modified moments for polynomials orthogonal on several inter-
vals
initialization

z(()j) =ey, z(fi =0 (all j), mo Zﬁ(])
continuation: for k=0,1,...,2n — 2 do

ZI(CJ-l)-l = (JW - apd)zy; W bkz](jjl (all ),
Mpy1 = Zﬂéj)z&_le

With these moments at hand, we can apply Algorithm 1 to obtain the
desired recurrence coefficients. This is done in the OPQ routine
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ab=r_multidomain_cheb(N,abmd,abmm)

The array abmd has the same meaning as in the routine r_multidomain_sti.m,
and abmm is a ((2N—1)x2) array of the recurrence coefficients ay, by generating
the polynomials py.

Applied to Example 9, the Matlab program, using Legendre moments (p,
the monic Legendre polynomials), is as follows:

abm=r_jacobi(2%N-1);
abl=abm(1:N,:); abil(1,2)=2%c;
ab2=r_jacobi(N,-.5);

abmd=[abl ab2];

ab=r multidomain_cheb(N,abmd,abm)

It produces results identical with those obtained previously, but takes about
three times as long to run.

4.7 Quadrature Estimates of Matrix Functionals

The problem to be considered here is to find lower and upper bounds for the

quadratic form
u'f(A)u, uwecRY ||lu=1, (4.51)

where A € RV*V is a symmetric, positive definite matrix, f a smooth function
(for which f(A) makes sense), and u a given vector. While this looks more
like a linear algebra problem, it can actually be solved, for functions f with
derivatives of constant sign, by applying Gauss-type quadrature rules. The
connecting link is provided by the spectral resolution of A,

AV =V A, A=diag(A1,2,...,An), V =[v1,v9,...,UN], (4.52)

where \j, are the eigenvalues of A (which for simplicity are assumed distinct),
and vy the normalized eigenvectors of A. If we put

N

u = Zpkvk =Vp, p=I[p1,p2.--,pn]", (4.53)
k=1

and again for simplicity assume pg # 0, all k, then
u'f(A)u = p" VIV (M) VTV = pT f(A)p,

N 4.54
=S akfw) = | Faon (), .
k=1 +

This shows how the matrix functional is related to an integral relative to a
discrete positive measure. Now we know from (4.10) and (4.15) how Gauss—
Radau or Gauss—Lobatto rules (and for that matter also ordinary Gauss rules,



Computational Methods 51

in view of RS = [f®"(7)/(2n)!] [ [ma(t; AN)]2dA(t), @ < T < b) can be applied
to obtain two-sided bounds for (4.54) when some derivative of f has constant
sign. To generate these quadrature rules, we need the orthogonal polynomials
for the measure dpy, and for these the Jacobi matrix J n(dpy). The latter, in
principle, could be computed by the Lanczos-type algorithm of §2.3. However,
in the present application this would require knowledge of the eigenvalues Ay
and expansion coefficients pg, which are too expensive to compute. Fortu-
nately, there is an alternative way to implement Lanczos’s algorithm that
works directly with the matrix A and requires only multiplications of A into
vectors and the computation of inner products.

Lanczos Algorithm

Let pi be as in (4.54) and hg = Zszl prVE (= 1), ||hol = 1, as in (4.53).
Algorithm 9 Lanczos algorithm
initialization:
hg prescribed with ||ho|| =1, h_; =0.

continuation: for j =0,1,...,N — 1 do

aj = hj Ah;,
hjp1 = (A —a;I)hj — k1,
Vi1 = [l
hji1 = hj /v
While 7o in Algorithm 9 can be arbitrary (it multiplies h_; = 0), it is conve-

nient to define g = 1. The vectors hg, hy, ..., hy generated by Algorithm 9
are called Lanczos vectors. It can be shown that oy generated by the Lanczos
algorithm is precisely ax(dpn), and v, = +/Bk(dpn), for k=10,1,2,...,N—1.
This provides us with the Jacobi matrix Jy(dpy). It is true that the algo-
rithm becomes unstable as j approaches N, but in the applications of interest
here, only small values of j are needed.

Examples

Ezample 10. Error bounds for linear algebraic systems.
Consider the system

Ax =b, A symmetric, positive definite. (4.55)
Given an approximation * ~ x = A~ 'b to the exact solution x, and the

residual vector 7 = b — Ax*, we have x —x* = A 'b+ A '(r —b) = A~ 'r,
thus
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|z —z*|> = (A 'r)TA lr =T A ?p,

and therefore
& — "] = [|7|* - u" f(A)u, (4.56)

where u = r/||r|| and f(t) = t=2. All derivatives of f are here of constant
sign on Ry,
@) >0, fO () <0 forteR,. (4.57)

By (4.54), we now have
& — ™| = HTH2/ =% dpn(t). (4.58)
Ry

The n-point Gauss quadrature rule applied to the integral on the right of
(4.58), by the first inequality in (4.57), yields a lower bound of || — =*||,
without having to know the exact support interval of dpy. If, on the other
hand, we know that the support of dpy is contained in some interval [a,b],
0 < a < b, we can get a lower bound also from the right-handed (n + 1)-
point Gauss-Radau formula, and upper bounds from the left-handed (n + 1)-
point Gauss—Radau formula on [a, b], or from the (n+2)-point Gauss-Lobatto
formula on [a, b].

Ezample 11. Diagonal elements of A7
Here, trivially
uTf(A)u =el A e, (4.59)

where f(t) = t~! and e; is the ith coordinate vector. Using n-point Gauss
quadrature in (4.54), with n < N, yields
(A~ :/ t~tdpn(t) > el T rer, el =[1,0,...,0] € R™".  (4.60)
Ry

Suppose we take n = 2 steps of Algorithm 9 to compute

«
Ty — 0N
Y1 Q1
We get
Q= Qg
hi = (A —apl)e; = [ay;, ... s i1,y 0,10y ani] T,
2
7= Ay, =: Si,
\/; i (4.61)
hy = hy/s;,

1 -1, - 1
o= h, Ah; = 2 Z Z QRp Qi Cp;.-
i i hti O£
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But
B 1 ar —n _
Jyl=——— , eldyler = —1—,
Qo0 — 77 —v1 @ Qo0 — Vg

ay

so that by (4.60) with n = 2, and (4.61),

Ek;ﬁi Zz;gi Akt kiQri
2
Q5 Zk¢i Z@si AkeQkiQe; — (Zk# aii)

Simpler bounds, both lower and upper, can be obtained by the 2-point Gauss-
Radau and Gauss-Lobatto formulae, which however require knowledge of an
interval [a,b], 0 < a < b, containing the spectrum of A.

(A_l)“‘ > (462)

Exercises to §4 (Stars indicate more advanced exercises.)

1. Prove (4.5).
2. Prove that complex zeros of the Sobolev orthogonal polynomials of Ex-
ample 7 must be purely imaginary.
3*. Circle theorems for quadrature weights (cf. [4]).
(a) Gauss—Jacobi quadrature

Let w(t) = (1 —)%(1+1t)” be the Jacobi weight function. It is known
[16, eqn (15.3.10)] that the nodes 7, and weights A, of the n-point
Gauss—Jacobi quadrature formula satisfy

Ay~ Ew(n)\/l —72, n— 00,
n

for 7, on any compact interval contained in (—1,1). Thus, suitably
normalized weights, plotted against the nodes, lie asymptotically on
the unit circle. Use Matlab to demonstrate this graphically.

(b) Gauss quadrature for the logarithmic weight w(t) = ¢t*In(1/t) on
[0,1] (cf. [10, Example 2.27]).
Try, numerically, to find a circle theorem in this case also, and ex-
periment with different values of the parameter o > —1. (Use the
0PQ routine r_jaclog.m to generate the recurrence coefficients of the
orthogonal polynomials for the weight function w.)

(¢) Gauss—Kronrod quadrature.
With w as in (a), the analogous result for the 2n 4+ 1 nodes 7, and
weights A, of the (2n 4+ 1)-point Gauss—Kronrod formula is expected

to be -
A~ Q—w(r,,)\/l — 72, n— o0.
n

That this indeed is the case, when «, 3 € [0, %), follows from Theorem
2 in [15]. Use Matlab to illustrate this graphically.

(d) Experiment with the Gauss—Kronrod formula for the logarithmic
weight function of (b), when a = 0.
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4. Discrete orthogonality.
Let mi(-;d)N), k = 0,1,2,..., be the orthogonal polynomials relative to
an absolutely continuous measure. Show that for each N > 2, the first N
of them are orthogonal with respect to the discrete inner product

N
v=1

@AY are the nodes and weights of the N-point Gauss formula
for d\. Moreover, ||mg||% = [|7k||3, for k < N — 1.
5. (a) Consider the Cauchy integral

where 7¢

b (t;dN)

S (D),

pn(2) = pu(z;dN) = /

a
where [a, b] is the support of dA. Show that
pn(2) =0(z"""1) as z — occ.

{ Hint: Expand the integral defining p,(z) in descending powers of z.}
(b) Show that

b AA(t) on(2) _ palz) _ 27201y e o oo
/a e == ) .

{Hint: Use (2.27).}
(c) Consider the partial fraction decomposition

on(z) i Au
- _ G

m(z) 2T

of 0,,(2)/mn(2) in (2.27). Use (b) to show that A, = A\S are the weights

of the n-point Gaussian quadrature formula for d\. In particular, show

that

G _ On (7—19 )
vom(rg)
(d) Discuss what happens if z — z, x € (a,b).
6. Characterize the nodes 70 in (4.9) as zeros of an orthogonal polynomial
of degree n, and identify the appropriate Jacobi-Radau matrix for (4.9).
7. Prove (4.10). {Hint: Use the fact that both formulae (4.6) and (4.9) are
interpolatory. }
8. (a) Prove the first formula in (4.11). { Hint: Use the relation between the
Jacobi polynomials Py, = P,ga”g ) customarily defined and the monic Ja-

cobi polynomials 7y, = W,(Ca”a), expressed by P (t) = 27F (2k+ka+ﬁ) 7 (t).

You also need Py(—1) = (—l)k(k‘;;g) and the (-coefficient for Jacobi
polynomials, 8/ = 4n(n + a)(n + B)(n + a+ B)/(2n + a + £)%(2n +
a+B+1)2n+a+4-1))
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(b) Prove the second formula in (4.11). { Hint: With ﬂ'lia) and L,(Ca) de-
noting the monic resp. Conventlonal generalized Laguerre polynomials,
use L(a)( t)=((-1) /k:') . You also need L(a)(O) = (kzo‘), and
By =n(n+a).}

9. Prove (4.16). {Hint: With notation as in the hint to Exercise 8(a), use
P.(1) = (k:“) in addition to the information provided there.}
10. The (left-handed) generalized Gauss-Radau formula is

/f £) dA(t Z)\(p)f(”) ZARf )+ RE(f),

where r > 1 is the multiplicity of the end point 7o = a, and R, .(f) =0

for f € Py _14p. Let dAA(t) = (t —a)"dA(t) and A Y = 1,2,...,n
be the nodes and weights of the n-point Gauss formula for dAl"].
(a) Show that

(b) Show that not only the internal weights A2 are all positive (why?),
but also the boundary weights Ao, Aj if = 2.
11. The generalized Gauss—Lobatto formula is

/ F&) dA(t ZA“’W) )+iA£f<TL)
v=1

p=0
r—1

+ 3 (1AL FP ) + RE (),
p=0

where r > 1 is the multiplicity of the end points 79 = a, 7,41 = b, and
RE (f) =0 for f € Pan_142,. Let dA(t) = [(t — a)(b — )]"dA(t) and

A L =1,2,...,n, be the nodes and weights of the n-point Gauss

formula for dAl"].
(a) Show that

[r]
b =70 AL = Ao v=1,2

()} —a)(b =7/ .

(b) Show that not only the internal weights AL are all positive (why?),
but also the boundary weights Ao, Ay and Apyq, A if r = 2.

(c) Show that )\(()p) )\gﬁl, p =0,1,...,7r — 1, if the measure dA\ is
symmetric.
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12*. Generalized Gauss-Radau quadrature.

(a) Write a Matlab routine gradau.m for generating the generalized
Gauss-Radau quadrature rule of Exercise 10 for a measure d\ on
[a, 0], having a fixed node a of multiplicity », » > 1. {Hint: To
compute the boundary weights, set up an (upper triangular) sys-
tem of linear equations by applying the formula in turn with 72 (¢),
(t —a)m2(t),...,(t —a) " 7w2(t), where m,(t) =[], (t — 7).}

(b) Check your routine against the known formulae with » = 2 for the
Legendre and Chebyshev measures (see [10, Examples 3.10 and 3.11]).
Devise and implement a check that works for arbitrary r > 1 and
another, in particular, for » = 1.

(¢) Use your routine to explore positivity of the boundary weights and
see whether you can come up with any conjectures.

13*. Generalized Gauss-Lobatto quadrature.

(a) Write a Matlab routine globatto.m for generating the generalized
Gauss-Lobatto rule of Exercise 11 for a measure dX on [a, b], having
fixed nodes at a and b of multiplicity r, » > 1. For simplicity, start
with the case r > 2 even; then indicate the changes necessary to deal
with odd values of r. { Hint: Similar to the hint in Exercise 12(a).}

(b) Check your routine against the known formulae with r = 2 for the
Legendre and Chebyshev measures (see [10, Examples 3.13 and 3.14]).
Devise and implement a check that works for arbitrary r > 1 and
another, in particular, for r = 1.

(c) Explore the positivity of the boundary weights )\ép ) and the quantities

/\gpj_l in the quadrature formula.
14. Show that the monic Stieltjes polynomial wX, | in (4.19) exists uniquely.
15.  (a) Let d\ be a positive measure. Use approximation theory to show that
the minimum of [, |7 (¢)[PdA(t), 1 < p < oo, extended over all monic
polynomials 7 of degree n is uniquely determined.
(b) Show that the minimizer of the extremal problem in (a), when p =
25 +2, s > 0 an integer, is the s-orthogonal polynomial 7 = m, ;.
{ Hint: Differentiate the integral partially with respect to the variable
coefficients of 7.}
16. (a) Show that r in (4.22) has to be odd.
(b) Show that in (4.22) with r as in (4.23), one cannot have k > n.
17. Derive (4.33) and (4.34).
18. Derive (4.39) from (4.38) and explain the meaning of R, (f;x). { Hint: Use
Exercise 5(c) and (2.27).}
19. Show that p,(f;¢) in (4.40) is

AFi0) = 22 )+ Yo e T

and thus prove (4.40). { Hint: Use Exercise 5(c).}

3

v=1
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20. Derive (4.42) and (4.43). {Hint: For k < n, use Gauss quadrature, and
for k = n insert the expression for p,(f;t) from Exercise 19 into the
formula for a,, in (4.41). Also use the fact that the elementary Lagrange
interpolation polynomials sum up to 1.}

21. Derive (4.44).

22. Prove (4.46). {Hint: Use Exercise 4.}

23. (a) Prove that the Lanczos vectors are mutually orthonormal.

(b) Show that the vectors {h;}7_j, n < N, form an orthonormal basis
of the Krylov space

’Cn(A, ho) = span(ho, Aho, ey Anho)
(c) Prove that
h]:p](A)h07 j:Oala"'aNa
where p; is a polynomial of degree j satisfying the three-term recur-
rence relation
Vi+1Pi+1(A) = (A = a5)p; () — -1 (A),
j=0,1,...,N—1,
po(A) =1, p-1(A) =0.
{Hint: Use mathematical induction.}
24. Prove that the polynomial p; of Exercise 23(c) is equal to the orthonor-
mal polynomial 74 (-;dpn). {Hint: Use the spectral resolution of A and
Exercises 23(a) and (c).}

25. Derive the bounds for (A™');; hinted at in the last sentence of Example
11.

5 Approximation

5.1 Polynomial Least Squares Approximation
Classical Least Squares Problem

We are given N data points (tg, fx), ¥ = 1,2,...,N, and wish to find a
polynomial p,, of degree < n, n < N, such that a weighted average of the
squared errors [p(t;) — fx]? is as small as possible among all polynomials p of
degree n,

N N
ST wlpa(te) = fil? <3 wilp(te) — fil? forallpe P, (5.1)
k=1 k=1

Here, wy, > 0 are positive weights, which allow placing more emphasis on data
points that are reliable, and less emphasis on others, by choosing them larger
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resp. smaller. If the quality of the data is uniformly the same, then equal
weights, say wy = 1, are appropriate.
The problem as formulated suggests a discrete N-point measure

N
dAy(t) = Z wid(t — tg), ¢ = Dirac delta function, (5.2)
k=1

in terms of which the problem can be written in the compact form

1n = fllisy < Ip = fllEr, for all p € By, (5:3)

The polynomials 7 (- ) = 7 (- ; dAn) orthogonal (not necessarily monic) with
respect to the discrete measure (5.2) provide an easy solution: one writes

p(t) =S eimi(), n<N, (5.4)
=0

and obtains for the squared error, using the orthogonality of 7y,

B2= Y am— 1Y gm—f] =Y acilmm)—2> clf.m)+|If]
i=0 j=0 i,j=0 i=0
(1 __(f,m->)2 2 N~ (i)
;(n =G ) e =3 e

(5.5)
(All norms and inner products are understood to be relative to the measure
dA\y.) Evidently, the minimum is attained for ¢; = ¢&;(f), where

&(f) = iﬁ;;ﬂi, i=0,1,...,n, (5.6)

are the “Fourier coefficients” of f relative to the orthogonal system mq, 71,

...,mn—_1. Thus,
n

Ba(t) =) ei(f)mit: dhw). (5.7)
i=0
In Matlab, the procedure is implemented in the OPQ routine
[phat,c]=least_squares(n,f,xw,ab,d)

The given function values fj are input through the Nx1 array £, the abscissae
tr and weights wy, through the Nx2 array xw, and the measure d\y through
the (N+1)x2 array ab of recurrence coefficients (the routine determines N au-
tomatically from the size of xw). The 1x(n+1) array d is the vector of leading
coefficients of the orthogonal polynomials. The procedure returns as output
the Nx (n+1) array phat of the values p,(tx), 0 <v <n,1 <k < N, and the
(n+1)x1 array c of the Fourier coefficients.
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FEzample 12. Equally weighted least squares approximation on N = 10 equally
spaced points on [—1,1].
Matlab program:

N=10; k=(1:N)’; d=ones(1,N);
xw(k,1)=-1+42x(k-1)/(N-1); xw(:,2)=2/N;
ab=r_hahn(N-1); ab(:,1)=-1+2*ab(:,1)/(N-1);
ab(:,2)=(2/(N-1))"2%ab(:,2); ab(1,2)=2;
[phat,c]=least_squares(N-1,f,xw,ab,d);

The program is applied to the function f(t) = In(2+4¢) on [—1, 1],

and selected least squares errors E, are compared in the table below with
maximum errors Eo° (taken over 100 equally spaced points on [—1,1]).

n E‘n Ex

0 4.88(-01) 6.37(-01)
3 2.96(-03) 3.49(-03)
6 2.07(-05) 7.06(-05)
9 1.74(-16) 3.44(-06)

If n = N —1, the least squares error EN_1 is zero, since the N data points can
be interpolated exactly by a polynomial of degree < N — 1. This is confirmed
in the first tabular entry for n = 9. The infinity errors are only slightly larger
than the least squares errors, except for n = 9.

Constrained Least Squares Approximation

It is sometimes desirable to impose constraints on the least squares approx-
imation, for example to insist that at certain points s; the error should be
exactly zero. Thus, the polynomial p € P, is subject to the constraints

p(s;)=1f;, j=12,...,m; m<n, (5.8)

but otherwise is freely variable. For simplicity we assume that none of the s;
equals one of the support points t;. (Otherwise, the procedure to be described
requires some simple modifications.)

In order to solve the constrained least squares problem, let

m(fit) = pm(fi 51,5 8mst), H t—s5), (5.9)

be respectively the polynomial of degree m — 1 interpolating f at the points
s; and the constraint polynomial of degree m. We then write

p(t) = pm(f3t) + om(t)q(t). (5.10)

This clearly satisfies the constraints (5.8), and ¢ is a polynomial of degree
n—m that can be freely varied. The problem is to minimize the squared error
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2

FO=pmlFit) ] 02 (har (1)

om(t)

1 = nlFs ) = oma [y = /[

over all polynomials g of degree n — m. This is an unconstrained least squares
problem, but for a new function f* and a new measure d\%,

minimize : ||f* —qllaxs, ¢ € Ppom, (5.11)
where
£ () = W ANy () = o2, (H)dAw (2). (5.12)
If Go_p is the solution of (5.11), then
Pn(t) = pm(fit) + om(t)dn-m(t) (5.13)

is the solution of the constrained least squares problem. The function f*,
incidentally, can be given the form of a divided difference,

f*(t):[slasb"wsmat}fa tEsuppd)\}kV,

as follows from the theory of interpolation. Note also that the discrete or-
thogonal polynomials 7 ( -; dA%,) needed to solve (5.11) can be obtained from
the polynomials 7 (-;dAx) by m modifications of the measure d\y(t) by
quadratic factors (¢ — s;)2.

Ezample 13. Bessel function Jy(t) for 0 <t < jg 3.
Here, jo,3 is the third positive zero of Jy. A natural constraint is to repro-
duce the first three zeros of Jy exactly, that is, m = 3 and

81 =Jo,1, S2=Jo2, 53 = jos3-

The constrained least squares approximations of degrees n = 3,4, 5
(that is, n —m = 0,1,2) using N = 51 equally spaced points on [0, jo 3]
(end points included) are shown in Fig. 2. The solid curve represents the
exact function, the dashdotted, dashed, an dotted curves the approximants
for n = 3,4, and 5, respectively. The approximations are not particularly
satisfactory and show spurious behavior near ¢ = 0.

Ezample 14. Same as Example 13, but with two additional constraints

Derivative constraints, as the one in Example 14, can be incorpo-

rated similarly as before. In this example, the added constraints are designed
to remove the spurious behavior near ¢ = 0; they also improve considerably
the overall accuracy, as is shown in Fig. 3. For further details on Matlab
implementation, see [10, Examples 3.51 and 3.52].



Computational Methods 61
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Bessel

Fig. 3. Derivative-constrained least squares approximation of the Bessel function

Least Squares Approximation in Sobolev Spaces

The task now is to approximate simultaneously functions and some of their
first derivatives. More precisely, we want to minimize

s N
SN O (t) — £

c=0k=1
over all polynomials p € P,,, where f,go), o =0,1,...,s, are given function
and derivative values, and w,(f)

> 0 appropriate weights for each derivative.
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These are often chosen such that

w](go-):’yawkv ’YU>O7 k:1727"'7N7

in terms of one set of positive weights wy. Evidently,, the problem, analogously
to (5.3), can be written in terms of the Sobolev inner product and norm

s N
(wo)s =Y > wuP ) (t), uls = Viwws  (5.14)
oc=0k=1
in the compact form
minimize : ||p — f||% for all p € P,,. (5.15)

The solution is entirely analogous to the one provided earlier,

Pn(t) = Zéi(f)m(t), &i(f) = (fimi)s

i=0 B Hm“% ,

(5.16)

where {m;} are the orthogonal polynomials of Sobolev type. In Matlab, the
procedure is

[phat,c]l=least_squares_sob(n,f,xw,B)

The input parameter f is now an N X (s + 1) array containing the N values
of the given function and its first s derivatives at the points t;. The abscissae
tr and the s + 1 weights w,(:) of the Sobolev inner product are input via the
N x (s+2) array xw (the routine determines N and s automatically from the
size of the array xw). The user also has to provide the N x N upper triangular
array B of the recurrence coefficients for the Sobolev orthogonal polynomials,
which for s = 1 can be generated by the routine chebyshev_sob.m and for
arbitrary s by the routine stieltjes_sob.m. The output phat is an array of
dimension (n+1)x (N#(s+1)) containing the N values of the derivative of order
o of the vth-degree approximant p,, v < n, in positions (v+1,0+1: s+1: Nx
(s+1)) of the array phat. The Fourier coefficients ¢; are output in the (n+1)x1
vector c.

Ezample 15. The complementary error function on [0, 2].
This is the function

2 oo
f) = eerfet = — et / e_“Qdu, 0<t<2,
™ t

7

whose derivatives are easily calculated.

The routine least_squares_sob.m is applied to the function
f of Example 15 with s = 2 and N=5 equally spaced points t; on [0,2]. All
weights are chosen to be equal, w,(f) = 1/N for ¢ = 0,1,2. The table below,
in the top half, shows selected results for the Sobolev least squares error E,



Computational Methods 63

sn By, EX, EX EX,
2 0 1.153(400) 4.759(-01) 1.128(—1— 0) 2.000(400)

2 7.356(-01) 8.812(-02) 2.860(-01) 1.411(400)

4 1.196(-01) 1.810(-02) 5.434(-02) 1.960(-01)

9 2.178(-05) 4.710(-06) 3.011(-05) 3.159(-04)

14 3.653(-16) 1.130(-09) 1.111(-08) 1.966(-07)
0 0 2.674(-01) 4.759(-01) 1.128(+00) 2.000(+00)

2 2.245(-02) 3.865(-02) 3.612(-01) 1.590(+400)

4 1.053(-16) 3.516(-03) 5.160(-02) 4.956(-01)

and the maximum errors E;5), E;°, EpS (over 100 equally spaced points on
[0,2]) for the function and its first two derivatives. In the bottom half are
shown the analogous results for ordinary least squares approximation (s = 0)
when n < N — 1. (It makes no sense to consider n > N — 1.) Note that the
Sobolev least squares error Fsn_1 is essentially zero, reflecting the fact that
the Hermite interpolation polynomial of degree 3N — 1 interpolates the data
exactly. In contrast, E, = 0forn > N—1in the case of ordinary least squares.

As expected, the table shows rather convincingly that Sobolev least squares
approximation approximates the derivatives decidedly better than ordinary
least squares approximation, when applicable, and even the function itself,
when n is sufficiently large.

5.2 Moment-Preserving Spline Approximation

There are various types of approximation: those that control the maximum
pointwise error; those that control some average error (like least squares error);
and those, often motivated by physical considerations, that try to preserve the
moments of the given function, or at least as many of the first moments as
possible. It is this last type of approximation that we now wish to study.
We begin with piecewise constant approximation on the whole positive real
line Ry, then proceed to spline approximation on R, and end with spline
approximation on a compact interval.

Piecewise Constant Approximation on R

The piecewise constant approximants to be considered are

= ial,H(ty —t),
v=1

where a, e R, 0 <t; <ty <---

teRy, (5.17)

< tn, and H is the Heaviside function

H(w) 1 if u>0,
u) =
0 otherwise.
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The problem is, for given f € C'(R,), to find, if possible, the a, and ¢, such
that

/ sp(O)7dt = p;, j=0,1,...,2n—1, (5.18)
0

where
/f tjdt i=0,1,...,2n—1, (5.19)

are the moments of f, assumed to exist.
The solution can be formulated in terms of Gauss quadrature relative to
the measure
d\(t) = —tf'(t)dt on R,. (5.20)

Indeed, if f(t) = o(t~2") as t — 0o, then the problem has a unique solution if
and only if dA in (5.20) admits an n-point Gauss quadrature formula

/0 " g0ane) = 3" A89(0), g€ o, (5.21)

satisfying 0 < 7¥ < 7§ < --- < ¢ If that is the case, then the desired knots
t, and coefficients a, are given by

G

t,=1,, a, = , v=12,...,n. (5.22)

H¢R

A Gauss formula (5.21) always exists if f* < 0 on Ry, that is, dA(¢) > 0.
For the proof, we use integration by parts,

T
/f ttidt = tﬂ+1f() -
0

+1/f (HrHde, j<2n -1,
J

and let T'— oo. The integrated part on the right goes to zero by assumption
on f, and the left-hand side converges to the jth moment of f, again by
assumption. Therefore, the last term on the right also converges, and since
—tf'(t) = dA(¢), one finds

1 oo

i =
This shows in particular that the first 2n moments of d\ exist, and therefore,

if d\ > 0, also the Gauss formula (5.21).
On the other hand, the approximant s,, has moments

[e'e] n ty 1 n
sn(OFdt = a tdt = —— a, ti 1

so that the first 2n moments p; of f are preserved if and only if
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n

Z(ayt,,)tfy'z/ HAX(t), j=0,1,...,2n—1.
0

v=1

This is equivalent to saying that the knots ¢, are the Gauss nodes in (5.21),
and a,t, the corresponding weights.

Ezample 16. Maxwell distribution f(t) = e~ on R,.
Here,
2
d\(t) =2t’e "dt on R,,

which is a positive measure obtained (up to the factor 2) by twice modifying
the half-range Hermite measure by a linear factor ¢. The first n + 2 recur-
rence coefficients of the half-range Hermite measure can be computed by a
discretization method. Applying to these recurrence coefficients twice the rou-
tine chril.m, with zero shift, then yields the recurrence coefficients ay(d\),
Br(dX), k < n — 1, and hence the required n-point Gauss quadrature rule
(5.21) for dA. The result for n = 5 is depicted in Fig. 4.

Spline Approximation on R

The approximant s, in (5.17) can be interpreted as a spline function of degree
0. We now consider spline functions s, ,, of degree m > 0,

Snm() =D _ay(t, = )T, tERy, (5.23)
v=1

where v’} is the truncated power v = v™ if u > 0, and ]’ = 0 if u < 0.
Given the first 2n moments (5.19) of f, the problem again is to determine
a, €ERand 0 <ty <ty <---<t, such that

1
0.8}
0.6}
0.4}
0.2
or t to t3 t ts
0 05 1 15 2 25 3

Fig. 4. Piecewise constant approximation of the Maxwell distribution
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0 .
/ Sn)m(t)tjdtzuj, 7=0,1,...,2n—1. (5.24)
0

By a reasoning similar to the one in the previous subsection, but more com-
plicated, involving m integrations by part, one proves that for f € C™+1(R)
and satisfying f(")(t) = o(t=2"#) as t — oo, u = 0,1,...,m, the problem
has a unique solution if and only if the measure

[m] (_1)m+1 m+1 p(m+1)
Al () = o g (ar - on Ry (5.25)
m:

admits an n-point Gauss quadrature formula

/ g(t) NI (8) = S AGg(s6) for all g € Pa s (5.26)
0 v=1

satisfying 0 < 7¢ < 7§ < ... < 7¢. If that is the case, the knots ¢, and

coefficients a, are given by

G
G >‘1/

by =1, G = [rG]m+1°
14

e v=12,...,n. (5.27)
Note that dA"™ in (5.25) is a positive measure, for each m > 0, and hence
(5.26) exists, if f is completely monotonic on R, that is, (—1)*f#) () > 0,
teRy, for p=0,1,2,....

Ezample 17. Maxwell distribution f(t) = e~*" on R, revisited.
We now have

1
() = — t"HUH (e At on Ry,

where H,,+1 is the Hermite polynomial of degree m + 1. Here, A\ if m >0
is no longer of constant sign on R, and hence the existence of the Gauss rule
(5.26) is in doubt. Numerical exploration, using discretization methods, yields
the situation shown in the table below, where a dash indicates the presence
of a negative Gauss node 7¢, and an asterisk the presence of a pair

nm=1m=2 m=3n m=1 m=2 m=3
1 6.9(-2) 1.8(-1) 2.6(-1)|11 — 1.1(-3) 1.1(-4)
2 82(-2) — 23(-1)|12 — *
3 — 1.1(-2) 2.5(-3)|13 7.8(-3) 6.7(-4) *
4 3.5(-2) 6.7(-3) 2.2(-3)|14 8.3(-3) 5.6(—4) 8.1(-5)
526(-2) — 1.6(-3)|157.7(-3) 7.1(-5)
6 2.2(-2) 3.1(-3) * 16— 4.9(-4) 7.8(-5)
7T —  24(-3) * 17—  3.8(-4) 3.8(-5)
8 1.4(-2) — 3.4(-4)|18 5.5(-3) 3.8(-4) *
9 1.1(-2) 1.7(-3) 2.5(-4)|19 5.3(-3) *
109.0(-3) 1.1(-3) — |205.4(-3) 3.1(-4) *
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of conjugate complex Gauss nodes. In all cases computed, there were never
more than one negative Gauss node, or more than one pair of complex nodes.
The numbers in the table represent the maximum errors ||spm — fllco, the
maximum being taken over 100 equally spaced points on [0, 7¥].

Spline Approximation on a Compact Interval

The problem on a compact interval, say [0,1], is a bit more involved than
the problem on R,. For one, the spline function s, , may now include a
polynomial p of degree m, which was absent before since no moment of p
exists on Ry unless p = 0. Thus, the spline approximant has now the form

Smm(t) =p(t) + > _ay(ty =), pEPy, 0<t<1, (5.28)
v=1

where a, € Rand 0 < t; < ty < --- < t, < 1. There are two problems of
interest:

Problem 1. Find s, ,, such that

1
/ Spm®tdt = i, §=0,1,...,2n+m. (5.29)
0

Since we have m + 1 additional parameters at our disposal (the coefficients of
p), we can impose m + 1 additional moment conditions.

Problem II. Rather than matching more moments, we use the added degree
of freedom to impose m + 1 “boundary conditions” at the end point ¢ = 1.
More precisely, we want to find s, ,, such that

1
/ Sum(Otdt = pj, j=0,1,...,2n—1 (5.30)
0
and
st (1) = fP(1), p=0,1,...,m (5.31)

It is still true that a solution can be given in terms of quadrature formu-
lae, but they are now respectively generalized Gauss—Lobatto and generalized
Gauss—Radau formulae relative to the measure (see [5, 6])

1

dAml () = o FmHD@)dt on [0,1] (5.32)
m! T '

Problem I, in fact, has a unique solution if and only if the generalized Gauss—
Lobatto formula

[ o = S50 0) + C1pag
° §=0 (5.33)

n
+ Z )\59(7'1{‘), g S P2n+2m+1,
v=1



68 Walter Gautschi

exists with 0 < 7f < - < 7L < 1. In this case,
t,=7F a, =\, v=1,2,...n, (5.34)

and p is uniquely determined by

(1) = FB (1) + (=)™ mAT ) p=0,1,...,m. (5.35)

Similarly, Problem II has a unique solution if and only if the generalized
Gauss—Radau formula

m

1 n
/ g (@) = S Ag0(0) + 3 MRg(rR), g € Papim,  (5.36)
0 v=1

pn=0
exists with 0 < 7ff < -+ < 7B < 1. Then

t, = 7_R ay, = Af, V= 17 27 ...n, (537)

v

and (trivially)

moe(p)
=31 u,(l) (t— 1)k, (5.38)
n=0 '

In both cases, complete monotonicity of f implies dA > 0 and the existence of
the respective quadrature formulae. For their construction, see Exercises 12
and 13 of §4.

5.3 Slowly Convergent Series

Standard techniques of accelerating the convergence of slowly convergent se-
ries are based on linear or nonlinear sequence transformations: the sequence
of partial sums is transformed somehow into a new sequence that converges
to the same limit, but a lot faster. Here we follow another approach, more
in the spirit of these lectures: the sum of the series is represented as a defi-
nite integral; a sequence of quadrature rules is then applied to this integral
which, when properly chosen, will produce a sequence of approximations that
converges quickly to the desired sum.

An easy way (and certainly not the only one) to obtain an integral repre-
sentation presents itself when the general term of the series, or part thereof,
is expressible in terms of the Laplace transform (or some other integral trans-
form) of a known function. Several instances of this will now be described.

Series Generated by a Laplace Transform

The series

S=> (5.39)
k=1
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to be considered first has terms aj that are the Laplace transform

(1)) = [ e
0
of some known function f evaluated at s = k,
ap = (LK), k=1,2,3,.... (5.40)

In this case,

S = 3 ooe*’“f(t)dt
>
= /oo Ze*(kfl)t cef(t)dt
0 k=1

= /OOO : —1c—t e ! f(t)dt

that is,

_ [Tt f)
S_/O et (5.41)

There are at least three different approaches to evaluate this integral nu-
merically: one is Gauss-Laguerre quadrature of (¢/(1 — e™%))f(t)/t with
d\(t) = e~tdt on R, ; another is rational /polynomial Gauss—Laguerre quadra-
ture of the same function; and a third Gauss—Einstein quadrature of the func-
tion f(¢)/t with d\(¢t) = tdt/(e’ — 1) on Ry. In the last method, the weight
function ¢/(e — 1) is widely used in solid state physics, where it is named after
Einstein (coming from the Einstein-Bose distribution). It is also, incidentally,
the generating function of the Bernoulli polynomials.

Ezample 18. The Theodorus constant

- 1
SZ};W:L%OO%....

This is a universal constant introduced by P.J. Davis (1993) in connection
with a spiral attributed to the ancient mathematician Theodorus of Cyrene.
Here we note that

TS S NS L
B2y g1z ° s+1_<£\/7?t*e (s),

where the star stands for convolution. A simple computation yields (5.40)
with 5
t)= —=F(Vt
£t = Z= F(VD),
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where

is Dawson’s integral.
To make f(t) regular at t = 0, we divide by v/# and write

) = 1/2 7tdt

\f 1—e" t
F(\/t t
= — t‘1/2 dt.
\/77/0 Vi et —1

To the first integral we apply Gauss—Laguerre quadrature with dA(t) =
t=1/2e=tdt on R, or rational Gauss-Laguerre with the same d), and to the
second integral Gauss-Einstein quadrature (modified by the factor t~/2). The
errors committed in these quadrature methods are shown in the table below.

n Gauss-Laguerre rational Gauss-Laguerre Gauss-Einstein
1 9.6799(-03) 1.5635(-02) 1.3610(-01)
4 5.5952(-06) 1.1893(-08) 2.1735(-04)
7 4.0004(-08) 5.9689(—16) 3.3459(-07)
10 5.9256(-10) 5.0254(-10)
15  8.2683(-12) 9.4308(-15)
20 8.9175(-14) 4.7751(-16)
timing: 10.8 timing: 8.78 timing: 10.4

The clear winner is rational Gauss—Laguerre, both in terms of accuracy and

run time.

Ezxample 19. The Hardy—Littlewood function

It can be shown that

where

ftx) = [Io<2x/E t) — Io(2V—ixt)]

and I is the modified Bessel function. This gives rise to the two integral
representations

¢ (t (t t
H(x):/ - f ) oty — / f(to) dt.
o l—et t t et—1
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Among the three quadrature methods, Gauss—Einstein performs best, but all
suffer from internal cancellation of terms in the quadrature sum. The problem
becomes more prominent as the number n of terms increases. In this case,
other methods can be applied, using the Euler-Maclaurin formula [11].

Fig. 5 shows the behavior of H(z) in the range 0 < z < 100.

“Alternating” Series Generated by a Laplace Transform

These are series in which the general terms are Laplace transforms with al-
ternating signs of some function f, that is, series (5.39) with

ar = (DY L k), k=1,2,3,.... (5.42)

An elementary computation similar to the one carried out in the previous
subsection will show that

T werar= [
S_/O 14 et f(t)e dt_/o f(t)etJrldt' (5.43)

We can again choose between three quadrature methods: Gauss-Laguerre
quadrature of the function f(t)/(1 + e~*) with dA(¢) = e~'d¢t, rational/poly-
nomial Gauss—Laguerre of the same function, and Gauss-Fermi quadrature of
f(t) with d\(t) = dt/(e* + 1) involving the Fermi function 1/(e’ 4+ 1) (also
used in solid state physics).

Ezample 20. The series

35,
3t
25|
2L
X115
T
]
0.5

Obooooo oY
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X

Fig. 5. The Hardy-Littlewood function
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5227( ]z e

One can show that the function f in question here is f(t) =
Jo the Bessel function of order zero. Errors obtained by the three quadrature
methods are displayed in the table below, showing the clear superiority of

Gauss—Fermi quadrature.

~1/k

J()(Q\/i), with

n Gauss-Laguerre rational Gauss-Laguerre Gauss-Fermi
1 1.6961(-01) 1.0310(-01) 5.6994(-01)
4 4.4754(-03) 4.6605(—05) 9.6454(-07)
7 1.7468(-04) 1.8274(-09) 9.1529(-15)
10 3.7891(-06) 1.5729(-13) 2.8163(-16)
15 2.6569(-07) 1.5490(-15)
20 8.6155(-09)
40 1.8066(—13)

timing: 12.7 timing: 19.5 timing: 4.95

Series Generated by the Derivative of a Laplace Transform

These are series (5.39) in which

k=1,2,3,.... (5.44)

)
s=k
In this case one finds

S:/Oool t)e_tdt:/ooof(t)tt

and Gauss—Laguerre, rational/polynomial Gauss—Laguerre, and Gauss—Ein-
stein quadrature are again options as in Examples 18 and 19.

@ = =< (£1)(5)

(5.45)

FEzample 21. The series
S=> (Ek+1k2(k+1)"%2
k=1

The relevant function f is calculated to be

erfy/t 1172
\/E )

where erf is the error function erfa = (2/y/7) fox e~ dt. Numerical results
analogous to those in the two previous tables are shown below.

ft) =
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n Gauss-Laguerre rational Gauss-Laguerre Gauss-Einstein
1 4.0125(-03) 5.1071(-02) 8.1715(-02)
4 1.5108(-05) 4.5309(-08) 1.6872(-04)
7 4.6576(-08) 1.3226(-13) 3.1571(-07)
10 3.0433(-09) 1.2087(-15) 5.4661(-10)
15 4.3126(-11) 1.2605(—14)
20 7.6664(-14)
30 3.4533(-16)

timing: 6.50 timing: 10.8 timing: 1.58

The run time is best for Gauss—Einstein quadrature, though the error is worse
than for the closest competitor, rational Gauss—Laguerre.

Series Occurring in Plate Contact Problems

The series of interest here is

o 2k+1
< = . .
kZ:()zk+1 z€C, |z| <1, p=2or3 (5.46)

Rather than expressing the whole general term of the series as a Laplace
transform, we do this only for the coefficient,

1 1
 —(LHK), f(t) = —— e, 5.47
G = w10 = (5.47)
Then
L 2 L2k
7w 2k/oo g tPTleT?
= z e~ dt
2 kzzo | o1
_ z /OOZ 2—tk p—le—t/2gy
2v(p—1)!
2 . O k:O
z 1
= p—1,-t/2
2r(p — 1)! /0 1722671575 e,
that is,
z 00tp_let/zd 2 e A
= - 1. .
Ry (2) 2p(p_1)!/0 L rdn 2Te\01] (5.48)

The case z = 1 can be treated directly by using the connection with the zeta
function, R,(1) = (1 —27P)¢(p). Assume therefore z # 1. When |z| is close to
1, the integrand in (5.48) is rather ill-behaved near ¢ = 0, exhibiting a steep
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boundary layer. We try to circumvent this by making the change of variables
et t to obtain

_ 1 L= 12In(1/t)]P!
Rp(Z) = 2(p—1)z /O Jo — dt.

This expresses R,(z) as a Cauchy integral of the measure

dAPL(t) = ¢71/2[In(1/t)]P~ dt.

Since by assumption, z=2 lies outside the interval [0, 1], the integral can be
evaluated by the continued fraction algorithm, once sufficiently many recur-
rence coefficients for dAP) have been precomputed. For the latter, the modified
Chebyshev algorithm is quite effective. The first 100 coefficients are available
for p =2 and p = 3 in the 0OPQ files absqmilogl and absqmllog2 to 25 resp.
20 decimal digits.

FEzxzample 22.
R,(z), p=2and 3, z=8,.9,.95,.99,.999 and 1.0.

Numerical results are shown in he table below and are accurate to all digits

T Ry (x) R3(z)
.8 0.87728809392147 0.82248858052014
9 1.02593895111111 0.93414857586540
295 1.11409957792905 0.99191543992243
299 1.20207566477686 1.03957223187364
999 1.22939819733 1.05056774973
1.000 1.233625 1.051795
shown. Full acuracy cannot be achieved for x > .999 using only 100 recurrence
coefficients of dAP!
FEzxzample 23.

Rp(eio‘), p=2and 3, « =wr/2, w=".2,.1,.05,.01,.001 and 0.0.

Numerical results are shown in the table below.

P o Re(R(2)) (R, (2))
2 .2 0.98696044010894 0.44740227008596
3 0.96915102126252 0.34882061265337
2 0.1 1.11033049512255 0.27830297928558
3 1.02685555765937 0.18409976778928
2 0.05 1.17201552262936 0.16639152396897
3 1.04449441539672 0.09447224926029
2 0.01 1.22136354463481 0.04592009281744
3 1.05140829197388 0.01928202831056
2 0.001 1.232466849 0.006400460

3 1.051794454 0.001936923

2 0.000 1.2336 0.0000

3 1.0518 0.0000
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Here, too, full accuracy is not attainable for w < 0.001 with only 100 re-
currence coefficients. Curiously, the continued fraction algorithm seems to
converge also when z = 1, albeit slowly.

Series Involving Ratios of Hyperbolic Functions
More of a challenge are series of the type
cosh(2k 4+ 1)z

> 1
Typ(x;0) = kZ:O (2k + 1)P cosh(2k + 1)b

, 0<2<b b>0, p=23, (5.49)

which also occur in plate contact problems. Here, we first expand the ratio of
hyperbolic cosines into an infinite series,

cosh(2k + 1)z
cosh(2k + 1)b

5.50

— _1\n —(2k+1)[(2n+1)b—x] —(2k+1)[(2n+1)b+x] ( )
g ()" <e +e ,
n=0

insert this in (5.49) and apply the Laplace transform technique of the previous
subsection. This yields, after an elementary computation (using an interchange
of the summations over k and n),

1 o0
T — —1)" (2n+1)b (= " 51
Ho0) = gy D o) @l (65D
where ) .
R dAPI(¢
on(s) =e /0 eg[@nﬂ—)bg]_tv —b<s<b. (5.52)

The integral on the right is again amenable to the continued fraction algorithm

for dAP!, which for large n converges almost instantaneously. Convergence of

the series (5.51) is geometric with ratio e .

Exercises to §5 (Stars indicate more advanced exercises.)

1. With 7o, 71,...,7n—1 denoting the discrete orthogonal polynomials rel-
ative to the measure dAy, and ¢ (f) the Fourier coefficients of f with
respect to these orthogonal polynomials, show that

Yo lENPIml < P, n< N,
=0

with equality holding for n = N — 1.
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Prove the following alternative form for the Fourier coefficients,

i—1
. 1 . .
Cl(f):W fizcj(f)ﬂ'jvﬂ-z ) Z:O,l,...,n,
i =0

and discuss its possible advantages over the original form.

Discuss the modifications required in the constrained least squares ap-
proximation when v (0 < v < m) of the points s; are equal to one of the
support points ty.

What are p,,,(f; ), f*, and oy, in Example 137

Calculate the first and second derivative of the complementary error func-
tion of Example 15.

. Prove the unique solvability of the problem (5.24) under the conditions

stated in (5.25)—(5.26), and, in the affirmative case, derive (5.27).
Derive the measure dA™ for the Maxwell distribution of Example 17.
Derive the formula for f in Example 18.

Derive the formula for f in Example 19.
Derive (5.43).

. Derive the formula for f in Example 20.
. Derive (5.45).

. Derive the formula for f in Example 21.
. Supply the details for deriving (5.51).
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1 Background

1.1 Introduction

This is a very brief introduction to the logarithmic potential in the complex
plane, and to the very core of the theory: equilibrium problems. The ambitious
goal is to cover some relevant aspects in a 10 hours mini-course.

There are different possible starting points for the development of this
theory, such as:

Partial differential equations;

Complex analysis: harmonic and subharmonic functions, exceptional sets;
Variational methods;

Approximation theory, analytic properties of polynomials and rational
functions,

and more. These points of view are obviously related and in a certain sense,
equivalent, but bias the aspects you consider more or less relevant. At any
rate, this will not affect the exposition here, since this introduction will touch
only the core of the theory. Only some of the results will be proved. For a
more detailed account we recommend the following literature (the list is far
from being exhaustive):

e The books [6], [13] are classical and contain all the facts about the standard
theory of logarithmic potential.

e The book [10] is a modern exposition of the same theory; highly recom-
mended!

e The book [11] has an appendix containing the main facts from the theory,
beside many applications in approximation.

e There is a chapter in [8] with a concise survey of the potential theory in C.
It is also a nice introduction to the applications in modern approximation
theory.

e The book [12] is the first full account of the potential theory with an
external field; also highly recommended!

1.2 Background or What You Should Bring to Class

e Borel Measures. A positive measure on C is called a Borel measure if
it is defined and finite on every compact subset of C. The support of a
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measure u, denoted by supp(u), is the complement of the largest open set
of measure zero. If K C C is a compact subset of the complex plane, then
by M(K) we denote the set of all finite (positive) Borel measures p with
supp(u) C K. The Dirac delta §, supported at a € C is the unit measure
defined by

1, ifackK,
0q(K) = for any Borel set K C C.
0, otherwise

If f is a continuous function in C,

/ f(2) dbalz2) = f(a).

Weak-* Topology. In what follows C™(K) denotes the set of all contin-
uous functions with at least m continuous derivatives on a compact set
K C C and C(K) = C°(K). A sequence {u,} C M(K) converges to a

measure 1 € M(K) in a weak-* sense (denoted by g, — ) if

tim [ ) dien() = [ £ autz), VE € ).

According to the Riesz representation theorem, M(K) with the weak-*
topology is the dual space of C(K). We will use the fact that every weakly
bounded set in M(K) is compact, known also as Helly’s selection the-
orem (cf. [12, p. 3]): every sequence {p,} C K with a uniformly bounded
mass (sup,, pn(K) < +00) has a weak-* convergent subsequence.
Harmonic Functions. A real valued function u(z), z = = + iy, defined
in a domain D C C is called harmonic in D if u € C?(D) and

Au(2) = g (2) +uyy(2) =0, z€D. (1.1)

If D is simply connected, this is equivalent to the existence of a holomor-
phic function f in D such that u = Re f.

One of the features of harmonic functions is the mean-value property
(cf. [12, p. 7]): if u is harmonic in an open disk |z —a| < r and continuous
on |z —a| <r, then

1

T or

u(a) /0 7ru(a—&—rem) de . (1.2)

One of the consequences is the maximum (or minimum) principle (cf.
[12, p. 8]): if u is harmonic in a domain D and attains there either its
minimum or its mazximum value, then u is constant in D.
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e Green’s Formula. Given a domain D, we denote by 9D its boundary. If
D is a C! curve and u,v € C3(D), then

ou ov
//D(vAu—uAv)dxdy——ng <van—u8n) ds,

where 9/0n is differentiation in the direction of the inner normal of D.
Let us highlight some straightforward consequences:
— If w is harmonic in D, then

ou ov
//DuAvdmdy—ygD (van—uan> ds. (1.3)

— If both u and v are harmonic in D, this formula takes the form

ou ?{ ov
v—ds = u—ds. 1.4
\%SD an 5 871 ( )

— If the support of v is a compact set in D, then

// vAudzdy = // uAv dzdy . (1.5)
D D

e Sokhotsky-Plemelj’s Theorem. Suppose that v is an oriented analytic
curve or arc in C. The orientation induces a +side (on the left) and a —side
on . We denote also by

~v° = v\ {points of self intersection and end points} .

If 2 is a domain, v C 2, then for f analytic in §2\ v we define
= lmo f(z),  f()= lm  f(2).

z—t z—t
z on the +side z on the —side
Let v be a function defined and Hélder continuous on 7. Then the Cauchy-
type integral
ar L [ u(t)
2 [, t—2

f(2) dt, zeC\v,

defines an analytic function in C\ 7, and the following relation holds:

f+(8) = f-(t) =o(t), ter”. (1.6)

2 Logarithmic Potentials: Definition and Properties

2.1 Superharmonic Functions

A function v : K — RU {400} is called lower semi-continuous (l.s.c.) at a
point z € C if



Potential Theory in the Complex Plane 83

lim  u(t) > u(z),
t—z, teK

(in other words, for any {t,} C K such that t,, — z and lim,, u(¢,) exists, we
have lim,, u(t,) > w(z)). Furthermore, u is l.s.c. in a set K C C if it is ls.c.
at every z € K. It is possible to prove that equivalently wu is l.s.c. in C if and
only if the set

{zeC: u(z) > a}

is open for every a € R.

Exercise 1. Prove the equivalence above.

Ezample 2.1. The function

£) = {0, if 2] < 1,

1, if |z > 1,

is lower semi-continuous.

Exercise 2. A function u is upper semi-continuous if u is lower semi-
continuous. Prove that

upper semi-continuous + lower semi-continuous = continuous

Finally, the third equivalent definition is the following (cf. [12, p. 1]): u is
lower semi-continuous on a compact set K if and only if it is the pointwise
limit of an increasing sequence of continuous functions.

Definition 2.1. A function v : D — R U {400} on a domain D is called
superharmonic on D if u # +o0, is lower semi-continuous on D, and for
every open disk |z — a| < r contained in D,

1 27 )
u(a) > — / u(a + re'?) do (2.1)
2 0
(compare with (1.2)).
A function u is called subharmonic if —u is superharmonic.

Exercise 3. Prove that if f is a holomorphic function in a domain D, then
—log | f] is superharmonic (and harmonic where f # 0).

There are other equivalent definitions of a superharmonic function. For
instance, we can replace (2.1) by the existence of a “harmonic minorant” (har-
monic function v, bounded from above by u on the boundary and preserving
the same property in the whole domain). Another important characterization
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is valid for smooth functions u € C?(D): u is superharmonic in D if and only
if
Au(z) <0, ze€D (2.2)

(compare with (1.1)). We will discuss this property again soon.
Superharmonic functions inherit part of the properties of the harmonic
functions. For instance:

Theorem 2.1 (Minimum Principle). Let D be a bounded domain and v a
superharmonic function in D such that

lim o(t) > M,
t—z,teD

for every z € OD. Then v(z) > M for z € D unless v is constant.

In other words, a non-constant superharmonic function cannot achieve its
minimum inside a domain.

2.2 Definition of the Logarithmic Potential

Superharmonic functions are closely related to logarithmic potentials of pos-
itive measures. Let u be a finite positive Borel measure of compact support.
Its logarithmic potential is defined by

VH(z) = /log 1 du(t) . (2.3)

|2 — ¢

Remark 2.1. This definition makes sense also for signed measures or charges
on C, represented in general as a difference of two positive measures.

Theorem 2.2. The potential V*(z) of a positive measure is superharmonic
in C, harmonic in C\ supp(u), and

1 1
VH(z) = u(C) logm +0 (z> as z — o0.

The proof, which consists of a verification of the properties defining a super-
harmonic and a harmonic function, can be found in [12, pp. 21-22]. For the
last part, observe that for z # 0,

VH(z) = u(C) log‘71| + /log m du(t).

Example 2.2. If a € C then

1

V(Sa (Z) = log m .

Analogously, if aq,...,a, € C and
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U:Z(Saka

then
VH(z) = —log|p(2)], p(z)=(z—a1)(z—a2)...(z—an). (2.4)

This example is a key to the tight connection of logarithmic potentials with
polynomials.

Exercise 4. Prove that for each r > 0,

1 1 log1/r if|2| <r

7/10g . gl/r, iflef <,

27 |z — rei?| log1/|z|, if|z] >r.
Observe that the logarithmic potential of the unit Lebesgue measure on a
circle |z| = r is constant in the disc |z| < 7.

By Theorem 2.2, we see that every potential of a positive measure is a
superharmonic function. Furthermore, obviously the sum of a potential with
a harmonic function is still superharmonic. Surprisingly enough, these are the
only superharmonic functions that exist. This is the content of the Riesz
decomposition theorem (see [12, p. 100]): if u is superharmonic in a do-
main D, then there exists a positive measure u € M(D) such that in every
subdomain D' (D' C D),

u(z) = g(z) +V*(2),

where g is a harmonic function (depending on D).

2.3 Some Principles for Potentials

We will mention also two useful properties satisfied by logarithmic potentials
of positive measures.

Theorem 2.3 (Continuity Principle). Let p be a finite Borel measure on
C with compact support K = supp(u). If zo € K, then

lim V#(z) = lim V*(z).

zZ—20 z—z0, 2z€K

Furthermore,

lim  VH(z) =VH(zo) = lim V*(z) = V¥#(z).

z—2z0, 2z€K z—20

In other words, V#
at this point.

‘ 18 continuous at z = z¢ if and only if V* is continuous
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Proof. See Theorem 3.1.3, p. 54 in [10] or Theorem I1.3.5 in [12]. O

Theorem 2.4 (Maximum Principle). Let p be a finite Borel measure on
C with compact support K & supp(u). Then

VE(z) <M forze K = V#z) <M forzeC.

Proof. See Theorem 3.1.4, p. 55 in [10] or Corollary 11.3.3 in [12]. O

2.4 Recovering a Measure from its Potential

Let D be a domain in C. In (2.2) we have seen that if u is superharmonic
(in particular, if it is a potential of a positive measure), then Au < 0. Using
Green’s theorem we can find a more precise statement, for which we need to
generalize the concept of the laplacian.

Let C3° be the set of functions v : D — R from C*> whose support is a
compact set in D. We have seen in (1.5) that

// vAudzdy = // uwAv dzdy .
D D

This formula is valid under the assumption that v € C2. But if u is a general
superharmonic function, it is still locally integrable ([10, Theorem 2.5.1]), and
we may use the identity above as the definition of the generalized laplacian?®
Au of u; namely, as long as f verifies

// vfdxdyz// uAv dxdy, Vv e (5,
D D

we say that f = Aw. This definition is consistent. Moreover, we have the
following remarkable theorem:

Theorem 2.5. Let i be a finite positive Borel measure on C with compact
support. Then
AVH = =2mp.

Proof. We just need to prove that for any v € C§°,

/V#Avdzdy: 7/27wdu.
C C

/C <[E log 1~ i n du(t)> Av dxdy
_/C (/ClogZ—ﬂAvdxdy) du(t)

2 More formally, the generalized laplacian is the Radon measure Awu on D.

But

/ VEAv dzdy
C
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(for a justification of the use of Fubini’s theorem here, see e.g., [10, p. 74]).
Now, using formula (1.3), we have with u(z) = log |z — ¢,

/ log |z — t| Avdzdy = lim log |z — t| Avdady
(C 1>

=0 J1z—t|>¢
= lim (vau—uav) ds.
e—0 |z—t|=¢ an 3n

Changing the variables to polar, z = t +re?, so that on the circle |z — t| = r
we have ds = |dz| = r and 9/0n = —d/dr, we get

27
, 9 .
/ log |z — t| Avdady = lim / (U(t +re'®) —rlogr —U(t + re’9)>
C e—0 0 87‘

= 2mo(t),

do

r=¢

and the statement follows. 0O

An immediate corollary of this theorem is that V*# is harmonic in C \
supp(u). Then, there exists an analytic (possibly, multivalued) function V in
C \ supp(u) such that ReV = V* in this domain. However, the derivative V'
of V is single-valued, and given by

V'(z):/ ! du(t).

t—2z

By analogy with the standard integrals in complex analysis, this is called the
Cauchy transform of the measure p.

Assume now that the support supp(,u) is a compact analytic curve or arc
in C. If p is absolutely continuous, we may recover y’ using the Sokhotski-
Plemelj formula (1.6):

1
W) = om (VL) ~VL(2)). (25)
Ezample 2.3. By Exercise 4 the logarithmic potential of dv = 5 df on {|z| =
r} satisfies
Vo (z) = log1/r, %f |z| <7,
log1/|z|, if |z| >
(observe that this information is sufficient to obtain that supp(v) C {|z| = r}
using Theorem 2.5). We may define

V() logl/r, if |z| <, N Vi(z) = 0, if |z| <,
logl/z, ifl|z] >r, —1/z, if|z| >7r.

In consequence, with the counter clockwise orientation of the circle,

L Vi(z) =V (2) = 1 = dv(z) = dz

2miz 2miz

/ —_
vi(z) = 21

With the parametrization z = re?, dz = zidf, so that dv = % df, recovering
the normalized Lebesgue measure on {|z| = r}.
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3 Energy and Equilibrium

3.1 Logarithmic Energy

Let us assume that K C C is a compact subset of the complex plane. The
logarithmic energy I(p) of a Borel measure p € M(K) is defined as

dot 1
1) % [ [tog 7 duteyn). (3.1)

By Fubini’s theorem, we can write also

1) = [ Vi) dute). (3:2)

This definition (that again can be extended to signed measures on C) has
the following physical sense: think of p as being a charge distribution on C.
Then V*#(z) represents the potential energy at z due to u, and so the right
hand side in (3.2) is just the (doubled) total energy of f.

Obviously, I(-) is a functional on the space M(K) equipped with the
weak-* topology. Unfortunately it is not continuous; however, it has several
sufficiently nice properties.

Proposition 3.1. If u € M(K) then
—00 < I(p) < +o0.
Proof. 1t follows from the representation (3.2). 0O

Proposition 3.2. The functional I : M(K) — (—o0, +00] is lower semicon-
tinuous. In other words, if a sequence {p,} C M(K) converges to a measure
w € M(K) in a weak-* sense, then

I(p) < lim I () -
For the proof of this proposition we will use the technique of the truncated
logarithmic kernel.
We define the truncated logarithmic kernel as

k(n) (Z) d:Ef log 1/|Z|? if |Z| Z 7, (3 3)
logl/n, if|z| <n. ’

It has the following properties: for n > 0,

(P.1) kM € ¢(C);
(P.2) For z € C,

M (2) <log — (3.4)

1 .
2]’
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(P.3) For z € C,

1
k;(”)(z) /" log W
z

Proof (of Proposition 3.2). Let us use the truncated kernel (3.3) with > 0.
If 1, = p, by (P.1),

asn ] 0. (3.5)

hm//k‘(" (z = t) dpn (2)dun (t) /k")z—tdu( Ydp(t) .

Using property (P.2) we have that

lim // log 7 dia (2} 1) > [[ K0~ ) duerduce).

Since the left hand side does not depend on 7, we may take limits as n | 0. The
statement of the proposition follows from property (P.3) and the monotone
convergence theorem. 0O

Let us denote by M*(K) C M(K) the subset of all positive measures in
M(K) with finite energy. Obviously, any measure concentrated at a single
point (Dirac delta) has an infinite energy, so that M*(K) ¢ M(K). An
immediate consequence of Proposition 3.2 is that M*(K) is closed in the
weak-* topology.

As it was mentioned, formula (3.1) makes sense for signed measures or
charges on C. The following lemma, whose proof is technical, can be found
for instance in [12, Lemma 1.8, p. 29]:

Proposition 3.3. Let u,v € M*(K) be such that u(K) = v(K). Then
I(p—v)=0
and it is zero if and only if p = v.

A positive Borel measure 4 € M(K) is called unit (or probability) measure
on K if u(K) = 1. In what follows we denote by M;(K) C M(K) the set of
unit measures on K, and let M3 (K) = M;(K)NM*(K). Obviously, M;(K)
and Mj(K) are convex subsets of M(K). The next result shows that I is a
convez functional on M3 (K).

Proposition 3.4. If u,v € M5(K), then

Iy —v) = 2I(p) + 21 (v) — 41 (" er ”) : (3.6)

and

I(u—;l/) < I(u);I(V)’ 3.7)
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Proof. Identity (3.6) is proved by direct computation. Furthermore, we may
rewrite it as

1(550) = 51004 510 - FT =)

and (3.7) follows from Proposition 3.3. O

Exercise 5. Is d(p,v) = \/I(p — v) a distance in M3 (K)?

3.2 Extremal Problem, Equilibrium Measure and Capacity
Let us consider the following value:

— inf  I(u). 3.8
P= (1) (3.8)

Obviously p € (—o0, +o0]; if p = +00 we say that K is a polar set. For instance,
K = {0} is a polar set in C. The constant p is called the Robin constant of
K. Furthermore, the (logarithmic) capacity of the set K is defined as

e P, if p < +oo0,

cap(K) = {0 i p— 400

For a non-closed set U C C we may define its capacity as
cap(U) = sup{cap(K) : K C U, K compact}.

This definition is consistent (i.e., does not depend on the compact subsets K
exhausting U).

The capacity will play a role of a fine measure of the sets on the plane.
We will see soon that it is not a measure in the sense of Lebesgue theory, but
it is more natural from the point of view of analytic functions. If a certain
property holds at every point of the set K except in its polar subset (or subset
of capacity zero), we say that this property holds “quasi everywhere” (or g.e.).

How “small” is a set of zero capacity (or a polar set)?

Proposition 3.5. Let p be a Borel measure on C with compact support and
finite energy. Then

E is a Borel polar set = u(E)=0.

In particular, every Borel polar set has (plane) Lebesgue measure zero. In
other words,

quasi everywhere = almost everywhere

with respect to plane Lebesgue measure.
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This theorem shows that in a certain sense the capacity is a “finer” way of
measuring a size of a set than the Borel measures. We will see soon that in
general

quasi everywhere ¢  almost everywhere

Proof. The key fact about Borel measures is that they are regular in the
following sense: for every Borel set F, and for every € > 0, there exist an open
set U and a compact set F' such that F C E C F, and p (F \ U) < €. In other
words, u(F) can be approximated arbitrarily well by measures of compact
subsets from inside, and open sets from outside. Any (finite) Borel measure
is regular (see e.g. [10, Theorem A.2.2]).

In our setting assume that E is a Borel set such that u(E) > 0. To establish
the first assertion it is sufficient to show that E is not polar. Regularity of
w1 implies immediately that we can find a compact subset K C E such that
#(K) > 0. To finish our proof it is sufficient to build a measure living on
K with a finite energy. We achieve it by taking the restriction of u to K,
= u| - Indeed, f is not identically zero, and we can estimate its energy. Let
us denote by d the diameter of supp(u); then we have

1= [ o du(2)du()

|2 =t

d
://KxKlog |z — 1 dp(z)dp(t) — log(d) //KxK dp(z)dpu(t)
- / / log f dp(z)dp(t) — log(d)u(K)?.
Kxi |z =1

Since for z, ¢ € supp(p) we have |z—t| < d, the integrand above is non-negative
on supp(u) X supp(p), and we can continue the identities with an inequality:

1) < [ tor s dn(e)autt) = lox(@yu()°

- //(c loe |Zit| dpu(z)du(t) + log(d)u(C)* — log(d) u(K)?
= I(p) + log(d)u(C)? — log(d)u(K)? < +00.

This proves the first part. In order to establish the assertion for the plane
Lebesgue measure, dA, it is sufficient to prove that for any disk D, = {z €
C: |z| < r} and for dp = dA|D,,, we have I(p) < +o0. This is a consequence
of the following bound:

Exercise 6. Let D, = {2 € C: |z| <r}, >0, and du = dA|D . Then for
z € Dy,
VH(2) < 2nr? — mr?log(r?).

Suggestion: use polar coordinates.

This concludes the proof. O
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Corollary 3.1. A countable union of Borel polar sets is polar. In particular,
every countable subset of C is polar.

Proof. Suppose that £ = U, F,, and cap(E,) = 0. Let u € M(F) be com-
pactly supported. By Proposition 3.5, if I(u) < 400, then u(E,) = 0 for each
n. Using the o-additivity of u, we get that pu(E) = 0. This shows that E is
polar.

The second part is a direct consequence of the fact that {z} is a polar set
for every z € C. O

But not every polar set is countable, as the following example shows.

Ezample 3.1. Let s = (s1,82,...) be a sequence of numbers such that 0 <
sn < 1 for all n € N. We construct a (generalized) Cantor set as follows.
Define C(s1) = [0, 1]\ (a, ), where (a, b) is symmetric with respect to 1/2 and
b — a = s1. Recursively, we obtain C(sy, sa,...,S,) from C(s1,82,...,8,-1)
by removing from the middle of each interval of C(sy,$2,...,5,-1) equal
symmetric intervals, in such a way that

total length of C(s1,s2,...,58,)
total length of C(s1,s2,...,8,-1)

=1-s,. (3.9)

Then {C(s1, $2,...,8,)} is a decreasing sequence of compact subsets of [0, 1],
and we may define

C(s) = ﬂ C(81,82y--,8n) -

n>1

It is known that, independently of the sequence s, this set is compact, perfect
(coincides with the set of its accumulation points), and uncountable. For the
capacity of this set we have the following estimate (see [10, Theorem 5.3.7]):

cap (C(s)) < 5 JJ(1—sa)*".
j=1

NN

Thus, taking for instance s, = 1 — 272", we get cap (C(s)) = 0, as promised.

If K is a non-polar set (cap(K) = 0), it is natural to ask whether “inf”
in (3.8) may be replaced by “min”, and whether the minimizing measure is
unique (for a polar set every measure from M;(K) is minimizing). We will
see that the answer is yes. Remember that in physics any equilibrium state
is related to a minimum of the energy of the system. Following the physical
analogy, we will call the minimizing measure the equilibrium measure of K,
and the corresponding potential, the equilibrium potential. Furthermore, if we
recall that the force in a potential field is given by the difference of potentials,
it is natural to expect that the equilibrium potential will be constant in K.
Again this is almost true, or better to say, true q.e. Let us summarize the
main properties of the equilibrium measure.
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Let K be a non-polar compact set. There exists a unique measure A\g €
M (K), called the equilibrium measure (Robin measure) of K, such that

1
— inf I Elog ——— | = I(\k).
p= it (u)( og Cap(K)) (Ak)

Furthermore, Ak is the unique measure in M7 (K) such that

/V*K(z) d(v —Ag)(2) >0, forallv e M(K). (3.10)
Finally,
V2K (z) > p quasi everywhere on K, (3.11)
and
VAR (2) < p on supp(Ag). (3.12)

Consequently, (3.12) holds everywhere in C, and
V2K (z) = p quasi everywhere on K . (3.13)

The statement, contained in (3.11)—(3.13), is known as Frostman’s theorem.
In what follows, we will reserve the notation of A\i for the equilibrium measure
of the set K.

Let us prove the facts listed above in several steps.

Proof (of the existence). By definition of “inf”, there exists a sequence {p, } C

M (K) such that
1

cap(K)

By weak compactness of the unit ball in M(K), there exist a measure u €

lim I'(p,) = p = log

M (K) and a subsequence p,, such that g, — . By Proposition 3.2,
I(p) < lim I (pn,,) = p,

and by definition of the Robin constant, I(y) = p. O

Proof (of uniqueness). Assume that p and v are two (unit) equilibrium mea-
sures of K, so that

I(w) = I(v) = p.

Then by (3.7), (& + v)/2 is also an equilibrium measure of K. But by (3.6),
I(p — v) = 0. Now it remains to use Proposition 3.3 to get that p =v. O

Proof (of (3.10)). Since K is non-polar, I(Ag) < 400, and A\g € M;(K).
For € € [0,1], u,v € M;(K),

I(ev+ (1 —e)p) — I(n) = 2 / V() d(y = p)(2) + 21 — 1), (3.14)
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which can be checked by a direct computation. Taking u = Ax we have the
inequality I(ev + (1 —e)u) — I(p) > 0, valid for € | 0, and (3.10) follows. On
the other hand, taking ¢ = 1 in (3.14) we get

I0) =100 =2 [ V@) dl =) + 10 - ) 2 2 [ VA d - w(e).

where we have used Proposition 3.3. Hence, (3.10) implies that I(v)—1I(p) > 0,
so that by uniqueness, p = Ag. O

Proof (of Frostman’s theorem). Assume that (3.11) is not true, so that there
exists a subset e C K such that cap(e) > 0 and

VA (2)<p, z€e.

Since cap(e) > 0, by the definition of capacity, there exists a positive Borel
measure v € Mj(e) C Mj(K). Integrating the inequality above with respect
to v, we get

/ VA (2) du(z) < p = / VA () dk(z) / VAR (2) d(v—Are)(2) < 0,

which contradicts (3.10).

In order to prove (3.12) we need to use the fact that a potential is lower
semi-continuous, according to which the set {V*5(2) > p} is relatively open.
Hence, if we assume that e = {VA% (2) > p} Nsupp(Ax) # 0, then Mg (e) > 0.
But then, taking into account (3.10), we have

I0) = / VAR (2) dAg (2)

= /V)‘K(z) dA k(%) +/ VAR (2) dAg (2) > p,
e supp(Ax)\e

which contradicts the definition of Ax. Hence, V5 (z) < p on supp(\x).
Finally, the validity of this inequality in C follows from the maximum principle
for potentials, Theorem 2.4. 0O

Remark 3.1. In a certain sense, (3.11)—(3.13) are just Euler-Lagrange equa-
tions corresponding to the minimization of the functional I(-).

Proposition 3.6. Let v € M1(C) have a compact support, and K be a com-
pact subset of C. Then

in}f( VY(z) <I(Ak).

zE

Furthermore, if v € M1(K), then also

sup V"(z) > I(Ak).
zeK
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def

Proof. In what follows, we denote by C = C U {oo} the extended complex
plane. The first inequality is a consequence of the minimum principle for
superharmonic functions. Indeed, V¥ — V% is superharmonic in C \ K, and

(VY = VA5 (2) > V¥(2) — I(Ag) on K .

Hence, if V¥(z) > I(p) on K, then according to the minimum principle (The-
orem 2.1), (V¥ —V*%)(2) > 0 should hold in C\ K. But this is a contradiction
with the fact that (V¥ — VAx)(00) = 0.

The second inequality is a direct consequence of (3.10). O

Remark 3.2. We see that for v € M (K),

inf V¥(2) < I(Ag) < sup V¥(z),
z€EK 2€K

i.e., in general, the potential “oscillates” around the Robin constant.

Let us give two more properties of the equilibrium measure, whose proof
is beyond the framework of this mini-course.

Proposition 3.7 (Characterization of \x). Properties (3.11) and (3.13)
uniquely characterize the equilibrium measure A\ in the following sense: if
o € M{(K) and V7 coincides with a constant ¢ quasi-everywhere on supp(o)
and is > ¢ quasi-everywhere on K, then 0 = Ak and ¢ = p.

The proof uses another important property of the logarithmic potential, called
principle of domination, and can be found in [12, Section 1.3].

Ezample 3.2. In Exercise 4 we have found that for r > 0, the potential of the
unit Lebesgue measure supported on the circle {z € C : |z| = r} is constant
on the whole closed disk {z € C: |z| < r}. By the previous proposition, this
means that we are dealing with the equilibrium measure of the closed disk
{z € C: |z| < r}. By the way, it is also the equilibrium measure of the circle
{z€eC: |z| =71}

Observe that in the previous example the extremal measure is concentrated
on the boundary of the disk, something that is in accordance with our intuition
of the electrostatic equilibrium. This is not fortuitous. In order to describe the
support of Ax in a general situation we need the following definition.

Definition 3.1. Let K be a connected and non-polar compact set, and let
2 be the outer domain, that is, the connected component of its complement
containing oo. Then Pc(K) = C\ s is the polynomial convex hull® of K.
The boundary OPc(K) = 082+ of the polynomial convex hull of K is a subset
of 0K, and is called the outer boundary of K.

3 In other words, Pc(K) is the union of K and its “holes”.
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Proposition 3.8 (Support of \g). The equilibrium measure Ak is sup-
ported on the outer boundary 0 Pc(K) of K. In particular,

Ak = Naa., and cap(K) = cap (002) -

Proof. A proof can be found in [12, p. 52]. O

3.3 Link with Conformal Mapping and Green Function

Given a compact set K with cap(K) > 0, the Green function of K with pole
at infinity is the unique function gk (z;00) defined in the outer domain 2.,
with the following properties*:

a) gk is nonnegative and harmonic in 2,
b) gi(z,00) — log|z| is harmonic in a neighborhood of z = oo, and
¢) lim QgK(z, o0) = 0 for q.e. zp € 200

z—2z0, 2€

One can extend gy to the whole C by stipulation

9x (2,00 lim  gg(t,00), if z € OPc(K).

t—z,teN

) def {07 if z € interior of Pc(K),

Then gk (-, 00) becomes a non-negative subharmonic function (see for instance
[12, Section II.4] for more details).

There is a tight connection between the Green function and the equilibrium
potential. Indeed, let us consider

VA% (2) + g (2,00)

defined in the whole plane C. This function is harmonic in C\ K, and taking
into account that Ax is a unit measure, by Theorem 2.2, it is harmonic also in
a neighborhood of z = co. Moreover, V¥ (2)+gx (z,00) = log(1/ cap(K)) q.e.
on K. Hence, we may apply the (generalized) minimum principle for harmonic
functions to obtain the following important relations:

1
Ax _
VA (2) + gk (2,00) = log @)’ °€ C. (3.15)

In particular,

lim (g(z,00) — log|z|) = log (3.16)

200 cap(K) -

Exercise 7. Prove that formula (3.16) follows from (3.15). ‘

4 In the literature, this function is sometimes called the Green function of 2., and
denoted by gn. (z,00). The Green’s function is a fundamental solution of the
Laplace operator, but this is another story.
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Corollary 3.2 (Monotonicity of the Capacity). If K1 C Ky are of posi-
tive capacity, then cap(K7) < cap(Ks).
Proof. Consider

U(Z) = 9K, (Za OO) — 9K, (Z7 OO) :
It is a harmonic and non-negative function in C \ Ky (why?), and by the
maximum principle, v(co) > 0. Using (3.16), the statement follows. O

Hence, if we know how to compute the Green function, we have a way to
find the capacity. In turn, the Green function can be obtained from the Rie-
mann conformal mapping. Remember that since Pc(K) is simply connected,
according to the Riemann theorem, there exists a conformal mapping @ of
2 onto the exterior of the unit disc |w| > 1 such that in a neighborhood of
infinity,

wz@(z):clz+co+c_71+..., ¢ >0. (3.17)

Then it is immediate to check that

(2,00) = log |2(2)|, 2 € 2,
IKLZ B 0, otherwise.

In particular, in the representation (3.17) above,

1
cap(K)

’Exercise 8. Prove that if K = {z € C: |z| = r}, then cap(K) =r.

Remark 3.3. Combining Proposition 3.8 and Corollary 3.2 we can show that
the capacity lacks the main property of a measure: additivity. Indeed, if we
take D = {|z| < 1}, then

cap(D) = sup{cap({|z| <r}): r <1} =1,

so that if C' = {|z| = 1}, then CND = ), but cap(D) = cap(C) = cap(CUD) =
1.

Ezample 3.3. Let K = [—1,1]. It is well known that

D(z)=z+V22-1

(the inverse of the Zhoukowski function), where the branch of the square root
in C\ [-1,1] is fixed by the condition vz? — 1 > 0 for z > 1. In particular,

P(z) =224+ 0(1), z— oo,

and by (3.16),
1 length of [-1,1]

cap(—L,1) = 5 :
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Exercise 9. Prove, using the idea above, that

b—a

cap(fa.b) =

From (3.15) it follows that for the interval K = [—1,1],

21
VK (2) = —gk(z,00) + log2 = —log %

VZZ—1
—Re <logz+;> , z2¢ K.

Let us try to compute the equilibrium measure of the interval K = [—1,1]
using the connection with the Cauchy type integrals. Using the notation of
(2.5), we have

2-1 1

V(z) = —logﬁfz = V)=-———.
As expected, V' is holomorphic in C \ K; observe also that since VA& ~
—log |z| as z — 0o, we have that

V'(z)wfl, z — 00, & Vz22—1>0forz>1, (3.18)

which selects the branch of V' in C\ K.

Assume that Ag is absolutely continuous with respect to the Lebesgue
measure, and denote by v(z) = N (z). Then, with the standard orientation
of the interval, by (2.5),

v(@) = == (Vi (2) =V (2))

2mi

1 ( 1 1 )
2mi \ Vo2 -1 Va2 -1
1 1

_E +\/$2—1 .

In order to find out what are the boundary values on the upper side of the
interval we use (3.18) and obtain on (—1,1),

11 L
+\/2132—1 +\/.I‘—1 +\/$+1

—i ]R+7

and finally,
1
V1—2a2?

1
v(w):; >0, ze€(-1,1).
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There are explicit formulas for the capacity of many “standard” sets, as
well as some bounds in terms of a measure (Lebesgue or other) of the set. An
interested reader is referred to [10, Chapter 5].

Let us finally make an observation that will be used later. Obviously,
capacity is invariant by translation of K (why?). Furthermore, if K — ¢ K,
¢ > 0, is a homotopy, then an analogous transformation, u(z) — cu(z/c),
builds the equilibrium measure of ¢ K, which allows to find cap(c K). In fact,
let us prove that the capacity of a set (but, obviously, not its measure) can be
computed relatively simply after a polynomial transformation of the plane.
This result will be used later, in Section 4.2.

Theorem 3.1. Let K be a compact set, and let

d
q(z) = Zajzj, with ag #0. (3.19)
j=0
Then 1d
cap(q4 (1)) = (PO ) (3.20)

Here we use the standard notation of ¢~!(K) for the pre-image of K by g,
that is, ¢~ '(K) = {z € C: ¢(z) € K}.

Proof. Denote K % ¢=(K). Let 2o be the outer domain for K, and 2.
the outer domain for K. It is not difficult to check that ¢(2s) = 2o and
q(892) = 8924. The key fact of the proof is the following formula relating
the Green’s functions of K and K:

9K (q(2),00) = d g (2, 00). (3.21)

Exercise 10. Prove this formula, using the uniqueness of the Green function
(or equivalently, the maximum principle for harmonic functions).

We can use this in order to relate the capacities; indeed, by (3.21),
9x (q(z),00) — dlog |z| = d(g(z,00) —log |z]).
We may rewrite the left hand side as

(9x (a(2), 00) — logq(2)]) + log |q(z) /2.

Taking limits on both sides as z — oo, and using that ¢(z) — oo also, by
(3.16) we get the identity

1 1
log ——— + log |agq| = dlog =
cap(K) lad cap(K)

and (3.20) follows. O
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Exercise 11. If 0 < a < b and K = [-b, —a] U [a, b], prove that cap(K) =

Vb2 — a2 /2. (Suggestion: use g(z) = 2%).

Exercise 12. Show that for ¢(z) = 22 — 2, ¢([-2,2]) = [~2,2]. Give an
alternative proof of the fact that cap([—2,2]) = 1.

Exercise 13. Find the logarithmic capacity of a lemniscate {z € C :
lg(z)| =}, >0, for g given in (3.19).

3.4 Equilibrium in an External Field

The classical theory of equilibrium exposed so far has several generalizations,
motivated by a growing number of applications of the potential theory tech-
niques in mathematics. We will mention only one of them, as an illustration.

We have seen that the extremal measure A\, defined in Section 3.2, models
to a certain extent the equilibrium state of a unit positive charge on a con-
ductor K. A natural question is how all this changes if in addition there is an
external electrostatic field present. Beside of “pure” interest, these problems
found (starting from the mid 80’s of the 20th century) many applications in
approximation theory.

Let us describe briefly the mathematical model corresponding to the exis-
tence of an external field. We restrict our attention to the case of a bounded
set K. The best reference for this part is [12].

Definition 3.2. A weight function w on K is admissible if it is upper semi-
def

continuous on K and the set Ko = {z € K : w(z) > 0} has positive capacity’.
The corresponding external field @ is defined by

w(z) £ exp(—=Q(2)) .
For a Borel measure u € M(K) we define the weighted energy I, (u) by

Ly(p) = 1(p) +2/Qdu,

where I(w) is the (standard) energy of p.

The equilibrium measure in the external field is obtained again by mini-
mizing the energy functional I,,(+) in the class of probability measures M (K)
supported on K. Let us summarize the main properties of the resulting mea-
sure (cf. Section 3.2):

Theorem 3.2. (see [12, Section 1.1]). Let w be an admissible weight on a

compact set K, and let
def .
Tw = Inf  L,(n).
pEM;(K) (M)

Then the following properties hold:

5 In particular, cap(K) > 0.
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a) Ty is finite.
b) There exists a unique measure A\ , € M;(K) such that

I’w()\K,w) = Tw -

¢) The support Sk = supp(Ak,w) is compact, contained in Ko (defined
above) and cap(Sk ) > 0.
d) Setting

the inequality
VAR (2) + Q(2) = pu

holds quasi everywhere on K, and the inequality
VAR (2) + Q(2) < pu
holds for all z € Sk .

The constant p,, is called the modified Robin constant of K in the external
field w.

The result (and the proof) is very similar to what we have seen for Q) =
0. The main feature here is the fact that the support Sk . is not known
in advance, and due to the external field @, is not necessarily in the outer
boundary of K anymore. This is, in a certain sense, a problem with free
boundaries, widely studied for PDE’s, and it is known to be difficult.

In consequence, the support Sk, is usually the key for the determina-
tion of the equilibrium measure Ag ,, and other constants. There are several
techniques that allow us to locate the support; perhaps the better known is
the F-functional introduced by Mhaskar and Saff in [7]. It is one of the most
powerful tools to find the polynomial convex hull Pc(Sk ) of the support
(cf., Definition 3.1).

Definition 3.3. Let K be a compact set, cap(K) > 0. The F-functional is
defined on K as follows: for every compact subset U C K of positive capacity,

F(U) Zogeap(U) - [ Qo

where \y is the (Robin) equilibrium measure of U.

Since cap(U) = cap(Pc(U)) and supp(Ay) C Pc(U), we have that F(U) =
F(Pc(U)).

Theorem 3.3. (see Theorem IV.1.5 in [12]). Let w be an admissible weight
on a compact set K. Then the following hold.

a) For every compact subset U C K of positive capacity, F(U) < F(Skw)-
b) F(Sk.w) = F(Pc(Sk,w)) = —pw, where p,, is the modified Robin constant.
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¢) Pc(Sk,w) is the smallest polynomially convexr set mazimizing the F-
functional.

In particular, if K has an empty interior and connected complement (e.g.
K C R), then Sk 4, is the smallest compact set of positive capacity maximizing
the F-functional. In many applications a simple convexity argument shows
that Sk . is convex; hence, if K C R, we have that Sk ,, = [a, ] and the end
points a, b are the main parameters of the problems.

Proof (Scheme of the proof of Theorem 3.3). Let U C K be of positive capac-
ity. Then by d) in Theorem 3.2,

VAR (2) > ~Q(2) + pu

holds q.e. on U. Since A\y € M*(K), by Proposition 3.5, page 90, this in-
equality holds also Ay-almost everywhere. Integrating it with respect to Ay
we get

// IOgriﬂ dA g (E)dAy (2) > —/QdAU(z) + pw -

Changing the order of integration and recalling that V*v < log(1/cap(U))
(cf. (3.12)), we get

1 1
mm - /k,gmm[(,w(t) > —/QdAU(z) + Pw

so that

Furthermore, if U = Sk 4,, we can replace the inequalities above by “=", and
b) follows. Finally, if for some U, F(U) = —p,, then by the arguments above
we must have

VAU (2) = log(1/ cap(U)) Ak .-almost everywhere,
which will imply that Pc(Sk ) = Pc(U). O

Let us show with one example how Theorem 3.3 can be used to determine
the extremal support in some cases.

Assume that K = [—1, 1] and w is an admissible weight on K such that Q
is convex on (—1,1).

Exercise 14. Prove that for every positive measure p € M(K), with
K =[-1,1], the potential V# is strictly convex in K \ supp(u).

With this result in hand, we can reason as follows: by assumption, V< 4+ Q
is a strictly convex function in K \ Sk . Assume that there are two points
P1,D2 € Sk w, —1 < p1 < p2 < 1, such that between them there is no further
point of Sk ,,. Since VArw 4 Q is strictly convex in (py,p2), and at p;, pe the
inequality
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VAR (2) + Q(2) < pu
holds, we get that on (p1,p2) we have

VA (2) + Q(2) < pu,

which contradicts the inequality on K. Thus, Sk ., must be an interval, say
Sk.w = [a,b]. Now the determination of the extremal support becomes a
simple maximization problem of a function on K x K:

F(Ska) = Flla,b]) = max F(la. ).

Since
1

1
T V(B -z)(r—a)

cap((o B) = 2% i g () =

)

we obtain that

F(lo B]) = log (ﬂ;“) -2 /j \/%dx.

Exercise 15. Prove that if in the situation above, —1 < a < b < 1, then
the end points of the support Sk, satisfy the following integral equations:

B _
l/ Q' () :Z Cdr =1,
N -z

m
1 B8 _

f/ Q'(z) b Tde = 1.
T Ja rT—a

Remember finally that formulas (3.15) and (3.16) turned out to be very
useful for the computation of the equilibrium measure and equilibrium po-
tential without external field. In order to find an analogue of these relations
we must recall the definition of the Dirichlet problem. In a simplified form
(and suited for our needs) it is like follows: assume we have a compact set
K on a complex plane, cap(K) > 0, and let f be Ls.c. function defined on
OPc(K) = 0f2+. We need to find a function u, harmonic in {2, and such
that

lim  u(z) = f(t), fortqe. in 0. (3.22)

z—t, 2€0

A solution to this problem is given by the so-called Perron function

Hg(f;2) = inf {v superharmonic in 2. : lm  v(z) > f(¢),t € 3900} .

z—t, 2€0

In many cases it is important to know when we can drop “quasi-everywhere”
in the formulation (3.22). An important tool for that is the extended Green
function, introduced in Section 3.3:
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wr [0 if z € interior of Pc(K),
9K(:%) =0 T gi(t,00), if 2 € AP(K) = 90u.

t—z,te?
Definition 3.4. A pointt € 02 is called regular (with respect to the Dirich-

let problem) if the extended Green function g (z,00), defined above, is con-
tinuous at z =t. A compact K is called regular if every t € 0§24 is reqular.

Alternatively, we can say that ¢ € 082, is regular if g (t,00) = 0.
Characterizations of the regular points of a compact is a very important
topic in potential theory (see e.g. [10, Section 4.2]). For our purpose it will be
sufficient to keep in mind that if 92 is a Jordan curve, K is regular.
The following result can be found, for instance, in [10, Section 4.1]:

Proposition 3.9. If K is a regular compact, then for every function f con-
tinuous on 02, there exists a unique solution w of the Dirichlet problem; it
is given by u = Hg (f;-) and satisfies

lim  u(z) = f(t), Vteo.

z2—t, 2€050

It is well known that if K is the unit circle, the solution to the Dirichlet
problem can be given in terms of the Poisson integral,

1 [ ze? +1 i0

For a general K we can use the Riemann mapping ®(z) of {2, onto |w| > 1,
taking into account that the Dirichlet problem is invariant under the conformal

mapping:
Hg(f;2) = Hor)(Po f;9(2)) .

Ezample 3.4. Let K =[-1,b] CR, ¢ > b. Then

B(z) = 22’+1—b+2\/(z—|—1)(z—b)’ (3.23)

b+1

with /(2 + 1)(z — b) > 0 for > b. Let f(z) =log(c—x) =log|c—2z|, x € K.
Then

Hy(f;2) =log|z — ¢| — log — gk (z,00) . (3.24)

Exercise 16. Prove that function Hg(f;z) defined in (3.24) solves the
Dirichlet problem stated above.

Now we are ready to obtain an analogue of formulas (3.15) and (3.16) for
the equilibrium potential with an external field:
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Theorem 3.4. Let cap(K) > 0 and w be an admissible weight. Then
VMO (2) + Hsye o, (Q52) + 9550, (2,00) = pu, 2 € s (3.25)
The proof is analogous to that of formula (3.15).

Finally, let us consider the following example:

Ezample 3.5. Assume that there is an external field acting on K = [—1,1],
created by a unit positive charge at ¢ > 1. We want to find the corresponding
equilibrium measure.

In our notation,

Qx) = V‘sc(z) =—loglc—z|, w(x)=lc—x|.

Observe that @ is convex, so that Sk ,, is an interval. Physical intuition tells

us that —1 € Sk, s0 that Sk, = [—1,0], —1 < b < 1. The F-functional now
has the form
b+1 1 [P 1 1
F([-1,b]) = logL - 7/ log dx .
4 TJo =z \/(z+1)(b-2)

But equation
d 1 IR Y PO
— F([-1,0)=——(1-— d
db ([=1.5) b+1< 71'/,10—30 b—x x)
1 c+1
= — 2— =
b+1< c—b) 0

has a unique solution in (—1,1),

3c—1
bO = 4 )
as long as 1 < ¢ < 5/3; hence, Sk, = [—1,b], with b = min{bg, 1} . In other
words,
-1,1 ifc>5/3
SK,w: [ ? ]7 1 ¢z / I (326)
[-1,b0], fl<ec<b/3.

Once we have found the support of Ak ,,, we can find its potential using
formulas (3.24)—(3.25): for z ¢ [—1,1],

VAR (2) = —Hg (Q;52) = gxc(2,00) + pu
&(z) — P(c)

:10g|Z—C‘—lOg W

’_QQK(ZvoO)+pw7

with @ given in (3.23). Taking into account that gx (z,00) = log |®(z)|, we see
that
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VARw(2) = Re (log(z —¢) —log <<15(z)<150)—1> -2 log(@(z))> + const .
Hence, we may take
=1 —c)—1 — | —2log(®
V(o) = tog(s — ) — o () — o)
and use formula (2.5):

Kaw(2) = 2% (Vi(z) =V (2)) .

Exercise 17. Complete the computation and prove that the equilibrium
measure Ag ., for K = [—1,1] and w(t) = |c —¢], ¢ > 1, is

11 l 21

r—cC

], ze(-1,1), 5/3<c,

, ze(-1,b), 1<c<5/3,

where b = (3¢ — 1) /4.

Exercise 18. Assume now that w(t) = |c — ¢| with ¢ € (—1,1); analyze for
which values of ¢ the support of A ., is still connected (an interval).

3.5 Other Equilibrium Problems. Equilibrium with Constraints

Let us try to summarize what we have seen so far, from a point of view of the
electrostatics.

e A positive charge on a plane conductor K (assuming that the interaction
is inversely proportional to the distance) reaches an equilibrium, modelled
by the equilibrium measure \g, characterized by the minimum energy p
in this class. Furthermore, on the conductor the charge is free to move, so
necessarily the potential (whose gradient is the force) is constant at least
where the charge “lives” (support).

e If an external field ) acts on the conductor K, the situation changes,
the equilibrium is modelled by the equilibrium measure Ag ,,. K being a
conductor, the charge is still free to move, hence the potential plus the
external field (whose gradient is again the force) is constant where the
charge “lives” (support).

It is not too difficult to imagine further generalizations of these models:
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e We have a set of conductors K; (“plates”), cach equipped with a corre-
sponding positive (or even signed) charge. The potential on a certain K
now receives the contribution from the charge on the plate (which is free
to move within the conductor) plus the action of the remaining charges
(bounded to their corresponding plates). The equilibrium now (which by
physical considerations must exist) is modelled by the vector equilibrium,
introduced by Gonchar and Rakhmanov in [5]. It is applied in the analy-
sis of so-called Hermite-Padé approximants, which are a valuable tool in
analytic number theory (see e.g. [8]).

e In each of the situations described above the interaction between charges
may obey a different law. From the analytic point of view it would mean
that we must use a different (not necessarily logarithmic) kernel in the de-
finition of the potential (2.3). For instance, we may use the Green function
as a kernel, which leads to the Green potential, connected with the vector
equilibrium and applied in rational approximation. If the interaction de-
cays with the square of the distance, we get the Coulomb or gravitational
potential, etcetera.

Finally, we may consider the case when K is not totally conducting. Indeed,
if the conductivity of K is limited from above by a given charge distribution
o then in order to find the equilibrium we must minimize the total energy in
the class of unit measures p satisfying an additional constraint: ¢ < o, in any
reasonable sense (for instance, that o — p is a positive measure on K). This is
the equilibrium with constraints, studied for instance in [4]. We may guess now
that there are qualitatively new features in this situation. For instance, where
the constraint is not saturated (o — pu > 0), everything should resemble the
unconstrained case; in particular, the potential (plus eventually the external
field) are constant on the support of the equilibrium measure. However, when
the constraint is saturated (o = p), we might have less measure than necessary
to level the potential to its equilibrium constant.

In order to be more specific, we say that, given an admissible weight w
on K (in a sense of Definition 3.2), a measure o € M*(K) is an admissible
constraint if supp(0) = K and o(Kp) > 1, where Ky = {z € K : w(z) > 0}.

Next we define the class of measures

M (K) = {pe My(K): 0<p<a},
where by @ < 0 we mean that o — p is a positive Borel measure. The analogue
of the Robin’s constant for this problem is given by
def

0= inf I,(un).
v et (1)

As before, we can prove that there ezists a unique measure A% ,, such that
7o = Lu(A% ,,); it is called a o- constrained extremal measure for the weight
w. Furthermore, there exists a constant pJ, such that
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V¥ (2) + Q(2) 2 5, olds (07— A%,)- aue,
VAw(z) 4+ Q(z) < pg  holds for all supp( Tow) -
In other words, K splits into two regions:

e Non-saturated regions, where A%, < o. Here the measure behaves like an
.
unconstrained equilibrium measure, and in particular,

. =p% q.e. on supp(A% ),
VAK,w —+ N

e Saturated regions, subsets of supp()\}‘(’w) where A%, = 0. Here we have
not enough measure to level up the potential and we expect

Ve (2) + Q(2) < 45

Notice that if o > )\?(yw, then the extremal measure will not depend on the
constraint and will coincide with Ak ,,. In this sense, the constrained energy
problem generalizes the weighted energy problem.

4 Two Applications

4.1 Analytic Properties of Polynomials

Let us start with a very classical lemma about the growth of a polynomial
of a given degree. It is a mere illustration of the power of the properties of
superharmonic functions.

Lemma 4.1 (Bernstein-Walsh). Let K be a compact in C, and p,, a poly-
nomial of degree n € N. If
pn 5 = max [pn(2)] < M,
then
[pn(2)] < M 95 (:50), zeC.

Taking into account (3.15), we can rewrite the last inequality as

M vk
(cap(K))"

Proof. 1t is a direct consequence of the minimum principle for superharmonic
functions, Theorem 2.1. Indeed, by Exercise 3 we know that —log |p,| is su-
perharmonic in C. Let us consider

Pa(2)] <

v(2) = —log |pn(2)| + n gk (z,00) (4.1)
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in the outer domain {2,. It is superharmonic in {2, and harmonic in a neigh-
borhood of z = co. Furthermore, it satisfies

lim o(t) > —logM.
t—z,t€NR

By Theorem 2.1, v(z) > —log M in z € 2. The rest follows from the maxi-
mum principle for holomorphic functions. 0O

Corollary 4.1. If P,(z) = 2" +... is a monic polynomial of degree n and K
s a mon-polar compact set, then

1Pl = (cap(K))"

Proof. Let us again use the function v defined in (4.1). With the assumptions
of the corollary, v is harmonic in a neighborhood of z = oo, and by (3.16),
v(00) = —nlogcap(K). By the minimum principle,

min v(z) < nlog

2€0000 cap(K)’
which concludes the proof. 0O

In relation with this corollary, it is natural to study the monic polynomi-
als that achieve the least possible norm. This is a natural generalization of
the Chebyshev polynomials. Assume that cap(K) > 0. The nth Chebyshev

polynomial T,, is the monic polynomial T},(z) = 2™ + ... such that
T, = inf P, . 4.2
Tallc =, int [Pl (42)

What are the features of the zero distribution of the Chebyshev polyno-
mials? We can guess that the answer will be given in terms of the equilibrium
measure. Indeed, using the normalized zero counting measures of 7,, and P,
u and v respectively, we can rewrite the defining property (4.2) as

min V#(z) > min V¥ (z).

z€K zeK
In other words, the minimum of the potential is maximized in the class of
measures. This reminds us of the property of the equilibrium measure Ag
given in Proposition 3.6. All these arguments can be made rigorous:

Theorem 4.1. Let K be a non-polar compact set with empty interior. Denote
by v, the normalized zero counting measure of the Chebyshev polynomial T, .
Then

*
Up — AK a8 T — 00.
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See the proof in [12, Section III.4].

In many applications it is important to consider sequences of weighted

polynomials, of the form
pa(2)w"(2),

where w is an admissible weight on a compact K in the sense of the pre-
vious chapter. The supremum norm behavior of these weighted polynomials
is roughly as follows: the supremum norm “lives” on a subset of K that is
independent of n and p,, and the behavior outside this subset is typically
exponentially small. More precisely, we have the following generalization of
the Bernstein-Walsh lemma:

Theorem 4.2. Let w : K — [0,400) be an admissible weight. If p, is a
polynomial of degree n and

[w" (2)pn(2)| < M for 2 € Sk - (4.3)

Then
|pn(2)| < Mexp (n(—V’\K’“’ (2) + pw)) forzeC. (4.4)

Furthermore, the inequality in (4.3) holds on K.

Exercise 19. Prove the theorem above. Use the proof of the Bernstein-
Walsh lemma as an inspiration.

Observe that from (4.4) it follows that
" (2)pn(2)| < Mexp (n(=V*(2) = Q(2) + pu))  for z € K.
Remember that by part d) of Theorem 3.2 we have that the inequality
VAR (2) + Q(2) 2 pu
holds quasi everywhere on K, and hence
[w"(2)pn(2)| <M qe. on K.

In other words, if we neglect the (possible) polar set where this is not true, the
(essential) norm is reached on the set Sk ,,. We can make it formal defining
the essential norm as

I £ll% = inf{L >0: |f(z)] <L qe. on K}.
Then a direct consequence of the previous theorem is the following fact:
deg(pn) <n = |lw"pnlk = [[w"pnls,.,,

which can be phrased as “the essential norm of the weighted polynomial lives
on the support Sk ..
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Exercise 20. What is the lower bound for infp, (;)—.ny. . [[w" Py||x? Can
you guess what is the limit zero distribution of the monic polynomials 7;, of
the minimum weighted norm on K (weighted Chebyshev polynomials)?

Ezample 4.1. Assume that K = [—1,1] and we want to study the asymptotic
behavior of the sequence of monic polynomials P, of degree 2n, with half
(n) of the zeros fixed at z = 1, and providing a minimal uniform norm on K
within its class. This is a generalization of Chebyshev polynomials, known also
as incomplete polynomials. It can be written as a weighted extremal problem:
writing P,,(2) = (2 — 1)"pn(2), pn(2) = 2" + ..., we need to find
pn(z)lilfn+... Iz =" pn (@)1

If we recall now the results obtained in the Example 3.5, we can say several
things about the analytic properties of these polynomials. For instance, from
(3.26) with ¢ = 1 it follows that always

1z = 1)"pu(2) =10 = (2 = D"Pul2)ll(-1,1/2) -

Let me finally mention very briefly the role of the equilibrium in the as-
ymptotics of orthogonal polynomials. Remember that the link between both
theories is given by formula (2.4): for p(z) = (z — a1)(z — a2) ... (2 — ay),

VY (2) = —log|p(2)], v(p) = Z dq, = zero counting measure of p.
k=1

Now we can establish the following “Ansatz”:

e Orthogonality of a monic polynomial P,, with respect to a weight w on K
= extremality of the L? norm of P, = asymptotic extremality of the L>°
norm of P, (under certain conditions on w) = max-min property of |P,|
= max-min property of V*(F») = v(P,) ~ Ag.

e Orthogonality of a monic polynomial P, with respect to a varying weight
w™ on K = extremality of the weighted L? norm of P, = asymptotic
extremality of the weighted L° norm of P, (under certain conditions on
the measure) = max-min property of |w™P,| = max-min property of
VY 4 Q = v(Py) ~ Ak -

e Orthogonality of a monic polynomial P,, with respect to a discrete varying
“weight” w"(z)du(z) on K = extremality of the weighted L? norm of P,
= asymptotic extremality of the weighted L*> norm of P,, (under certain
conditions on the measure).

But attention! We have an additional restriction: between two consecutive
mass points of the orthogonality measure we can find at most one zero of
P,.

So, our problem = max-min property of |w"P,| assuming v(P,) <
w™(x)dp = max-min property of V¥(») + Q assuming v(P,) < w™(x)du
= v(P,) ~ A, if w"(z)dp ~ 0.
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Almost all these “guesses” can be converted into rigorous theorems. Many
of these results have been obtained in the eighties. However, very recently the
equilibrium potential started to play a fundamental role also for the pointwise
or “strong” asymptotics of orthogonal polynomials, obtained in the framework
of the matrix Riemann-Hilbert approach to their analysis; for instance, it is
used in the construction of the so-called g-functions.

It was Rakhmanov in his pioneering work [9] who realized that the equi-
librium with constraints is decisive in the study of the polynomials of discrete
orthogonality, used for instance in numerical analysis (see e.g., [2] or [1]). A
more detailed discussion of this topic will be carried out in the lecture notes
of Beckermann [3] in this volume.

4.2 Complex Dynamics

Let ¢q(z) = Z?:o ajz7 be a polynomial of degree d. We are interested in the

dynamics of ¢, namely the behavior of the iterates ¢°" < gogo---oq as
n — oo.

Definition 4.1. The attracting basin of oo of q is the set
0 E{2eCT: ¢°(2) — 00 as n — oo}

(where C is the extended complex plane).

Ezample 4.2. For q(z) = z, we have 2, = {z € C: |z| > 1}.

To consider the non-trivial cases, we assume d > 2. Then it is easy to
see that there exists an R > 0 such that |¢(z)| > 2|z| for |z| > R. Put
Up={z€C: |z| > R}. If z € Uy, then |q(2)| > 2|z| > R, so that ¢(z) € Uy,
which means that z € ¢~}(Up). In other words, Uy C ¢~ 1(Up). For n € N,
define

U, = q_l(Unfl) .

Lemma 4.2. With the definition above,
UhcUiC---CU,, (4.5)
and
20 = JUn. (4.6)
Proof. (4.5) is verified by direct computation. For (4.6) the main observation
is that z € 2 if and only if ¢°"(z) € Up for a certain n € N. O

Corollary 4.2. 2., is a connected open set that is completely invariant:
qil(Qoo) = Qoo
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Definition 4.2. The Julia set of q is
J = 00.

In other words, (2., is the outer domain of the Julia set, explaining the reason
for keeping the notation. The set C\ {2 is sometimes called the “filled-in”
Julia set.

The Julia set J can also be defined (informally) as the set of points for
which nearby points do not exhibit similar behavior under repeated iterations
of g. It is a compact subset of the plane, being also completely invariant:
q~Y(J) = J. The Julia set plays a fundamental role in the dynamics of gq.

’Exercise 21. Prove that J is completely invariant.

Let us consider some examples for the classical situation, studied by G. Julia

himself, ¢(z) = 22 — ¢

e Ifc=0, then ¢°"(z) = 22", and so
No=A{z:|2|>1} and J={z:|z]=1}.

e If ¢ = 2, then it is possible to show that ¢°™(w + 1/w) = w?" + 1/w?",
from which it follows that

20 =C\[-2,2] and J=[-2,2]

(cf. Exercise 12).

o Ifc=0.12—0.74i or ¢ = 0.7640.244, the Julia sets are the boundary of the
black regions in Figure 1. The set J on the right is totally disconnected;
Julia sets with this property are referred to as Fatou dust.

As we can appreciate from the last example, in general Julia sets have a
very complicated structure, a fact that explains their popularity (and beauty).
Although there are several approaches in studying these sets, let us explore
briefly the connection with potential theory.

The first result is that a Julia set has always positive capacity. In fact, its
capacity is surprisingly simple to compute; however, little is known about its
area (plane Lebesgue) measure.

Theorem 4.3. If q(z) = Z?:o ajzd, with d > 2 and aq # 0, then for its Julia

set,
1
Cap(J) = W .

Proof. Let us start with the following technical trick. If m(z) = az 4+ [ is a
polynomial of degree 1, let us call the conjugate polynomial of ¢ the following
polynomial,

~ -1
g=mogqom™ ",
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Fig. 1. Julia sets for ¢ = 0.12 — 0.744 (left) and ¢ = 0.76 + 0.244 (right)

which is again a polynomial of degree d. It is easy to see that ¢°" = mo¢°" o
m~", so that both ¢ and ¢q have essentially the same dynamics. Furthermore,
if we denote by 2, and J the attracting basin of co and the Julia set for g,
respectively, then

Qoo =m(2s) and J =m(J).

By taking o = a}/* ™" and 8 = aq_1/d we obtain §(z) = 2% + O(2%~2). So,
in what follows and without loss of generality we assume that

d—2
q(z) = 2%+ Z a2’ . (4.7
j=0

For this ¢ we must prove that cap(J) = 1. The main tool will be formula
(3.20).

Let us use the construction of the sets U, of Lemma 4.2, and define K,, =
C\ U,,. On one hand, we have that U,, T {2, so that® cap(C\ U,,) — cap(C\
25). On the other hand, K, = ¢ *(K,_1), and by (3.20),

cap(K,,) = Cap(Kn_l)l/d R Cap(Ko)l/dn_

5 Here we use implicitly the following property of the capacity: if K, are compact
sets, K1 D K2 D ..., and K = N, Ky, then cap(K,) — cap(K) (see [10, Theorem
5.1.3)).
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Hence, cap(K,,) — 1 as n — oo, proving that cap(2,) =1. O

Since cap(J) > 0, the Green function g;(z,0) exists. Formula (3.21) and
the invariance of the Julia set allow to establish also the following relation for
this Green function:

9(q(2),00) = dg,(z,00). (4.8)

A nice consequence of this is that the Green function has a purely dynamical
interpretation:

Proposition 4.1. With the notation above,
9s(z,00) = lim d™"log|g*"(2)], 2 €
the convergence being locally uniform in 2..
Proof. By the definition of the Green function,
g7(z,00) =loglz| + O(1), asz— .
In particular, for z € 2,
95(¢°"(2),00) =log|¢°"(2)| + O(1), asn — oo.
But by formula (4.8),
gs(z,00) =d "g;(¢°"(2),00) =d " log |¢°"(2)] + O(d™™), asn — 0.
This ends the proof. 0O

Finally, since cap(J) > 0, we may consider the (Robin) equilibrium measure
Ay of J. By uniqueness, it is also g-invariant, and has the following dynamical
interpretation:

Theorem 4.4. Let a € J, and {v,} be the normalized counting measures of
the a-values of the polynomials {q°"}:

ot 1
Vp = din Z 6C,
q°" (O)=a
where the sum takes into account the multiplicity of the zeros of ¢°™ —a. Then
*
Vp — AJ asn — 0o,

where \j is the equilibrium measure of the Julia set J.

A proof can be found in [10, p. 196].
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5 Conclusions, or What You Should Take Home

We have seen many formulas and have proved some theorems. This is a tip of
the iceberg, of a beautiful and powerful theory of the logarithmic potential in
the complex plane. What is essential here? Any summary risks to omit some
important facts and to overestimate others. But here I dare to highlight the
following ones:

e Superharmonic functions and logarithmic potentials of a positive measure
are two sides of the same class of functions (Riesz decomposition theorem,
page 85). This is a connection of the theory with complex analysis.

e There exists a unique equilibrium measure of a compact set, minimizing
the energy. It “lives” on its outer boundary and makes the corresponding
potential constant inside.

e The minimal energy of a unit measure gives the definition of capacity of
a set, which is a natural way of measuring plane sets in many problems.

e Green functions, conformal mapping, equilibrium potential and capacity
are very related concepts.

e An introduction of an external field in the equilibrium problem produces
a new important feature: now the support of the extremal measure is a
priori unknown and is the main parameter of the problem.

e The natural connection of the potential theory on C with polynomials (and
approximation theory) is via the formula connecting the logarithm of the
absolute value of the polynomial with the potential of its zero counting
measure.

e Many extremal problems in approximation theory, complex dynamics, nu-
merical analysis, mathematical physics, etc., can be solved in terms of some
related extremal problems for energy-type functionals acting on measures
on the plane, which at the end of the day lead us to consider equilibrium
problems (in a classical or generalized sense) for logarithmic (or other)
potentials.
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Summary. We give a theoretical explanation for the superlinear convergence be-
havior observed while solving large symmetric systems of equations using the Con-
jugate Gradient (CG) method or other Krylov subspace methods. We present a new
bound on the relative error after n iterations. This bound is valid in an asymptotic
sense, when the size N of the system grows together with the number n of iter-
ations. This bound depends on the asymptotic eigenvalue distribution and on the
ratio n/N. Similar bounds are given for the task of approaching eigenvalues of large
symmetric matrices via Ritz values.

Our findings are related to some recent results concerning asymptotics of discrete
orthogonal polynomials due to Rakhmanov and Dragnev & Saff, followed by many
other authors. An important tool in these investigations is a constrained energy
problem in logarithmic potential theory.

The present notes are intended to be self contained (even if the proofs are some-
times incomplete and we refer to the original literature for details): the first part
about Krylov subspace methods should be accessible for people from the orthogonal
polynomial community and also for those who do not know much about numerical
linear algebra. In the second part we gather the necessary tools from logarithmic
potential theory and recall the basic results on the nth root asymptotics of discrete
orthogonal polynomials. Finally, in the third part we discuss the fruitful relationship
between these two fields and give several illustrating examples.
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1 Background in Numerical Linear Algebra

1.1 Introduction

The Conjugate Gradient (CG) method is widely used for solving systems of
linear equations Ax = b with a positive definite symmetric matrix A. The CG
method is popular as an iterative method for large systems, stemming, e.g.,
from the discretisation of boundary value problems for elliptic PDEs. The rate
of convergence of CG depends on the distribution of the eigenvalues of A. A
well-known upper bound for the error e, in the A-norm after n steps is

leula o (VR—1Y"
Teolla §2(\/E+1> (1)

where eq is the initial error and the condition number k = Ayax/Amin is the
ratio of the two extreme eigenvalues of A. In practical situations, this bound
is too pessimistic, and one observes an increase in the convergence rate as n
increases. This phenomenon is known as superlinear convergence of the CG
method. It is the purpose of this work to give an explanation for this behavior
in an asymptotic sense, following [39, 10, 11, 12].

As we will see in Section 1.4 below, the CG convergence behavior is deter-
mined by asymptotics of discrete orthogonal polynomials, and can be bounded
above in terms of asymptotics of discrete Lo, extremal polynomials. More gen-
erally, consider the extremal polynomials T), ,(2) = 2" + lower powers with
regard to some discrete L, norm

l[wn - Tnpllz, (&) = min{||w, - Pl|p,(&,) : P(z) = 2" + lower powers}, (1.2)
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where

1/p
1 |Lwe,) = sup [f(2),  [Ifllz, &, = lz If(Z)l”] ; (1.3)

zebmy, ZEEn

0 < p < 00, with E,, being suitable finite or countable subsets of the complex
plane, #E, > n+ 1, and w,(2), z € E,, being (sufficiently fast decreasing)
positive numbers.

For the case p = 2 of monic discrete orthogonal polynomials, examples
include the discrete Chebyshev polynomials [58] (choose w, = 1, E, =
{0,1,...,n}) or other classical families like Krawtchouk or Meixner polyno-
mials [22, 24, 45], see for instance the review in [43]. A study of asymptotics
of such polynomials has some important applications, e.g., in coding theory,
in random matrix theory [37], or in the study of the continuum limit of the
Toda lattice [23].

It was Rakhmanov [58] who first observed that a particular constrained
(weighted) energy problem in complex potential theory (see Section 2.2) may
furnish a method for calculating the nth root asymptotics of extremal polyno-
mials with respect to so—called ray sequences obtained by a suitable renormal-
ization of the sets E,,. Further progress has been made by Dragnev and Saff
for real sets E,, being uniformly bounded [24]; they also obtained asymptotics
for discrete L,norms with 0 < p < oco. Generalizations for unbounded real
sets F,, and exponentially decreasing weights have been discussed by Kuijlaars
and Van Assche [45] (0 < p < 00) and Kuijlaars and Rakhmanov [43] (p = 2).
Damelin and Saff [22] studied the case p = oo for more general classes of
weights. Complex possibly unbounded sets F,, and even more general weights
have been discussed in [5], where it is also shown that two conjectures of
Rakhmanov [43] are true concerning some separation assumption for the sets
E,.

We will explain in Section 2.3 below how some energy problem with con-
straint and external field will enable us to describe the nth root asymptotics
of the polynomials T}, , and the norms |[wy - Ty pl|L,(£y). What makes the
asymptotic analysis difficult is the fact that a polynomial can be small on a
discrete set without being uniformly small in the convex hull of this discrete
set. To illustrate this observation, we have chosen E = {j/20: j =1, ...,20}
and the trivial weight w = 1, and have drawn the normalized extremal polyno-
mials T, oo /|| Tn,00|| L () for n = 5,10, 18 in Figure 1. We see that, for n = 5,
the polynomial is uniformly small on [1/20,20/20], but this is no longer true
for n =10 or n = 18.

For the same reason, the classical CG error bound (1.1) gives satisfactory
results for small iterations, but can be a crude overestimation in a later stage.
Indeed, for small n, a polynomial p € P, with p(0) = 1 that is small on the
spectrum of A has to be uniformly small on the full interval [Amin, Amax] as
well. When n gets larger, however, a better strategy for p is to have some of its
zeros very close to some of the eigenvalues of A, thereby annihilating the value
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Extremal polynomials for E,(20 points)

Iy L L L L L L
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Fig. 1. The polynomials T}, o (after normalization) for n = 5,10, 18 for F consisting
of 20 equidistant points and trivial weight w =1

of p at those eigenvalues, while being uniformly small on a subcontinuum of
[)\mim )\max] Only‘

As an illustration we look at the case of a matrix A with 100 equally
spaced eigenvalues 1,2,...,100. The error curve computed for this example
is the solid line in Figure 2. See also [25, page 560]. The classical error bound
given by (1.1) with £ = 100 is the straight line in Figure 2. For smaller values
of n, the classical error bound gives an excellent approximation to the actual
error. The other curve (the one with the dots) is the asymptotic bound for
the error proposed in [10, Corollary 3.2]. This curve follows the actual error
especially well for n > 40, the region of superlinear convergence.

The observations made above have been well known in the numerical linear
algebra community, see for instance the monographs [27, 32, 54, 59, 70] or
the original articles [3, 4, 31, 63, 64]. Eigenvalues far away from the rest
of the spectrum (so-called outliers) have been treated in a separate manner
improving (1.1) [3, 4]. The strategy described above to get a polynomial being
small on the (discrete) spectrum was known as convergence of some Ritz
values [31, 63, 64]. In addition, the researchers have been aware of the fact
that logarithmic potential theory helps in describing or bounding the rate
of convergence [25]. There was also a vague idea about what is a “favorable
eigenvalue distribution” in order to get a pronounced superlinear convergence
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A=diag(1,2,3,...,100)

|
(¢)]

logyo(rel. error)

N
o

—— CG error energy norm
——— Classical bound
—e— Our asymptotic bound

_15 1 1 1 1 1 1 1
0

10 20 30 40 50 60 70 80
iterations

Fig. 2. The CG error curve versus the two upper bounds for the system Az = b
with A = diag (1,2,...,100), random solution x, and initial residual o = (1, ...,1)7

[25, 70]. However, precise analytic formulas seemed to occur for the first time
only in [39, 10, 11, 12].

Properly speaking, the concept of superlinear convergence for the CG
method applied to a single linear system does not make sense. Indeed, in
the absence of roundoff errors, the iteration will terminate at the latest after
N steps if N is the size of the system. Also the notion that the eigenvalues
are distributed according to some continuous distribution is problematic when
considering a single matrix. Therefore we are not going to consider a single
matrix A, but instead a sequence (A )y of positive definite symmetric matri-
ces. The matrix Ay has size N x N, and we are interested in asymptotics for
large N. These matrices need to have an asymptotic eigenvalue distribution.

The rest of this manuscript is organized as follows: In §1.2 we present sev-
eral Krylov subspace methods and fix the notation. Subsequently, we intro-
duce polynomial language for explaining the link between convergence theory
for Krylov subspace methods, and classical extremal problems in the theory
of orthogonal polynomials. We shortly describe the general case in §1.3, and
then analyze in more detail the case of hermitian matrices in §1.4.

Following [39, 10, 11, 12, 6], we describe in §2 and §3 how logarithmic
potential theory may help to analyze the convergence of Krylov subspace
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methods. Some facts about the weighted energy problem are recalled in §2.1,
but here some additional reading would be helpful, see for instance the contri-
bution by Andrei Martinez Finkelshtein [47] in this volume. The constrained
weighted energy problem is discussed in some more detail in §2.2, and used in
§2.3 in order to describe nth root asymptotics of discrete L, extremal poly-
nomials.

The link to the convergence of Krylov subspace methods for hermitian
matrices is presented in §3.1 and §3.2, where also several illustrating numerical
examples are given. The aim of §3.3 and §3.4 is to show that many classes
of structured matrices have an asymptotic eigenvalue distribution. We will
consider in particular matrices coming from the discretization of (elliptic)
partial differential equations in R2. A generalization to higher dimension is
possible, but for the sake of simplicity we omit details.

1.2 Conjugate Gradients, Lanczos, and Ritz Values

For solving Az = b with A being a sparse large matrix of size N x N, one
often makes use of Krylov subspace methods which only require to compute
matrix vector products with A, the latter can be often implemented in a very
efficient manner. In this section we do not attempt to give a complete ac-
count of Krylov subspace methods, the interested reader should consult the
monographs [27, 32, 54, 59, 70]. We just recall the basic definitions and
some elementary properties on the rate of convergence. Here, very much in
the spirit of the Lille research group and in particular of Claude Brezinski (see
also [27]), we will use polynomial language, which should make the theory also
more accessible for people coming from orthogonal polynomials.

In what follows we will always suppose exact arithmetic and ignore errors
due to floating point operations. In particular, we will find that several Krylov
subspace methods are mathematically equivalent for symmetric A. However,
their implementation differs quite a lot, and thus the results may change in
a floating point environment. The link between convergence of Krylov space
methods and loss of precision is subject of actual research, see for instance
the recent work of Strakos or Meurant, e.g., [51, 67, 66].

A Krylov subspace method consists of computing a sequence xg, z1, 2, ...
of approximate solutions of Ax = b, with residual

rn =r(x,) =b— Ax,.

The philosophy behind these methods is that (z,) “converges quickly” to the
solution A7'b, i.e., z, is a “good” approximation already for n <« N. The
iterates satisfy

Ty € To + K:TL(A, To)

with the Krylov space
K. (A, ¢) = span{c, Ac, A%c, ..., A" tc}
= {p(A)c: p a polynomial of degree < n — 1}.
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Notice that r,, € rog + AKX, (A, 1), and thus

_ dn (A)TO
Qn(o)

for a certain polynomial g, of degree n. The Krylov subspace method in
question is now defined by imposing on the residual either some minimization
property (Minimal Residual MinRES, Generalized Minimal Residual GMRES;
Conjugate Gradient CG) or some orthogonality property (projection methods,
Full Orthogonalization Method FOM, Lanczos, Conjugate Residual CR).

(1.4)

T'n

Definition 1.1. The nth iterate tGMRES of GMRES is the unique argument
realizing
min{||r(z)|| : © € o + Kn(4,r0)}.

The nth iterate zEOM of FOM is defined by
rpOM L Ky (A, o).
For some vector y, the nth iterate x% of the Lanczos method is defined by
ry L Ka(A%y)

(in case of y = ro we speak of the symmetric Lanczos method).
For real symmetric positive definite A, the nth iterate z$C of the method
of conjugate gradients CG is the unique argument realizing

min{||r(z)||a-1 : ¢ € zo + Kn(4,70)}, lle]|a-1 = VerA-le

If A is invertible, and symmetric positive definite, respectively, the func-
tions = — ||r(z)||?, and @ — ||r(z)||4_., respectively, are strictly convex, and
thus the iterates of CG and GMRES exist and are unique. In contrast, it may
happen that the nth iterate of FOM does not exist, see Corollary 1.2.

Exercise 1. Show that there exists N’ = N'(A, rg) such that, for all n > 0,
dim K., (A, 709) = min{n, N'}.

Hint: first try diagonal A, and use the fact the matrix (rq, Arg, ..., A"~ 1r)
is some diagonal matrix times some Vandermonde matrix. Then try diago-
nalisable A.

Exercise 2. If 7y = 0, and A is invertible, show that A=1b € Ky (A, o). ‘

It follows from the preceding two exercises that, for zp = 0 and n = N,
the iterates x7OM, zGMRES and 2CC give the exact solution of Az = b, but of
course we hope that we have a good approximation already much earlier.
There is a link between the size of the residuals of FOM and GMRES given
by the following result. A proof is immediate once we have the representation

(1.4) in terms of orthogonal polynomials, see Section 1.3.
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Exercise 3. Show that

||TGMRESH2 Z ||TFOM||2

Definition 1.2. The Arnoldi basis vy,vsa,...,vn/ 15 such that, for all n =
1,...,N’, the vectors vy, ...,v, form an orthonormal basis of K,(A,19) (0b-
tained by the Arnoldi method: orthogonalize Av,, against v1,...,v,, and divide
the resulting vector by its norm). We also define the matrices

Vi = (’U17’U2a ...,Un) € (Cana
Jn =V AV, €C™ ], =V AV, € Cmtxn,

Finally, the eigenvalues of the projected matriz J, are called nth Ritz values

of A.

Exercise 4. Show that .J,, and J, are upper Hessenberg (all elements at
position (4, k) with k < j — 1 are equal to zero). Furthermore, show that

n<N':  Veid,=AV,. (1.5)

Finally, in the case of hermitian A, show that .J,, is symmetric (and tridiag-
onal).

Remark 1.1. By construction we have for n = N’ that Vy/Jy = AVn:. As a
consequence, denoting by A(B) the spectrum of some matrix B, we have that
the columns of Viys span an A-invariant subspace, and A(Jn+) C A(A).

Remark 1.2. In case of real symmetric A, it follows from Definition 1.1 that
the symmetric Lanczos method and FOM are mathematically equivalent, i.e.,

pFOM — L — 2CR the latter denoting the iterates of the conjugate re51dual
method. Also, in thls case the GMRES method reduces to the so-called method
MinRES (minimal residuals). Finally, we will show in Corollary 1.5 below
that, in case of symmetric positive definite A, the CG iterates coincide with

the symmetric Lanczos iterates.

1.3 Krylov Subspace Methods and Discrete Orthogonal
Polynomials: Non Symmetric Data

One may show that the nth residual polynomial g, of (1.4) of the Lanczos
method is given by the denominator of the nth Padé approximant at infinity
of the rational function
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> . .
n(2) =y (2] — A)"'rg = Zz‘ﬁ_ly*Ajro, (1.6)
=0

see for instance [15, §3.6] or for the symmetric case [29]. Hence there is a link
between Lanczos method and formal orthogonal polynomials (polynomials
being orthogonal with respect to some linear form).

In this Section we will concentrate on FOM/GMRES for non symmetric
A. Denote by P the set of polynomials with complex coefficients, and by P,
the set of polynomials of degree at most n with complex coefficients. For two
polynomials P, Q, we consider the sesquilinear form

< P,Q > = (P(A)ro)*Q(A)ro.

The following exercise shows that we have a scalar product

Exercise 5. Let N’ = N'(A,rg) as in Exercise 1. Show that for all P €
Pnr—1 \ {0} we have < P, P > > 0, and that there exists a unique monic
polynomial @ of degree N’ with < Q,Q > = 0.

As a consequence, we can define uniquely orthonormal polynomials p,,

n=0,1,..., N’ satisfying
j=0,...., N'—1: pj(2) = k;2/ + lower powers, k; >0,
k= 0,...,N/ —1: <pj,pp == 5j7k,
forall Pe P: < Ppn: = =0, pni(z) = 2N+ lower powers
(we put ky+ = 1). These orthonormal polynomials are known to satisfy a (full)
recurrence: there exists an upper Hessenberg matrix Jy such that
2(Po; P, -+, PN —1)(2) = (o, D1, -y PN7 1) (2) IN7

kN/_le/(z)(O7...7O,1). (1.7)

o

The Hessenberg matrix J, occurred already earlier in Definition 1.2. Indeed,
this is not an inconsistency in notation, as it becomes clear from the following

Exercise 6. The Arnoldi basis is given by the vectors
U5 1= pj—l(A)TOa jzlv"'lev

and py'(A)ro = 0. In particular, the matrices Jy in Definition 1.2 and in
(1.7) coincide, and the matrix J,, in Definition 1.2 is just the nth principal
submatrix of Jy-. Finally, for 1 < n < N’ we have

knfl
kn

2(P0y D1y ooy Pr—1)(2) = (D0, D1y ooy Pr—1)(2) I + pn(2)(0,...,0,1). (1.8)
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As a (more or less immediate) consequence of Exercise 6, we have the
following two interpretations in terms of orthogonal polynomials. A proof is
left to the reader.

Corollary 1.1. The nth Ritz values of A are given by the zeros of the ortho-
normal polynomial p,.

As we will see below, < -,- > can be a discrete Sobolev inner product, its
support being a subset of the spectrum of A. Approaching the spectrum of A
by Ritz values means that we approach the support of some scalar product
by the zeros of the underlying orthogonal polynomials, something familiar for
people from the OP community (at least if the support is real, see Section 1.4).

Corollary 1.2. The nth iterate of FOM exists if and only if p,(0) # 0. In
this case () )
FOM __ Pn\AQ)T0
T = , = |pn(0)].
PO T R

We may also describe the residuals of GMRES in terms of orthonormal
polynomials. For this we need some preliminary remarks.

Definition 1.3. The nth Szegd kernel of the scalar product < -,- = is defined
by

n

Kna(@,y) =Y pi(@)p;(y).

J=0

It is a well-known fact (see for instance the “bible” of Szegd [68]) that

. <P P> 1
min =
PeP, |P(0)]? K, 2(0,0)’

(1.9)

is attained for the polynomial P(z) = K, 2(0, z). By construction of the scalar
product < -,- > and by (1.4) we have for n < N’

P, P
i Tpgye = il @I o € o+ k(4 m))

leading to the following characterization

Corollary 1.3. For the nth iterate of GMRES, n =0,1,..., N' — 1 we have

amres _ Kn2(0, A)ro 1

,
! Kn2(0,0) 7 [[rgMEES|P2

= K, 2(0,0).
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Exercise 7. Let u;x := (A%rg)* A¥ro. Show that

GMRES||2
I I

HT _ Mo,0M1,1 — |,U0,1|2

S}MRESHQ B Ho,0M1,1

Ir
Conclude that the following algorithm (called GMRES(1))

choose any g
for k= 0,1, ... until ”convergence” do

compute yr4+1 by one iteration of GMRES with starting vector oy = yx

converges (yx — A~tb for k — oo) for all b and ¥, if and only if for all y # 0
we have y* Ay # 0.
Hint: if you do not find a direct proof, look in [32].

We end this section by showing that the scalar product can be (but does
not need to be) a Sobolev inner product with finite support, possibly in the
complex plane. Finally, we show that in case of a normal matrix A we have
an important simplification, leading to discrete orthogonal polynomials with
possibly complex support.

Ezample 1.1. For some parameter p > 0, consider the matrix

100 0 1000
B . {110 0 _1p100
A=XBX B=1lgg_10 | *= o010l

00 1 —1 p001

and ro = Xc¢, ¢ = (1,0,1,0). Notice that B is in Jordan form, and hence
A(A) = {-1,1}. Tt is not difficult to show that, for any polynomial @,

Q((l)) (652(1) (1)
_ _ Q) | _ | PR +Q(1
Q(A)rg = XQ(B)C =X Q(-1) = Q(-1)

Q'(-1) pQ(1) +Q'(-1)

Thus we obtain the following simplification for the scalar product

< P.Q == P1)Q(1) + pP(1) + P'(1)(pQ(1) + Q' (1))
+P(=1)Q(=1) + pP(1) + P'(-1)(pQ(1) + Q' (1)),

which reduces to a (discrete) Sobolev inner product in the case p = 0.

One may indeed show that the scalar product always can be represented
in terms of a linear combination of the values and the derivatives of P, @ at
the points of the spectrum of Jy/. Let us have a closer look at a case where
the derivatives do not occur.
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Theorem 1.1. If A is normal (i.e., A*A = AA*), with matriz of right
eigenvectors given by Xy and its spectrum by A(A) = {A1,..An} then with

Xy'ro=(8));,

N
PQeP: =<PQ==> [B[PPO)QM). (1.10)

j=1

Conversely, if the scalar product has such a representation then at least the
projected matriz Jy+ is normal, and A(Jn/) = {A; : B; # 0} C A(A).

Proof. If A is normal then its matrix of eigenvectors Xy is unitary, that is,
XnXn =1, XyAXy = A =diag (A1, ..., AN).
Observing that for some polynomial P we have
P(A) = XNyP(A)X], with P(A) =diag (P(\1),..., P(An)),

we obtain by writing 3 = X ro = X, 7o
N [
PQEP.:  <PQr=0PUAyQUAE=>I8PO)QM).
j=1

In order to show the converse result, suppose that there are N* distinct A;
with 3; # 0, say, the terms corresponding to Ay, ..., Ax~. Then we may rewrite
the sum in (1.10) as

.
PQeP: <PQ=-=>Y [8PP\)Q(\)

Jj=1

for suitable coefficients 37 and distinct Ay, ..., An+. From Exercise 5 together
with (1.7) we learn that N* = N’, and py+(2) = (z— A1)...(z — Anv). It follows
from Corollary 1.1 that Jy+ has the distinct eigenvalues A1, ..., A/, and the
relation A(Jy+) C A(A) was established in Remark 1.1. Consider the matrix

Y= (pk()‘j))j=1,.4.,N',k:0,..A,N’—1,

then from (1.7) we know that YJy. = DY, D = diag (A1, ..., Anv), and from
the representation of the scalar product together with (1.7) we learn that

Y* diag (|85%, .- B3 ) Y = 1.

Hence, up to a certain normalization of the rows, the left eigenvector matrix
of Jy+ is unitary, implying that Jy- is normal. 0O

Analyzing in more detail the preceding proof we obtain the following
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Corollary 1.4. If A is normal then also Jy+ is normal, with A(Jn') C A(A).
Furthermore, Jy+ has N’ distinct eigenvalues, and

PQeP: <PQ== >  w))’PMNQMW),

NEA(Tn)
(1.11)
1
wA\)? = ———= >0, w(N)? = ||rol|?.
( ) KN/’2(A7)\) )\E/%N/) ( ) H OH

1.4 Krylov Subspace Methods and Discrete Orthogonal
Polynomials: Symmetric Data

From now on we will always suppose (except for Remark 1.3) that our matrix
of coefficients A is hermitian, i.e., A = A*, with spectrum Ay < -+ < Ay.
From Exercise 4 it follows that Jy: with N = N’(A,ro) as in Exercise 1 is
an hermitian upper Hessenberg matrix with positive entries ky,/kn+1 > 0 on
the first subdiagonal. However, such a matrix is necessarily tridiagonal, of the
form

_bO ao o .- 0
ao b1 ai 0 0
J,=| 0 @b a , bheR a,=——>0. (112
. . 0 kn+l
0 - 0 ap—3 bp_2 Gn_2
0 - - 0 Apy—2 bn—l_

Thus (1.7) becomes a three term recurrence: for n =0, ..., N’ — 1

1
ZPn = ApPrt1 +0nPp + Gn_1Pn—1, po(z) = Troll’ p—1(z) =0. (1.13)
0
In particular it follows that the orthonormal polynomials p,, have real coeffi-
cients, and are orthonormal with respect to the linear functional ¢ acting on
the space of polynomials via

¢(P)==<1,P > =riP(A)r, (1.14)

ie., c¢(pjpr) = 9; k. Also, since hermitian matrices are in particular normal,
we have the representation (1.11) for the scalar product (and thus for the
linear functional), showing that there is classical orthogonality on the real
line (Favard’s theorem) with respect to a positive measure with finite support
A(Jn+) (or a positive linear functional).

In the following theorem we put together some elementary properties of
such orthogonal polynomials. If you do not remember them, please try to
prove them (not necessarily in the indicated order) or look them up in any
standard book about OP.
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Theorem 1.2. (a) For 1 <n < N’, the zeros of p,, are simple and real, say,
T1n < Top < oo < T
(b) Interlacing property: The zeros of p, and p,y1 interlace
1<j<n<N': Tjnt1 < Tjn < Tjnti-
(c¢) Separation property: If 1 < j <n <n' < N’ then there exists j' such that
Tjin S Xjrpr < Tjiin.

(d) Christoffel-Darbouz: For n < N' and x,y € C

n

= ()i (1) = a Pt 1(2)pn(y) — Prs1(y)pn ()
Kna(w,y) = >_pi(@)pi(y) = an o

j=0
and for x € R

n

Kooz, o) =Y pj()p; (@) = an(P) 1 (2)pn(x) = prar (2)p), () > 0.
§=0
(e) Associated linear functionals: For~y € R\A(Jn+), consider the linear func-
tional &(P) = ¢(P), P(z) = (z—~)P(2). Then K, (7, ") is an nth orthog-
onal polynomial with respect to c.
(f) Gaussian quadrature: For any 0 < n < N’ and any polynomial of degree
not exceeding 2n — 1

C(P) _ Z I P(xj,n)

= Kn10(@jns i)

(g) Stieltjes functions and Padé approzimation: The rational function

1

Tjn

n
1
2
Tn{Z) = ||T
n(2) = lIroll ;Kn_m(xm,%)zf
= [|rol|*(e0, (2In — Jn) " 'eq)

with ey being the first canonical vector of suitable size is of denominator
degree n, of numerator degree n — 1, has real simple poles and positive
residuals, and

1 —2n—1
Tpt1(2) —mp(z2) = ——————— =0(z"" oo-
n+ ( ) TL( ) anpn(z)pn+l(z) ( )Z oo
In particular, w, is the nth Padé approzimant at infinity of the Stiel-
tjes function z v ri(zI — A)"rg, and wn+ coincides with this function.
Finally, p, is an nth Padé denominator. O
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Theorem 1.2(g) gives a link between Padé and Krylov subspace methods,
compare with the remarks around (1.6). More precisely, we have the following
link between CG, FOM (symmetric Lanczos) and Padé.

Corollary 1.5. For symmetric positive definite A, the methods CG, FOM
and the symmetric Lanczos method are mathematically equivalent, more pre-

cisely,
1

P (0)]”

Proof. Define the scalar product < -,- =* by replacing in (1.11) the term
w(A)? by w*(A\)? = w(\)? /). According to Definition 1.1 the residual polyno-
mial ¢, of CG in (1.4) is the (up to scaling) unique solution of the extremal
problem

€1l = 175 € 1= = 0 (0) = 7+ (0).-

. <P P>~ 1
1min =
pPeP, |P(0)|? K 5,(0,0)

(1.15)

with the Szeg function K, , of the new scalar product. By (1.9) the minimum
is attained by g,.(z) = K 5(0,2), the latter being proportional to p, by
Theorem 1.2(e). Hence, from (1.4) and Corollary 1.2 we may conclude that
2S¢ = pFOM implying in particular our claim for ||r$<||.

In order to show the link between CG and Padé, recall that (zI — A)Vx» =
Vni(zI — Jn+), and hence

(21 — A)~ Loy
p;j(0)pi(0)
(e~ IN) i1k

;i (0)px(0)

It is a well-known fact that the inverse of a Jacobi matrix can be expressed
in terms of Padé approximants

¥
(ryOM)T (2 = A)HOM =

[(z1 = In)) i1 = 0 (2)r(2) [n (2) = Tmaxgiey (2)];

see for instance [73, §60] or the survey paper [49]. Combining these two findings
for z = 0 leads to our claim. 0O

The representation of the CG error as Padé error has been applied success-
fully by Golub, Meurant, Strakos and others [28, 29, 50] to estimate/bound
from below the nth CG error after having computed the (n + p)th iterate for

p>1
n+p—1

HTSG||12471 > m(0) — Tppp(0) = Z

Jj=n

_
a;p;j(0)p;+1(0)

In particular, the authors show that these a posteriori bounds are reliable even
in finite precision arithmetic. A similar result has already been mentioned
implicitly in the original paper of Hestenes and Stiefel [36].
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We should mention that Theorem 1.2(a),(b),(c) provides already a quite
precise idea about how Ritz values do approach the real spectrum A(Jy/) C
A(A), or, equivalently, how poles of Padé approximants approach the poles
of a rational function with positive residuals. However, up to now there is no
information about the rate of convergence. For this rate of convergence of Ritz
values we have the following result which roughly says that, provided that a
certain polynomial extremal problem depending on \g gives a “small” value,
there is at least one Ritz value “close” to A\p. We do not claim that there is
an eigenvalue “close” to each Ritz value. Indeed there exist examples with
A(A) = A(—A) where 0 is a Ritz value for each odd n which might be far
from A(A).

Theorem 1.3. [6] If A\, < 1, then

> w(A)?(A = z1.0)|g(N)]?
i = min{ AN
" w(ArR)?|g(Ax)[?

Here the minimum is attained by the polynomial q(x) = pp(z)/(x — x1.4).
If )‘k S [ml,n7xn,n]; $aY, Tr—1,n S >\k S Tkons then

sdegqg < n,q(\g) # 0}.

(Ak - xn—l,n)(xn,n - Ak) =
Z w()\)2(/\ —Tu—1n) (A — IH,H)|Q(>‘)|2

. { A€A(IN )\ {Pe}
min

w(Ar)?q(Ae)|?
:degq < n—1,la0w)| # 0},

Here the minimum is attained by q(z) = pp(x)/[(x — Tu—1,0) (T — Tin)]-

Proof. We will show here the first part of the assertion; similar arguments
may be applied to establish the second part. If ¢ is a polynomial of degree
less than n with ¢(Ag,n) # 0 and p(z) = (z — z1,n) - ¢(z) - ¢(T), then ¢(p) > 0
by the Gaussian quadrature formula of Theorem 1.2(f). Hence the right hand
side of (1.11) is > 0, and thus

> wA)?(A = z10)lg(N)]?
AEA(T N )\{ Ak}
w(Ag)?|q( M) 2

Finally, notice that for the choice q(z) = pn,n(x)/(z—21,,,n) we have ¢(p) = 0
again by Theorem 1.2(f), and thus there is equality in the above estimate. O

Tip — M <

There are several possibilities to relate the result of Theorem 1.3 to more
classical extremal problems. The term |A — ;| could be bounded by 2 ||A4]],
and taking into account (1.11) and (1.9), we obtain for instance



Discrete Orthogonal Polynomials 135

I(]\V7 Ak, Ak
(k= Tr10)(@nn — Ak) < 4[|A]? (K_;((AM:) 1)

if Tr—1,n é >\k é Tk,n-

It follows that the distance to at least one of the Ritz values become small if
all |pj(Ag)|? for j > n — 1 are small compared to 1/||ro||*> = Ko 2(Ak, A)-

Another possibility could be to relate (1.9) to some extremal problem with
respect to the maximum norm: for some integer n > 0, some z € C and some
compact set S C C, consider the quantity

E,(z,S) = min max lp()]

. 1.16
pEP, AeS |p(2)] (1.16)

Clearly, E,(z,S5) is decreasing in n and increasing in S, and Ey(z,5) = 1.
Also, for any a,b # 0 there holds E,(a,a + bS) = E,(0,S). The motivation
for studying this extremal problem comes from the following observation

Exercise 8. For the inner product (1.11), show the following link between
FE,, and the Szeg6 function

1 2 2
< E, (2, )2,
zeC n72(z7z) < ||TOH (Z A(JN ))

If in addition A(A) C (0, +00), show that

1
|pn(0)| < HTOHA—l En(O,A(JN,))

Also, by dropping the negative terms in the sums occurring in Theorem 1.3
we obtain the following upper bound for the rate of convergence of Ritz values.

Corollary 1.6. We have the following upper bounds: if A\, < x1,,, then

[roll? ,
w(/\k)zEnfl()‘kvA(JN’) \ (—007951,71]) ,

T1,n _)\k < 2HA||

If Lr—1,n < >\k < Tk,n then

[I7ol|”

o — ) < 4|4
()\k Ty Ln)(xmn )‘k)— || || w()\k)2

En72()\k:a A(JN’) \ [l‘ﬁfl,na xn,nDQ

The preceding Theorem gives the idea that eigenvalues Ax sufficiently away
from the rest of the spectrum of A(A) (so-called outliers) and having a suf-
ficiently large eigencomponent w(Ax) should be well approximated by Ritz
values. However, as we will see later, for convergence it will be sufficient that
there are not “too many” eigenvalues close to Ag.
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Let us further discuss the extremal problem (1.16). In the case S C R
and real z not lying in the convex hull of S, it is known that the polynomial
Ty of (1.2) (put w, = 1) is extremal for (1.16), see for instance [27]. The
latter is uniquely characterized by a so-called alternant, that is, the extremal
polynomial attains its maximum on S at least n + 1 times, with alternating
sign. For the sake of completeness, let us discuss in more detail the case of an
interval.

Lemma 1.1. If 0 < a < b, the value E,(0,[a,b]) is attained (up to a linear
transformation) for the Chebyshev polynomial of the first kind T, (cos(¢)) =
cos(ng), and

En(o,[a,b}):#<2 n \/%_1

a4y, y=-—7——-<
yn+y " Vb/a+1

Proof. We first notice that E, (0, [a,b]) = E(z,[—1,1]) with z = (b+a)/(b—
a) > 1. If T,, would not be extremal, then there is a polynomial P of degree
n with

P(z) = Tu(2), and M :=[|P||r_ -1, < [Tallz (=11 = 1.

If follows that the polynomial R := T,, — P satisfies R(z) = 0, and for j =
0,1,..,n

(-1 R(eos(®2)) = (<1 To(%) = (-1 Pleos( ™)

=1 (-1) P(cos(%j)) >1-M>0.

Hence R must have n+1 roots, but is a polynomial of degree n, a contradiction.
Thus T, is indeed extremal. It remains to compute its value at z, where we
use the recurrence

Toia(2) = (y+y Tn(2) —Toa(z), To=1, Ti(z)=2= w
O

In [27] one also finds a discussion of the case of S being a union of two
intervals. Here the solution may be estimated in terms of Weierstass elliptic
functions, see also [1]. A simple upper bound is discussed in the following
exercise.

Exercise 9. Using the preceding result, show that, for 0 < a < b,

b/a — 1)".

B (0,[~b, —a] U [a,}]) < Q(b/ﬁ :

Derive from this relation an explicit bound for (A — zx—1,n)(Tk,n — Ag) in
terms of the distance of A\, to the rest of the spectrum of A.
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A combination of Exercise 8 with Remark 1.2, Corollary 1.3 and Corol-
lary 1.5 (and its proof) leads to the following estimates.

Corollary 1.7. For hermitian A,

|[rgMBES|| [l inRES||
||rg}MRES|| = HT%/IinRESH < En(O’A(JN/)) < En(O,A(A))-

Moreover, for symmetric positive definite A

ryPllas _ I 2la (0, Ay < Ea(0, A())
Irg = lla-r g2 4

The bounds of Corollary 1.7 should be considered as worst case bounds
since they do not take into account the particular choice of the starting resid-
ual. However, it is known [31] that they cannot be sharpened in the following
sense: one may give A,7y with E, (0, A(A)) = E, (0, A(A)) such that there is
equality in Corollary 1.7 for these new data.

Notice also that we obtain a proof of (1.1) by replacing A(A) by its convex
hull in Corollary 1.7, and by applying Lemma 1.1. However, following this
approach we forget completely about the fine structure of the spectrum. It is
the aim of the following sections to analyze more pecisely in terms of loga-
rithmic potential theory how the actual distribution of eigenvalues helps us
to improve (1.1).

Remark 1.3. Let us finish this section by commenting briefly on different ap-
proaches for bounding the residual of Krylov subspace methods in case of not
necessarily normal A. We start from the observation that

. P(A)]]
< mintEG)

[l

GMRES
0 |

T : P is a polynomial of degree < n}.  (1.17)
,

For diagonalizable A, the right hand side may be bounded from above by
E,.(0, A(A)) times the condition number of the matrix of eigenvectors of A, see
for instance [59]. However, for matrices far from being normal, this condition
number might be quite large. There are mainly two attempts to overcome this
difficulty (see for instance [32] and the references therein), the first is based
on the so-called e-pseudo-spectrum

A(A):={z€C:||(zI - A7 > %}

in terms of F,,(0, A.(A)), the second one on the field of values

W) = {L% . yecy y 20,

*

which by Hausdorff’s theorem is a compact and convex set. For a convex set
S it can be shown that
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exp(—ngs(0)) < E,(0,5) < 3 exp(—ngs(0)), (1.18)

where gg denotes the Green function of some compact subset of the complex
plane, see Section 2.1. Here the left hand inequality is just the Bernstein-
Walsh inequality (see for instance [47] in this volume), and the right hand
bound can be shown with help of the corresponding Faber polynomials. A
recent and quite deep result of M. Crouzeix [21] (found after the publication
of [32]) says that there is a universal constant C' < 34 such that, for any
square matrix A and any polynomial P,

PA)|| <C P(z)|. 1.19
1P <0 max |P(2) (119)

Hence combining (1.17), (1.18), and (1.19) we obtain

IrGMRES|
W <3C eXp(_”gW(A)(O))7

compare with [9]. The constant C' can be made smaller by replacing W (A) in
(1.19) by some larger convex set, see [9, 8]. A different approach, via estimating
directly ||P(A)|| for a suitable Faber polynomial P, allows even to establish
the sharper bound [7]

[ MRS
||rGMRES]| <3 exp(—ngW(A)(O).
0
Notice however that such bounds are typically only interesting for small n
since they do not allow to describe a superlinear rate of convergence.

2 Extremal Problems in Complex Potential Theory and
nth Root Asymptotics of OP

2.1 Energy Problems with External Field

The energy problem with external field has been successfully applied in order
to describe asymptotics of orthogonal polynomials on unbounded sets such as
Hermite or Freud polynomials. Since this subject has already been discussed
in detail in this volume [47], we recall here without proof the basic concepts.
Also, for the sake of a simplified presentation, we will restrict ourselves to
compact regular real sets and continuous external fields.

Given some compact X C R, we denote by M;(X) the set of Borel mea-
sures pu with support supp(u) C X and mass ||u|| := pu(X) = t. The logarith-
mic potential and the energy of a measure u € M;(X) are given by

0 = [loa(=pdut@). 10 = [ [ 10a( =) du(e) dnty).

|z — 2]
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Notice that, for a monic polynomial P of degree n, the expression — log(|P|'/™)
coincides with the logarithmic potential of some discrete probability measure,
which in case of distinct roots has mass 1/n at each root of P. On the other
hand, such discrete measures are dense in the set of Borel measures, explaining
why the tool of logarithmic potential theory is suitable for studying nth root
asymptotics.

We define more generally for p,v € M;(X) the mutual energy by the
expression

1
) = [ [ Tor(r) dua) dv(y) € (=oc.-+ox).
The mutual energy is lower semi-continuous, that is, given two sequences
(i), (V) C My(X), which converge in weak star topology to p, and v, re-
spectively (written by pu, % p), we have

liminf (g, vy) > I(p,v). (2.1)

n—oo

From this one can deduce as an exercise the principle of descent

liminf U*"(z,) > U*(2), if pn 2 p, 2n, — 2z for n — oo. (2.2)
n—oo
As explained for instance in [47], the capacity of a compact set E is defined
by the minimization problem

cap(F) := exp(—min{I(p) : p € My (E)}).

If cap(E) > 0, or, equivalently, if there is an pu € M;(FE) with finite energy,
then one may prove using the strict convexity of p +— I(u) on measures with
finite energy and Helly’s theorem (weak compactness of M, (FE)) that there
is a unique measure wg called Robin measure realizing the minimum in the
definition of the capacity. The Green function of a compact set F is defined
by

) U ()

cap(F) ’

behaving at infinity like log(|z|) — log(cap(E)) + o(1),— 00, being harmonic in
C\ E, subharmonic and > 0 in C, and equal to zero quasi everywhere on F,
ie., in E'\ Ey, with cap(Ep) = 0. Conversely, the Green function can be also
uniquely characterized by these properties. For instance, for an interval we

have (see, e.g., [47])
2z—b—a 2z—b—a
21
b—a +\/( b—a )

dw[a,b] ) = 1
dx (@) m/(z—a)(b—x)

98(2) = log(

9la,p)(2) = log

)

(2.3)
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A compact set F is called regular (with respect to the Dirichlet problem)
if gg is identically zero on E (and hence gg is continuous in C by the prin-
ciple of continuity [60, Theorem II.3.5]). The link with the so-called Wiener
condition and the regularity with respect to the Dirichlet problem is a nice
piece of harmonic analysis, we refer the interested reader for instance to [60,
Appendix A], where it is also shown that regularity is a local property

Eregular,z€ E,r>0 = EN{yeC:|y—xz| <r}isregular. (24)

Here we only mention a sufficient condition in the following (a little bit diffi-
cult) exercise, the interested reader should compare with [55, § 5.4.3].

Exercise 10. Let E C C be compact, and suppose that for each x € F
there exists C(x), K(x) > 0 such that, for all » > 0 sufficiently small,

cap({y IS |y — a:| < 7“}) > C'(x) rK@)

Show that, for any = € E, there exists (u,) € M1(E) with p, % 6, (the
Dirac measure), and logarithmic potential V#» being bounded uniformly in
n by some integrable function (use the maximum principle for logarithmic
potentials). Also, show that I(un,,wr) — U“?(z), and deduce that E is
regular.

Exercise 11. Using the fact that cap([a,b]) = (b — a)/4, show that a finite
union of compact non degenerate intervals is regular. Does it remain regular
if one adds an additional point?

Logarithmic potential theory has a nice electrostatic interpretation in R?
(or for cylinder symmetric configurations in R3, that is, a mass point in R?
corresponds to an infinite wire in R? with uniform charge). Given a positive
unit charge at zero, its electric potential is given by U%. Under this point of
view, 1 € My (FE) represents a (static) distribution of a positive unit charge
on some set E, with electric potential U* and electric energy I(u). In physics,
the equilibrium state is always described as the one having minimal energy.
Thus, wg may be considered as the equilibrium distribution of a positive unit
charge on a conducting material E, which by physical reasons should have a
constant electric potential on E. Also, the fact that supp(wg) is subset of the
outer boundary of E (see for instance [47]) is known in physics as the Faraday
principle.

One may wonder about what kind of equilibrium distribution is obtained
if there is some additional fixed external field, induced for instance by some
negative charge on some isolator outside of E. This problem has already been
considered a long time ago by Gauss. Mathematically speaking, we have to
solve the following problem:

Definition 2.1. Let ¥ C R be a regular compact set, t > 0, and Q € C(X).
For n € M(X), consider the weighted energy
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19n) = 1) +2 [ Q.
We consider the problem of finding
Wi = mf{I%(u) : p € My(%)},
and, if possible, an extremal measure pi;.q,s; with IQ(ut7Q7g) =Wio,x.

If the external field @ is repelling or attracting positive charges, it may
happen that the support of some extremal measure is a proper subset of Y.
By physical arguments, it should happen that there is a unique equilibrium,
and that the corresponding potential is constant on the part of X which is
charged by the equilibrium measure, and larger than this constant elsewhere
on Y. Indeed, one may give a mathematical proof of this statement.

Theorem 2.1. Let X C R be a regular compact set, t > 0, and Q € C(X).
The extremal measure us g 5 of Definition 2.1 exists and is unique.

Moreover, with w = w g5 := Wi g x — de,ut,Q,g and = u¢ Q,x there
holds

Ul(2) +Q(z) > w forz € X, and (2.5)

Ul(z)+ Q(z) <w  for z € supp(u). (2.6)
Conversely, if there is a measure p € My(X) and a constant w such that (2.5)
and (2.6) hold, then = py,0,x and w = w Q5.

Remark 2.1. It follows from (2.5) and (2.6) that the potential of y; o » equals
wy,w,x—@Q on supp(,0,x), the latter being continuous. Thus, by the principle
of continuity [60, Theorem II.3.5], the potential of 1 ¢ 5 is continuous.

The main ideas for the proof of Theorem 2.1 are discussed in the following
exercise.

Exercise 12. Let N be some closed convex subset of M,(X), containing
at least one element p with I'(p) < oco.

(a) Show that I? is strictly convex.

(b) Using Helly’s theorem, show that W = min{/%(u) : 4 € N'} is attained
for some ppn € N. Why must such a measure be unique?

(c) By discussing v = sp+ (1 — s)un for s — 0+, show that pa is uniquely
characterized by the property

peN: uw:=f(/w)+/QduNSI(M,MN)Jr/QdM-

The only property of Theorem 2.1 not being an immediate consequence
of the preceding exercise is the fact that the equilibrium measure satisfies the
equilibrium conditions (2.5) and (2.6). For showing this property, one applies
a principle known as principle of domination for logarithmic potentials.
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Theorem 2.2. If u,v € M(X) with finite energy, if ||v|| < ||ul|, and if, for
some constant C, the relation U* < UY + C' holds p-almost everywhere, then
this relation holds for all z € C.

Proof. See [60, Theorem I11.3.2]. O

Theorem 2.1 together with Theorem 2.2 allow us to derive the following
result known as the weighted Bernstein-Walsh inequality.

Corollary 2.1. With the assumptions of Theorem 2.1, we consider the weight
w(z) = exp(—Q(x)). Then for any polynomial of degree at most n and for all
zeC

|P(2)|

————— < exp(nwy,g x5 —nU*2%(z)).
[[w™ Pl L. () @

Exercise 13. Prove this corollary. ‘

Remark 2.2. For a trivial weight w = 1, Corollary 2.1 reduces to the classical
Bernstein-Walsh inequality, which in terms of the function E,, of (1.16) can be
rewritten as E,(z,S) > exp(—ngs(z)). However, for applications in numerical
linear algebra we need not lower but upper bounds for E,,. Depending on the
“smoothness” of the set S, the Bernstein-Walsh inequality is more or less
sharp, for instance, from Lemma 1.1 and the explicit formula of (2.3) we learn
that Ey,(z,[a,b]) < 2exp(—ng[qp)(2)). For general sets S of positive capacity
and z ¢ S ony may show (see, e.g., [55, Section V.5.3]) that E,(z,S)'/™ tends
to exp(—gs(z)) for n — oco.

We learn from Corollary 2.1 that the weighted maximum norm of a
polynomial P lives on a possibly proper compact subset of X, that is,

[[w" Pl (&) = [[W"P||Lo (5+(1,0,5)) With
SH(L,Q, ) = {z € E: UM% (2) + Q2) < wro.s ). (2.7)

The link between S*(¢,Q,Y) and the support of the equilibrium measure
is studied in [60, Theorem IV.4.1], and in more detail by Buyarov and
Rakhmanov [16]. We state parts of their findings without proof.

Theorem 2.3. [16] Let X', Q be as in Theorem 2.1, and define the sets

S(t) == supp(pt,Q,5), t>0.
The sets S(t) are increasing in t, with Ny~ S(7) = S*(¢,Q, X)) for all t, and
S(t) = S*(t,Q, %) for almost all t. Furthermore, for allt >0 and z € C,

t t
He,Q,x = / ws(r) dr, wy,Q,x — UM% (2) = / gs(r)(z) dr.
0 0
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Theorem 2.3 tells us that all extremal quantities are completely determined
once one knows S(t) for all ¢ > 0. Notice that S(t) may consist of several
intervals, or even have a Cantor-like structure. The determination of S(t)
for particular classes of external fields @ is facilitated by tools like the F-
functional of Rakhmanov-Maskhar-Saff, see [47] or [60, Section IV.1.11], but
remains in general a quite difficult task.

A quite interesting example for the preceding findings is the case of an ex-
ponential weight w(z) = exp(—22), described below, or more generally Freud
weights. This example can be considered as the starting point for the research
on weighted energy problems in the last twenty years.

Ezample 2.1. Given a > 0, let w(z) = exp(—va|z|%) (ie., Q(x) = val|z|%),
with . .
a- I'(a/2)I'(1/2
o= [ = Hepr
o V1—u? 2l ((a+1)/2)
(72 = 1), and define the probability measure p with supp(p) = [—1, 1] by the
weight function

du oz/l u*~!
—(A\) =s(a,A) = — —— du.
d)\( ) = s(a, \) e NN u

On shows [60, Theorem IV.5.1] that

" =w:=1log(2) + 1/a for x € [-1,1],
v (m)+Q(x){>wloogg(2)+1/a fgerR\[fl,l].

Hence, by Theorem 2.1, for any compact X containing [—1,1] we have
1.5 = p, and S*(1,Q, X) = [—1,1]. In particular, for any polynomial P of
degree at most n we get from Corollary 2.1 that

[[w" Pl| Lo (5 = [|w" P|| Lo r) = [|0" P|| oo ((~1,1))-

Using the linear transformation y = x - (n’ya)l/ @it follows that

lle™ " P(y)l| e @) = lle™ " P Lo (1 (oo (myve) /-

’Exercise 14. Relate the findings of Example 2.1 to those of Theorem 2.3. ‘

Remark 2.3. Using the results mentioned in Example 2.1 one may show for
instance that the zeros of the Hermite orthogonal polynomials, after division
by v/n, have an asymptotic distribution given by the weight function s(2,\) =
(2/m)v1 =A% on [—1,1]. We refer the reader to [60, Section III1.6] for more
precise results on nth root asymptotics for L,-extremal polynomials (including
the case p = 2 of orthogonal polynomials) with respect to varying weights w™.

We finish this section by discussing two particular examples of external
fields given by the negative potential of a measure.
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Exercise 15. If Q(z) = —U“(z) for some o € M(X) with continuous
potential, show that ps o » = o + (t — ||o||)ws, for every t > ||o]||.

Things are becoming more exciting if the external field is a negative poten-
tial of some measure o with compact support outside of X'. Here the extremal
measure [|,||,—u-,s can be considered as a sort of projection of o onto X,
more precisely, we obtain the “problem of balayage” [60, Section II.4] studied
already by H. Poincaré and Ch. de la Vallée-Poussin: find a measure of the
same mass as o supported on X with potential coinciding (up to some con-
stant) with U? on X. In terms of electrostatics, we look for a positive unit
charge on some conductor being in equilibrium with some fixed negative unit
charge (on some isolator).

Exercise 16. Let X C R be compact and regular, t > 0, Q(z) = —U“(z)
for some measure o with compact support supp(c) ¢ X, finite energy, and
potential continuous on X' (the latter being true for instance if supp(o) N X
is empty), and write shorter S(t) = supp(us.g,s).

(a) Show that cap(S(t)) > 0. Use the maximum principle for subharmonic
functions for showing that gg;(z) > 0 for all z ¢ S(t).

(b) Let A C X some Borel set with cap(A) =0, and v € M(X) with finite
energy. Show that v(A) = 0.

(¢) By applying Theorem 2.2, show that

zeC: UM9(2) +Q2) Swi gz + (llol] = 1) gs@)(2)-

(d) Using the maximum principle for subharmonic functions and (c), show
that S(t) = X for all ¢ > ||o||. Deduce that the balayage problem onto
2’ has a unique solution given by y)|q(|,—ve -

(e) In the case t < [|o||, show that us g = + (||o]| — ) ws@) is the balayage
of o onto S(%).

Exercise 17. Let Y ; Y’ C R be compact and regular. What is the
balayage measure of wy: onto X7

For a regular compact X C R, we may define the Green function with pole
at a € C\ X by the (balayage) formula of a Dirac measure

g5(z,0) =wi g5 — UM@2(2) = Q2),  Qz) = -U(2),

compare with [60, Section I1.4]. One may show [60, Eqn. (I1.4.31)] that it is
possible to integrate the preceding formula with respect to a: provided that
Q(z) = —U%(z), we have

Wil @ — U125 () — Q(2) = / 95z, a) do(a). (2.8)
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Provided that explicit formulas for gs(-,-) are available, this formula can be
exploited to derive explicit formulas for the density of the balayage measure,
by recovering the measure from its potential [60, Chapter II.1]. E.g., for z €
XY = [a,b], an interval, and o(X) = 0, corresponding formulas are given in [60,
Corollary 1V.4.12]

dMHa'H—U” ab / |yia’| |y ‘ d ( ) (29)
dx ly — =

\/ I*a *‘T

2.2 Energy Problems with Constraint and External Field

Discrete Chebyshev polynomials are orthonormal with respect to the scalar
product

<PQ>-= ) wn(z)’P()Q()

z€EN

with Ex = {0,1,..., N} and wy(z) = 1. Further systems of “classical” discrete
orthogonal polynomials contain

k
Meixner polynomials : Ex = {0,1,2,...}, wy(k)? = ¢ ](j)k

ckee
Charlier polynomials : Ey = {0,1,2,...}, wy (k)? = i

Krawtchouk polynomials, discrete Freud polynomials, discrete Hahn polyno-
mials, see for instance [20, 24, 22, 45, 43] and the references therein.

It was Rakhmanov [58] who first observed that the nth root of the nth
discrete Chebyshev polynomial (and other discrete orthogonal polynomials)
for so-called ray sequences, that is, n,N — oo in such a manner that
n/N — t € (0,1), can be described in terms of a constrained weighted
equilibrium problem in logarithmic potential theory. Recall from Chapter 1.3
that asymptotics of discrete Chebyshev polynomials are closely related to the
convergence behavior of Krylov subspace methods applied to a matrix with
equally spaced eigenvalues, and to the convergence of its Ritz values. Other
domains of applications for asymptotics of discrete orthogonal polynomials
include coding theory and discrete dynamical systems.

Similar to the approach for Hermite polynomials (c.f., Remark 2.3), for
obtaining nth root asymptotics it is first required to scale the set En by some
appropriate power of N. The resulting supports will then have an asymptotic
distribution for N — oo which can be described by some Borel measure o.
Furthermore, after scaling, the weights wy will behave like w(z)™ for some
appropriate weight which can be written as w = exp(—@Q). The constrained
energy problem considered by Rakhmanov [58] consists in minimizing the
logarithmic energy I(u), where p is some probability measure satisfying in
addition the constraint that ¢ — p is some nonnegative measure. The set of
such measures will be denoted by
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M7 ={p=0:||pl[=t0c—p=0}

where 0 < ¢t < ||o||. In our context it will be useful to introduce a weighted
analogue of this problem. Its unique solution has been characterized by Drag-
nev and Saff [24, Theorem 2.1 and Remark 2.3], and further investigated by
several other authors. We summarize some of their findings in Theorem 2.4
below, here additional regularity assumptions on ¢ and @ enable us to obtain
a simplified statement.

Theorem 2.4 (see [24]). Let Q) be a continuous real-valued function on some
closed set ¥ C C, w := exp(—Q), and, if X is unbounded, suppose that
Q(z) —log|z| — +o0o for |z] — oo. Furthermore, let o be a positive measure
with supp(c) C X, such that, for any compact K C supp(c), the restriction
olk of o to K has a continuous potential. Finally, let 0 <t < ||o]|.

Then for the extremal problem

Wig.o = inf{I9u): p€ M7}

there exists a unique measure py,0 - € MY with Wy 0.0 = I9(ut,0.0), and this
extremal measure has compact support. Furthermore, there exists a constant
w = w.Q,s sSuch that for p = ut g.o we have the equilibrium conditions

Ul(2)+Q(2) >w for z € supp(o — i), and (2.10)
Ul(z2) +Q(z) <w for z € supp(u). (2.11

Conversely, if u € MY has compact support and satisfies the equlibrium con-
ditions (2.10), (2.11), for some constant w then p = iy Q.o

In terms of electrostatics, we may consider yi; g, as the equilibrium distri-
bution on supp(o) of a positive charge of mass ¢ in the presence of an external
field @, but here supp(o) is no longer conducting: indeed p < o imposes a con-
straint on the maximum charge per unit. As a consequence, the corresponding
weighted potential is no longer constant on the whole part of supp(o) charged
by our extremal measure: we may have a strictly smaller weighted potential
at the part supp(o) \ supp(c — pit.@,») where the constraint is active. However,
in the free part supp(o — p4,0,0) N supp(ie,0,0) the weighted potential is still
constant.

We should comment on the proof of Theorem 2.4. For showing existence
and uniqueness of the extremal measure, we can follow the reasoning of Ex-
ercise 12, at least for compact X' (the growth condition on @ can be shown
to imply that it is sufficient to consider compact X). A proof of the equiv-
alent characterization by the equilibrium conditions (2.10) and (2.11) uses
Exercise 12(c) and Theorem 2.2, as well as the following observation.

Exercise 18. Let v be a measure with compact support and continuous
potential. Use twice the principle of descent for showing that any measure
p >0 with g < v also has a continuous potential (c.f., [58]). Show also that
1 has no mass points.
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Remark 2.4. The extremal constant w; g, is not necessarily unique [24, Ex-
ample 2.4], but will be unique if supp(o) is connected, or, more generally, if
supp(ie,Q,0) and supp(o — p.g,-) have a non-empty intersection.

Ezample 2.2. For the constraint 92 (z) = az®~! on supp(s) = [0,+0), a >
1/2, and the external field Q(z) = v-z®, it is shown in [45, Theorem 2.1] that

¢
Pt,Q,0 = /0 Wia(r),b(T)] dr, (2.12)
t
Wt,Q,0 — UHt.Q.o (Z) = / g[a(.r%b(,r)](z) dr, (2_13)
0
and supp(pe,q.0) = [0,0(t)], supp(pr,q.0) Nsupp(o — Qo) = lalt), b(t)],
where 0 < a(t) = t%ag < b(t) = t*bg are solutions of the system

. (2.14)

1 @ Q' (z) dx do(x)
0= = _
/a<t> Vb(t) — 2)(x — a(t)) /x<a<t> V(B) — 2)(a(t) — z)

_ 1 b(t) Q' () dx B x do(x) 915
‘=T /a(t) \/(b(t) z)(z — b(t)) /acga(t) V() = z)(at) — z) (215

Exercise 19. In case of compact supp(o), show the following property of
duality )
Ht,Q,0 + Hlio||-t,80,0 = O where Q := —-Q — U°.

Let us compare our extremal problem to the unconstrained one of Defini-
tion 2.1. In case of a “sufficiently large” constraint we clearly see by comparing
Theorem 2.4 with Theorem 2.1 that the following implication holds

o> ,Q,x = Q.o = Ht,Q,5- (2.16)

Of course, the same conclusion is true if supp(c — p,0,») = X. In what follows
we will consider sometimes the case of a trivial external field @ = 0 (and
hence compact supp(c)). Here the following result will be helpful relating the
constrained energy problem with trivial weight to an unconstrained weighted
extremal problem and more precisely to a balayage problem.

Lemma 2.1. Under the assumptions of Theorem 2.4, if Q = 0 then

O = [1t,0,0 = Ho||—t,0,5> where Q :== —U? and % := supp(0),

and moreover
supp(fi¢,0,0) = supp(o).
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Proof. Write shorter S := supp(u0,,). Recall that gg equals zero on S up
to some set of capacity zero. From (2.11) with ) = 0 and Exercise 16(b) we
conclude that

UHt0o (2) + gs(2z) < w = wi 0,0

holds ji1,0,,—everywhere on S, and the principle of domination of Theorem 2.2
tells us that the above inequality is true for all z € C. In particular, for z ¢ S
we have UH+07(z) < w by Exercise 16(a). Comparing with (2.10) shows that
z & supp(o — pir,0,0) O supp(o) \ S. Hence S = supp(o), as claimed in the
assertion. Moreover, from (2.10) and (2.11) we see that o — 0, satisfies
the equilibrium conditions (2.5), (2.6) corresponding to the external field Q
on X with the normalization ||o|| — ¢, and hence is equal to Hol|-t.0,5 PY
Theorem 2.1. O

Exercise 20. Suppose that (0,7) > t — S(t) C C with S(¢) compact
and regular decreasing sets, i.e., S(t') C S(¢) for ¢’ > t, and consider the
constraint

a(x):/o wsw(@)dt, T =|lo]. (2.17)

Show that :
w0, — U0 (2) = / gs(r)(z) dr. (2.18)
0

Hint: verify equilibrium conditions.

Remark 2.5. As shown in [10, Theorem 2.1], it follows from Theorem 2.3 and
Lemma 2.1 that the following more general statement is valid:

In case of a trivial external field @ = 0, the compact sets S(t) := supp(c —
Hto0,0) are decreasing in ¢, any constraint o has the integral representation
(2.17), and formula (2.18) is true.

Remark 2.6. It is an open problem of establishing integral formulas of Buyarov-
Rakhmanov type in the case of the constrained weighted extremal problem
for general external fields ). However, besides the preceding remark, there
is another case where such formulas may be established (compare with [42,
Lemma 3.1, Theorem 3.3, Proof of Lemma 6.2], [23, Chapter 4], [40, Proposi-
tion 4.1] and [12]):

Let supp(c) = [A, B], Q(A) = 0, and suppose that the functions @ and Q
defined by _
Qz) = -Q(z) - U’ ()
are continuous in [A4, B] and have a continuous derivative in (A4, B). Suppose
in addition that the functions z — (z — A)Q’(x) and z — (B — 2)Q’(x) are
increasing functions on [A4, B]. Then (2.12) and (2.13) hold, with A < a(t) <
b(t) < B defined by (2.14), (2.15).
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Some other results on the interval case for the constrained unweighted en-
ergy problem are given in [41, Theorem 2], [39, Theorem 5.1], [10, Lemma 3.1],
in particular one may find (systems of) integral equations for determining the
endpoints of S(t), and links with the technique of balayage since, by Exer-
cise 16 and Lemma 2.1, the measure o — p; 0,0 + twg(;) coincides with the
balayage of o onto S(t).

2.3 Asymptotics for Discrete Orthogonal Polynomials

Let T;, ,, be the extremal polynomials of (1.2). In this section we describe how
the nth root asymptotic of the extremal constants |[wy - Ty ||z, (Ey) for ray
sequences n, N — oo, n/N — t, as well as the asymptotic distribution of zeros
of T}, , may be expressed in terms of the solution of the constrained weighted
energy problem of Section 2.2.

For some discrete set Ey we define the corresponding counting measure

a discrete measure where each element of En is charged by the mass 1/N.
Similarly, given a polynomial P with set of zeros Z, we write vy (P) := vy (Z)
for the corresponding normalized zero counting measure (where we count zeros
according to their multiplicities). As usual, for a sequence of discrete sets
(En)n we write vy (En) % o if for any continuous function f with compact
support there holds

]\;iixlm/f Ydvn (2 /f Ydo(z), where /f )dvn (2 Zf
zEEN
Finally, for discrete sets En, Fy we define the discrete mutual energy

In(Ex, Fy) = N2Z 3 1og(|x%

re€EN yeFN y#x y|

),

the mutual energy between two systems En and Fly of positive masspoints.

Exercise 21. Suppose that vy(Exn) & u, vy(Fy) % v. Show the lower
semi-continuity
l%\lfnianN(EN,FN) Z I(u,ll).

Hint: consider the regularized kernel (x,y) — mm{n,log( )} for R 5
n — +oo.

Weak asymptotics of discrete L,-extremal polynomials have been a subject
of a number of publications, see [24, Theorem 3.3] (for real compact X), [22
Theorem 2.5] (for p = co and real X'), [45, Theorem 7.4 and Lemma 8.3] (for
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0 < p < oo and real X)), [43, Theorem 7.1] (for p = 2 and real X, see also
[44]), and finally [5, Theorem 1.3] (for 0 < p < oo and complex supports). We
summarize these findings in the following (a bit technical) theorem.

Theorem 2.5. [5] Let 0 < p < oo. Furthermore, let X, o, Q, w = exp(—Q) be
as in Theorem 2.4, and t € (0, ||o||) with supp(ut,g,0) Nsupp(o — pue,0.0) # 0.

Suppose that the sets Eny C X and the weights wy(z) >0, 2 € Enx, N >0,
satisfy the conditions

vN(EN) 5 o, (2.19)
1N
limsup sup % <1, (2.20)
N—oo z€EEN U}(Z)
for some w € C(X) with |z|w(z) — 0 for |z2| — oo and if for any compact K
there holds

1/N
limsup sup wn () <1, (2.21)
Nooo zeExnk  W(2)
then N
limsup ||lwn ~Tn7p||L/ (Bx) < €XP(—WiQ.0), (2.22)
n,N—oo,n/N—t r
and for any z € C satisfying
lim Uy (VENEN) () = golve (z) (2.23)

N—o0

for some open neighborhood V (z) of z with o(0V (z)) = 0 there holds

lim sup min M v <exp(UFt?e(2) —wi,Q.0),
n,N—oo,n/N—t deg P<n |P(’Z)| -
(2.24)
If moreover there exists some bounded open neigborhood V' of supp(t,Q.0)
with
I\}iinooIN(VﬂEN,VﬂEN) = I(olv), (2.25)

if for any compact K there holds

lim  sup Jwn(2)YN —w(z)| =0, (2.26)
N—oo zEENNK

and if in the case p < oo there exists a p’ € (0,p) with
. 1/N
limsup [|[zw] V|2, ()] < o0, (2.27)

N—o0

then (2.22) and (2.24) are sharp, more precisely, we have

. 1/N o
n7N4>}>1<>I,I7ll/N4>t ||U)N . Tn’p”Lp(EN) - exp(iwt’Q’U)’ (228)
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lim [ llwn - PllL, (2x)11/N
n,N—oo,n/N—tLdeg P<n |P(2)|

= exp(U“t"Q'”(Z) — wt7Q7U), (2.29)

with z as in (2.23), and finally, if the two-dimensional Lebesque measure of
X is zero, there holds

UN(Thp) = pe.06 forn,N — oo,n/N —t. (2.30)

The statement of this theorem simplifies considerably for compact X
(why?). Since En then has O(N) elements, we can use classical inequali-
ties between Hélder norms showing that L,(En)-norms for two different p
are equivalent up to a factor being some power of N (which of course will
vanish once we take Nth roots). Therefore it is evident that the right hand
side of (2.22), (2.24), (2.28), (2.29), and (2.30) do not depend on p.

We will comment in Remark 2.7 below on the different assumptions and
variations proposed by different authors and subsequently give the main ideas
of the proof of Theorem 2.5 for compact X (for a proof for general X we refer
the reader to [5, Theorem 1.3 and Theorem 1.4(c)]). Let us first have a look
at the examples mentioned in the introduction of Section 2.2.

Ezample 2.3. [Discrete Chebyshev Polynomials] After scaling (dividing
the support by N) we obtain assumption (2.19) with o being the Lebesgue
measure on [0, 1], having a continuous potential. Here conditions (2.20), (2.21),
(2.26) and (2.27) are trivially true with @ = 0. The interested reader may
check that also condition (2.25) holds, and that, by (2.3),

o= [ S0 T

Thus explicit formulas for p 0, are given in Exercise 20, in particular one
obtains from (2.29) for p = +00 (compare with [10, Corollary 3.2])

lim log(E,(0,{1/N,2/N,...,N/N})¥/N)

n,N—oo,n/N—t

1+t)log(l+t 1—t)log(l—t
s —rne(0) = ~UHOWBID + A= 0I1 =0 (5
Ezample 2.4. [Meixner Polynomials| Here, again after division of the sup-
port by N, we obtain for o the Lebesgue measure on [0,+00). By Stirling’s

formula, we have for x = k/N and w(x) = exp(xlog(c)/2)

wN(w)l/N B

w(z)

Cfm/z[chF(Nx +b)
B I'(Nz+1)

uniformly for z in some compact. Hence (2.20), (2.21), (2.26) and (2.27) are
true with Q(x) = z log(1/¢)/2. The corresponding equilibrium measure pi;.g,»
has been given in Example 2.2. Here we may explicitly solve the system (2.14),
(2.15), of integral equations, and ag = (1 — \/c)/(1 + /¢) = 1/bo.

JYCN) =1+ 0(1) N oo
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Remark 2.7. Let us shortly comment on the different assumptions of Theo-
rem 2.5 and relate them with related conditions proposed by other authors.
Conditions (2.19), (2.21) and (2.26) allow to relate our discrete L, norm to
the extremal problem with data o and Q.

Conditions (2.20) and (2.27) ensure the finiteness of ||w,P||. (g, for a
polynomial of degree at most n, at least for sufficiently large n. Such an ad-
ditional condition is required for p < oo for controlling the contribution to
the L, norm of in modulus large elements of E,. Stronger sufficient condi-
tions for (2.27) in case of unbounded X have been discussed in [45] and [5,
Lemma 2.7].

Finally, by considering the example Ey = Fy U (e™N + Fy), Fy =
{0,1/N,2/N,...,N/N} it becomes clear that our asymptotic bounds (2.22),
(2.24) cannot be sharp since they do not take into account the clustering
of points of the support, compare also the discussion in [43, Section 8].
Rakhmanov [58] considered the additional separation condition

lim inf inf N-|lx—y|>0
N—oo z,yeENNK,x#y

for all compact sets K. The weaker condition

: 1/N o
g | TL e —enutew)| <o
reEENNK,x#y

for any compact K was proposed in [24] (see also [22, 45, 43] for some general-
izations). It may be shown [24, Lemma 3.2] that, e.g., sets of zeros of suitable
orthogonal polynomials satisfy this condition. One may show that any of these
two conditions imply (2.25). This latter separation condition (2.25) was con-
jectured to be sufficient by Rakhmanov at the Sevilla OPSF conference [43,
Conjectures 2 and 3], and proved to be sufficient later in [5].

We end this section by giving the main ideas of the proof of Theorem 2.5
for compact X, compare also with [10, Theorem 2.1 and Theorem 2.2] for
Q@ = 0 and [12, Theorem 2.2] for general Q). For general X the reader may
consult the statements [5, Theorem 1.3 and Theorem 1.4(c)] and their proofs.

Proof. (of (2.22), (2.24)). Given € > 0, it is sufficient to construct a sequence
of monic polynomials py of degree n = n(N) with n(N)/N — t for N — oo,
such that

lim sup HwNpN||1L/§(EN) < TR A}gnoo lpn (0)|V/N = = U@ (0),

N—oo

(2.32)
where we suppose that (2.23) holds for z = 0 and some V(0) (notice that
(2.23) is true for any z ¢ X by assumption (2.19) since then x +— log(|z — z|)
is continuous in X'). We will choose the zeros of py in En.

First notice that, by assumption (2.21), it is sufficient to show (2.32) for
wy = w¥. The main idea of the proof is that one is able to discretize pu; g o
with help of points in E: there exist sets Ey with
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card(By) =n(N),  Ex CEn,  un(Ex) g (233)

for N — oo (see [10, Lemma A.1] for real X and [5, Lemma 2.1(d)]). Consider
the polynomial py with simple zeros given by the elements of E%;, and the
compact set

Ko={AeX: UM (\) +Q(2) < wroo — €}, (2.34)

then from Theorem 2.4 and from the uniqueness of the extremal constant
w,Q,0 we know that p; g o(K¢) = o(K.) < t. Hence only o(IN) elements of
EnNK. are not in ExNK,, but more than o(N) elements lie in E4\ K. Hence,
by possibly exchanging o(IN) elements we may add to (2.33) the additional
requirement that
Ex NK, :ER]OKH
implying that
1/N 1/N un (B
Vol iy = 0N N1 N ) =2 exP(= Q) = U (G))

for some {n € En\ K.. By going to subsequences if necessary, we may suppose
that {y — ¢ € X, and hence by the principle of descent (2.2) and by continuity

of Q

limsup [|wVpx ||} N gy € sup exp(—Q(Q) — UMb (()) < e nen
N—o00 CeEX\K.

the last inequality following from the definition of K.. We also have from the
principle of descent and from (2.33) that

limsup [py (0)[Y/~ = lim sup exp(—U"~ F¥)(0)) < e V"7 (),

—00 N—o0

The assumption o(0V(0)) = 0 and thus u,,0(0V(0)) = 0 allows us to con-
clude that

vN(EN \V(0) = Q.o — 1t.Q.0lv(0);
vn(V(0) N (En\ EN)) = olv(o) — #.Q.olv(0)

and hence again by the principle of descent and by (2.23)

llmSUpUUN(EJ*V)(O) = lim U'/N(EJ*V\V(O))(O)_'_ lim UVN(ENﬁV(O))(O)
N —oc0

N—oo N—oo

— liminf ¥~y (VON(EN\ER)) (0)

N —o00

> Urte—heQelvo (0) + U7Ivo (0)
—yelvo—ria.elvo (0)

= Urne(0),

showing (2.32). O
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Proof. (of (2.28), (2.29)). It is shown implicitly in [5, Lemma 2.1(c) and
Lemma 2.2] that we may suppose that the set V in (2.25) satisfies o(0V) = 0.
Let Fiy C En with vy (Fn) 2 p. We claim that

FNCENOV, VN(FN)L,U, — ]\;lm IN(FN,FN)ZI(,U,ILL). (235)

Indeed, since o(0V) = 0, we have that vy (Ex NV) % o]y, and hence with
Fy = (ExNV)\ Fn, vn(F)) = o|ly — p we have

limsup Iy (Fy, Fn) = limsup(IN(EN NV,ExNYV)

N—oo N—oo

— In(Fy, Fy) — 2IN(FNaF1'v))
<limsup(Ex NV, ExyNYV)

N—oo

- lgnianN(FJ’v,F]’V) - 21}g11nf1N(FN,F;V)
< I(oly) —I(oly — p) = 21(p,0ly — p) = I(p),

where in the last inequality we have applied Exercise 21 and (2.25). From
Exercise 21 it also follows that liminfy In(Fn, Fy) > I(u), showing that
(2.35) holds.

Let € > 0, and K, as in (2.34). According to the equilibrium conditions
in Theorem 2.4 and thanks to continuity we find some open set K with
supp(pe.0,0) C K C K_.. By possibly replacing K by some smaller set,
we may also suppose that K C V, and that ¢(0K) = 0. Finally, notice that
t' = (0 — pt,0,0)(I) > 0 since for any ( in the by assumption non-empty set
supp(ie,Q,0) NSupp(o — pt,Q,o) there exists a small neighborhood U of ¢ with
U CV,and thus ¢ > (0 — p,0,-)(U) > 0 by definition of the support.

We now consider the weighted Fekete points, a set @ of n(N)+1 elements
of Ex N K which minimize the expression

IN(SpN,QSN) +2/QdVN(¢N)
By discretizing pit,0.» as in the preceding proof with n(N) + 1 elements in

En N K, we obtain a candidate &% with In (D%, P%) + 2 [ Qdvn(9y) —
I°9(ut,0.0) according to (2.35). Hence

IQ(ut,Q,o) > limsup Iy (Pn,PN) + Z/QdVN(¢>N).

N—oo
On the other hand, by Exercise 21 and Theorem 2.4,

liminf Iy (P, D) + 2/QduN(¢N) > 19(.0.0),

which by the uniqueness of the extremal measure shows that vy (¢n) 2 1,0,
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According to (2.22), (2.24) and (2.26), the assertions (2.28) and (2.29) will
follow by showing that

. . [l Pl (@n) 11/
hmlnf[ min —}
N—oo Ldeg P<n(N) |P(0)|

. . N 1/N -
aninf o B0 107 PIIZ o) 2 exP(-t00)

> exp(UFH27(0) — wi,0,0),

However, since @y has n(N)+ 1 elements, both expressions on the left can be
written explicitly in terms of Lagrange polynomials, a task which we leave as
an exercise. Then it is not difficult to see that the above two formulas follow
from the principle of descent, and from a fact which we will show now: for
any zy € &y with EY := Dy \ {zn} there holds

limsup U~ F2) (2x) + Q(2n) < wi0.0 + €. (2.36)
N—oco
Write Fy := (ExyNK)\ E%, with n’/(N) elements, and observe that vy (Fy U
En) — olk and vN(FN) — 0|k — pt.0,0, Where
n'(N)
N
with ¢ > 0, and, by (2.35),

=t = (0= p1.Q.0)(K)

i, (B P

— lim IN(E]*VUFN,EX[UFN)—IN(ER,,E;:V)—IN(FN,FN)
o N—o0 2
= I(pt,Q.0, Ol — Ht,Q,0)-

It follows from the definition of the Fekete points (replace one element of @y
by an element of (Exy N'V) \ @x) that

ze€Fy:  UNEN(zy) 4+ Qan) < UPEN(2) + Q(2).
Therefore, we can bound U”~ (PN (zx) 4+ Q(zn) above by
1 N

' (N) ZEZFN[UVN(Em(z) +Q(2)] = W[IN(E]*V’FN) + /QdVN(FN)L

the right-hand term tending for N — oo to

1
7 (I00m0l ~ 100 + [ QoL — o.))

1
=5 [(ve +Q) ol ~ )
which according to supp(o|x — pt.0.0) C K C K_¢ can be bounded above by
wy,Q.0 + €, as claimed in (2.36). O

Proof. (of (2.30)). See [5, Theorem 1.3(b)]. O
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3 Consequences

3.1 Applications to the Rate of Convergence of CG

As mentioned already in the introduction, we want to provide a better under-
standing of the superlinear convergence of CG iteration, and in particular to
explain the form of the error curve as seen in Figure 2, and in all examples
considered below. Recall from Corollary 1.7 the link between the CG error of
a positive definite matrix A of size N x N having the spectrum A(A), and the
quantity E, (0, A(A)). We will argue that for large N, the error E, (0, A(A4))
in the polynomial minimization problem (1.16) is approximately

7 lom B (A0) = = [ g (0)dr (31)

where t = n/N € (0,1) and S(7), 7 > 0, is a decreasing family of sets,
depending on the distribution of the eigenvalues of A. The sets S(7) have the
following interpretation: S(7) is the subcontinuum of [Anin, Amax] Where the
optimal polynomial of degree [T N] is uniformly small.

From Corollary 1.7 and (3.1) we find the improved approximation

5 ]la-

||7“§GHA—1

pr = exp (—1 /Ot QS(T)(O)dT> (3.3)

depending on n, since t = n/N. As the sets S(7) are decreasing as T increase,
their Green functions gg(,(0), evaluated at 0, increase with 7. Hence the num-
bers p; decrease with increasing n, and this explains the effect of superlinear
convergence (notice that log(p,/n) equals the slope at n of the bound on a
semi-logarithmic plot).

Indeed, we will only show that (3.2) holds in an asymptotic sense after tak-
ing nth roots. However, in order to be able to take limits, we need to consider
sequences of matrices Ay having a joint asymptotic eigenvalue distribution.
Such sequences of matrices occur naturally in the context of the discretiza-
tion of elliptic PDEs, by varying the stepsize or some other parameter of
discretization, see Section 3.4. We have the following result [10, Theorem 2.1].

Ny (3.2)

~ It

with

Theorem 3.1. Let (An)n be a sequence of symmetric invertible matrices,
AN of size N x N, satisfying the conditions

(i) There exists a compact X and a positive Borel measure o such that
A(AN) C X for all N, and vn(A(AN)) 2 0 for N — oo;

(i) o has a continuous potential;

(i) U~ (AAN)(0) — U(0) for N — oo.
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Define S(t) := supp(o — pi0,0), with the extremal measure p o, as in Theo-
rem 2.4. Then fort € (0,||o]||), we have

1 1/t
limsup — log E,,(0, A(An)) < 77/ gs()(0)dr (3.4)
n,N—oo T t 0
n/N—>t

Proof. Apply Theorem 2.5 for p = oo, wy = 1, and @ = 0: conditions (i),
and (iii), are corresponding to (2.19), and (2.23) for z = 0, respectively. The
conditions (2.20) and (2.21) are trivially true. Then our claim follows from
(2.24), where according to Remark 2.5 we may replace wy g, — U2 (0) by
our integral formula (2.18). O

Remark 3.1. According to Theorem 2.5, if we have the additional separation
condition (2.25) on the spacing of eigenvalues, then there is equality in (3.4) in
Theorem 3.1. In particular, if follows from the comments after Corollary 1.7
that the asymptotic CG bound on the right-hand side of (3.4) cannot be
improved.

Remark 3.2. For determining o, each A in A(Ay) is taken only once, regardless
of its multiplicity. Hence it might happen that ||o|| < 1. However, Theorem 2.5
remains valid even if one counts multiplicities, since E,(-,-) becomes larger
if one adds points close to multiple eigenvalues to A(A). The new conditions
obtained form (i)—(iii) counting multiplicities will be referred to as (i)’, (ii)’,
and (iii)’.

Remark 3.3. The condition (ii) is not very restrictive. For example, if o is ab-
solutely continuous with respect to Lebesgue measure with a bounded density
then (ii) is satisfied. It is also satisfied if the density has only logarithmic-type
or power-type singularities at a finite number of points. On the other hand,
condition (ii) is not satisfied if o has point masses.

In case of simple eigenvalues, condition (iii) may be rewritten as

A}im |det(An)|YN = exp(=U7(0)).

Comparing (iii) with the principle of descent (2.2), we see that this condition
prevents too many eigenvalues close to 0. If (iii) would not hold, then the
matrices Ay are ill-conditioned and the estimate (3.2) may very well fail.

Remark 3.4. In [11], the following strategy was considered in order to find a
polynomial p,, of degree n being small on A(Ay) and p,(0) = 1 (and thus to
find an upper bound for E,, (0, A(An)):

Choose some fixed set S. Each eigenvalue of An outside the set S is a zero
of p,. This determines a certain fraction of the zeros of p,,. Clearly the set S
has to be sufficiently big so that the number of eigenvalues of Ay outside S is
less than n. The other zeros of p,, are free and they are chosen with the aim
to minimize [|pn|[z_(s)-
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Though this strategy of imitating the CG polynomial seems to be natural,
it depends very much on a good choice of the set S, see also the discussion
n [31] and [25, Section 6]. Indeed, choosing a large set S means that there
only few outliers, and their influence on the supnorm ||p,||s is small. Since
we only need a polynomial which is small on the discrete set A(Ay) but
not necessarily in the gaps between the eigenvalues, |p, ||z (s) may be much
bigger than ||p,[|1(a ). On the other hand, choosing a small set S means that
we fix a lot of zeros of p,, and so we loose a lot of freedom in our choice for
minimizing ||pnz.(s)-

The main result of [11] is that the above strategy cannot produce a better
asymptotic bound on E, (0, A(Ay)) than Theorem 3.1, and that (under some
additional assumptions) S = S(t) leads to the same bound.

Remark 3.5. Provided that the sets S(t) of Theorem 3.1 are intervals, say,
S(t) = [a(t), b(t)], we may give an interpretation of the bound (3.2) in terms
of marginal condition numbers: Since gg ) (0) is increasing in t, we get from
(3.3) that

n/N n—1
log(py') = *N/O 95 (0)dr < =" gs(i/n)(0),

and, by (2.3), estimate (3.2) can be rewritten as

ok <%>—1
‘1;[ b(% )/a( P+

Hence the classical bound (1.1) is obtained for constant b/a, and we see that
the superlinear convergence behavior is obtained if the marginal condition
number b(4)/a(+) strictly decreases. Indeed, as we will see in Section 3.2,
some extremal elgenvalues will be matched by Ritz values, and can be disre-
garded for the further convergence behavior.

llew1la

22/\

[

Remark 3.6. For the moment it is not completely clear how to generalize The-
orem 3.1 to the case of matrices with unbounded spectra and asymptotic
eigenvalue distribution given by ¢ with unbounded support. In this case, we
certainly have to impose some growth condition on ¢ around infinity such
that the constraint is active around infinity.

Let us give some examples illustrating Theorem 3.1.

Ezxample 3.1. The case of equidistant eigenvalues

1 2 N
A(AN)_{Nvﬁa "7N}7
leading to o being the Lebesgue measure on [0, 1], has already been discussed

in Example 2.3, see also [10, Section 3]. For CG we obtain the error curve as
well as the bounds (1.1), (3.3) as displayed in Figure 2, see Section 1.1.
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Ezample 3.2. Consider the “worst case” eigenvalues

A(AN) = {2+ 2cos(m

J .
j=1,.,N
Ny i= b N
here conditions (i)-(iii) of Theorem 3.1 hold with o = wyg 4;. Comparing with
Exercise 20 we see that S(t) = [0,4] for 0 < ¢t < 1, and thus the bound (3.3) is
trivial. Indeed, for this example it is known that there are starting residuals
such that CG does not lead to a small residual before reaching n ~ N.

Example 3.3. For the Toeplitz matrix Ay := (’ylj_k‘)j,kzlyzm’]\[, 0<vy<1,of
Kac, Murdock and Szegd [38, p. 783] it is shown in [10, Section 4] (see also
Section 3.3 below) that conditions (i)’,(ii)’,(iii)’ hold with

1 1
ofz) = Ew[a’l/a}(x) :/0 Wia,b(t)) (7) dt,

1y () = 1/a fort<a
a_1+'y’ 1 a/t? for t > a.

Numerical experiments for the symmetric positive definite Toeplitz matrix
Thgp of order 200 of Kac, Murdock and Szegé are given in Figure 3. The
four different plots correspond to the choices v € {1/2,2/3,5/6,19/20} of the
parameter. Notice that the CG error curve (solid line) of the last two plots is
clearly affected by rounding errors leading to loss of orthogonality, whereas the
GMRES relative residual curves (dotted line) behave essentially like predicted
by our theory. In particular, the classical bound (1.1) (crosses) does no longer
describe correctly the size of the relative residual of GMRES for n > 20 and
v € {5/6,19/20}. Experimentally we observe that the range of superlinear
convergence starts in the different examples approximately at the iteration
indices > 50, 30, 20, and 10, respectively. This has to be compared with the
predicted quantity N - a which for the different choices of v approximately
takes the values 66, 40, 29, and 5, respectively. Though these numbers differ
slightly, we observe that the new bound (3.3) reflects quite precisely the shape
of the relative residual curve, and in particular allows to detect the ranges of
linear and of superlinear convergence.

Ezxample 3.4. Consider the two dimensional Poisson equation

_QPu(z,y)  Pu(z,y)
02 oy?

= f(:my)

for (z,y) in the unit square 0 < z,y < 1, with Dirichlet boundary condi-
tions on the boundary of the square. The usual five-point finite difference
approximation on the uniform grid

(j/(mi_‘_l)’k/(my—’—l))? jzoalv"'vmw+17k:0717"'7my+17
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N=200, y=0.5, cond. number=9 N=200, y=0.66667, cond. number=25

logqo( rel. residual )

10 20 30 40 50 0 20 40 60

N=200, y=0.83333, cond. number=121 N=200, y=0.95, cond. number=1521

logqo( rel. residual )

-15 -15
0 20 40 60 0 20 40 60
iterations iterations

Fig. 3. The error curve of CG (solid line) and GMRES (dotted line) versus the
classical upper bound (crosses) and our asymptotic upper bound (circles) for the
system Thooz = b, with random solution z, and initial residual ro = (1, ..., l)T. Here
T~ is the Kac, Murdock and Szegd matrix, with parameter v € {1/2,2/3,5/6,19/20}

leads to a linear system of size N x N where N = m, m,. After rescaling,
the coefficient matrix of the system may be written as a sum of Kronecker
products

(mg +1) (my"’l)
Ay =+—"""%B,_ I, + ——=I,, ® B, 3.5
N my, 1) v (mg 4+ 1) v (3.5)
where ) )
2 —-10 ---0
-1 2 -1
Bn= 1|9 .0 (3.6)
: R — |
0 ---0 -1 2
- - mXm

and I, is the identity matrix of order m. It is well known and easy to verify
that the eigenvalues of B,, are
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wk
m+1’

Wh,m = 2 — 2cos k=1,...,m,

and that the eigenvalues A; , of Ay are connected with the eigenvalues of By,
via

my + 1 mge + 1
my + 1'u]’m”” + my + 1

k= Bhma, J=1,....mgk=1...,my. (3.7)

We consider the limit relation

My
My, My — 00, — —06<1

: m

Yy

)

then it is not difficult to see using (3.7) that condition (i)’ holds with

[ sao = [ a6 [ av 52501 costren) + 26711 ~ o)

B 1 45 z4+46~1 f()\)
R dx/x d)\\/x(46—x)()\—x)(45*1—)\+x)

464461
= / a'(A)d)\
0

with

/()\) 1 /min{46,)\} dx
o = — )
72 Jmax{o,r—45-1} /2(40 — 2)(A — 2) (461 — X\ + 1)

The substitution 2’ = 45 — x shows that /(45 +46~1 — \) = ¢/()), and thus
we only need to consider the case where A > 26 + 26~ !, and hence \ > 46.

We now construct a linear fractional transformation y = T'(z) with T(0) = 0,
T(49) =1, T(\) = o0, and hence

r A—40
A—x 46

T(z) = yi=T\—45"1) = 1—16(/\—45*1)@—45) <1,

and the substitution y = T'(x) leads to

a(\) = L /1 &
47 Jinaxty01 Vy(L— )y —7)

iy iy
T Jo,sin(nt/2) > \/16 sin?(7t/2) — 167

By substituting v, we find with A := 26 + 257!

1
o= / ws dt,  S(t) = [A - \/A2 _ 16sin2(%t), A+ \/m _ 1631n2(%t)],
0
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and thus the extremal measures by Exercise 20. One may compare our findings
for 6 = 25/40 with numerical experiments presented in Figure 13 of Exam-
ple 3.9 below, where both histograms for m, = 25 and m, = 40 and the
density function ¢’ of the limiting distribution are drawn. Notice that o has
the support S(0) = [0,46 +46~1], and that ¢’ has logarithmic singularities at
46 and at 4571

The sets S(t) have been known before only in the case 6 = 1, and thus
A = 4 [10, Section 5]. More precisely, we observe that A;i = Agj, that is,
most of the eigenvalues have multiplicity at least 2. Also, Aj.+1—; = 4 for
all j = 1,...,m, and the eigenvalue 4 has multiplicity m. We suspect that
N/2 + o(N) eigenvalues have multiplicity 2. In this case, not only condition
(i)’ but also condition (i) holds, with the new constraint being half of the old
constraint. Since

1
Ht,0,0/2 = §ﬂ2t,0,da

one should therefore replace in the above formula for S(¢) the term ¢ by 2t,
in order to obtain a sharper error bound. This is confirmed by our numerical
experiments presented in Figure 4.

For exponentially decreasing eigencomponents, we may give an improve-
ment of Theorem 3.1 based on Theorem 2.5 for p = oo, compact real X and
nontrivial external field, see [12, Theorem 2.2].

Theorem 3.2. Besides the assumptions of Theorem 2.5, suppose that there
is a sequence of starting residuals (roN)Nn and a nonnegative @ € C(X),

w(A) = exp(—Q(N)), such that

(i) if the eigenelements of Ay are gwen by (Ajn,v;n) with ||v;n|] = 1,
then? N
lim sup max exp(Q(\;,n)) [M S
N—oco J ||T07NH
Then, for every t € (0,||o]|),
| eSCJ;\IHAN
lim sup — log : <UH27(0) — w,Q,0, (3.8)
n,N—oo N <||e(()3,§;\f |AN

n/N—t

where pt,0.0o and we,g.o are as in Theorem 2.4. A similar bound is valid for
the nth relative residual of MINRES.

Proof. See (1.15) and Corollary 1.3, and use the fact that from condition (iii)
it follows that [min; [\; y[]'/N — 1. O

2 In case of distinct eigenvalues, the quantity |(ro,n,v;,n)| was called before §; v.
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2D Poisson discretized, 1502 inner gridpoints

0 |
= 5 h
o
]
e
3
>
ke]
-10 |
—— CG error energy norm
Classical bound
—e— Qur asymptotic bound
_-1 5 1 1 1 1 1 1
0 100 200 300 400 500 600 700
iterations

Fig. 4. The CG error curve versus the two upper bounds for the system Ayz = b
resulting from discretizing the 2D Poisson equation on a uniform grid with m, =
my = 150. We have chosen a random solution z, and initial residual o = (1, ..., l)T,
and obtain superlinear convergence from the beginning. Notice that the classical
upper bound for CG is far too pessimistic for larger iteration indices. For the new
bound we have added a factor 1/2 in front of o since \jr = Ag,;, and we suspect
that most of the eigenvalues are of multiplicity 2

Ezample 3.5. As a motivating model problem for Theorem 3.2, we consider
the one dimensional Poisson equation —u”(z) = f(x), x € [0, 1], with homoge-
neous Dirichlet boundary conditions «(0) = «(1) = 0. The usual central finite
difference approximation on the uniform grid j/(N + 1), j =0,1,...,N + 1,
leads to a linear system Ayx = by with N equations and unknowns, where
AN = BN of (36), and

by = (N +1)2 [F(1/(N +1)) /(N +1)) -+ F(N/(N+1))]".

Both the one dimensional Poisson problem and the system Ayx = by are
easy to solve; however, this toy problem can serve to explain convergence
behavior observed also in less trivial situations. From Example 3.2 we know
that conditions (i)-(iii) are satisfied with o = wyg 4], and that, for general
starting residual, one obtains poor CG convergence, as confirmed by Figure 5.
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r=0.1 N=500, r=0.3, cond. number=101726.207
O R 1 0

log10( rel. residual )

0 5 10 15 20 25 30 0 50 100 150

log10( rel. residual )

0 50 100 150 200 250 300 0 100 200 300 400
iterations iterations

Fig. 5. The one dimensional Poisson problem discretized on a uniform grid (N =
500) for f(z) = Z;-V:1 r sin(jmx), r = 0.1,0.3,0.5,0.8. We find the error curve of
CG (solid blue line) and the classical bound (1.1) (black line with crosses), and our
new asymptotic bound (red line with circles). For comparison we give the MINRES
relative residual curve in (dashed green line). Notice that, for r = 0.8, there is hardly
any superlinear convergence and one has to reach approximately the dimension of
the system in order to achieve full precision

Here we will be interested in what happens for the CG starting vector 0
(i.e., ro,nv = by) and particularly smooth functions f, namely

flz) = ij sin(mjz), x€[0,1], where r:=limsup |£;117 € (0,1).
j=1

J—00

It is shown in [12, Lemma 3.1] that here condition (iv) holds with

Qz) = log(1/7) arccos(u).
T 2
Also, the reader may verify that the assumptions of Remark 2.6 hold. As shown
n [12, Section 3], here the integral equations (2.14),(2.15) can be solved in
terms of the complete elliptic integral K (-) and the Jacobi elliptic functions:
if k= k(r) is defined by
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Yog(1/7) gy = K(VI=#2),

™

then
a(t) = 4en®((1 = )K (k);k),  b(t) = a(t)/do®((1 — ) K (k); k),

and we obtain the asymptotic CG error bound of (2.12).

3.2 Applications to the Rate of Convergence of Ritz Values

In order to approximate eigenvalues of large real symmetric matrices A of
order N via the Lanczos method with starting vector 7 € RY, one computes
the so-called Ritz values, namely, the eigenvalues z;, < ... < z,, of the
(tridiagonal) matrix Jacobi matrix J,, see Definition 1.2 and Corollary 1.1.
Depending on the eigenvector components 31, .., On of the starting vector rg,
some of the eigenvalues \; < ... < Ay of A are well approximated by Ritz
values even if n is much smaller than the dimension N. Classical results on
convergence and on technical details of the Lanczos method may be found in
many textbooks. Let us cite here the well-known Kaniel-Page-Saad estimate
for extremal eigenvalues [30, 56, 59, 70] which is a consequence of Corollary 1.6
and Lemma 1.1

Tin — A1
AN — Ay

1 1 &
~ _ 9 623 (39)
Tho1(14252238)2 B ]; ’

with T, the nth Chebyshev polynomial of the first kind. Thus one may expect
geometric convergence of the smallest (largest) Ritz value to the smallest
(largest) eigenvalue for a fixed matrix A, but the rate of convergence will
depend on the size of the eigenvector component 3;, and on the (relative)
distance of A1 to the other eigenvalues. For an “inner” eigenvalue \j lying in
the convex hull of the Ritz values, say, .1, < Ap < Ty for some xk = k(k),
we get by combining Corollary 1.6 and Exercise 9

mzin ‘)\k - wl,n‘2 S |(>\k - xnfl,n)()\k - xn,n)‘

bla—17ln/2-1 1 &
<212 — Z B3, (3.10)
{b/a + 1} B3 Py

where a = min{Ag4+1 — Ak, A\ — Ak—1}, and b = max{Ay — A\x, A\ — A1 }. Notice
again that we may only expect an interesting rate of convergence if \j is well
separated from the rest of the spectrum, and if |Gg|/||ro|| is sufficiently large.

There exist (worst case) examples A,ry with eigenvalue and eigenvector
component distribution such that the bounds (3.9) or (3.10) are (approxi-
mately) sharp. However, for matrices occurring in applications one observes
quite often that the above bounds greatly overestimate the actual error, even
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for a judicious choice of the set in Corollary 1.6 (for instance a finite union
of intervals representing the parts of the real axis where the spectrum of A is
relatively dense).

Trefethen and Bau [70, p. 279] observed a relationship with electric charge
distributions, and claimed that the Lanczos iteration tends to converge to
eigenvalues in regions of “too little charge” for an equilibrium distribution.
This has been made more precise by Kuijlaars [39] who considered, as in the
preceding section, a sequence of symmetric matrices Ay which are supposed
to have an asymptotic eigenvalue distribution

vN(A(AN)) o for N — oo. (3.11)

Then, following Trefethen and Bau, Kuijlaars compared wsupp(s) and o, and
considered more precisely the constrained energy problem with external field
Q@ = 0 of Section 2.2.

In the remainder of this section we will suppose that Ay has N distinct
eigenvalues A\; y < ... < Ay, n contained all in some compact set X. Also, we
suppose that the Lanczos method is applied to matrix A with starting vector
ro,~ having eigenvector components 3 n, ..., Bn,n, and we are interested in
measuring the distance of an eigenvalue \; y to the set of Ritz values z1 , nv <
... < Ty N obtained in the nth iteration of the Lanczos process. We then have
the following result

Theorem 3.3. Suppose that the asymptotic distribution of the spectra of
(AN)nN is given by o, which has a continuous potential. Let ky be a sequence
of indices such that

Jim Ay = A (3.12)
and suppose that
. 1
Jim 5 tog ey < Al = [log - Xldo(x), (313)
J#kN
T Br NN
lim inf : =:p € (0,1]. 3.14
Nﬁoo[HrO,NH} pe(0.1] (3.14)
Then
1
limsup min [Agy N — xj}n’N|1/N < ;exp(U‘“’W()\) — wtﬁo,g). (3.15)
n,N—oo J
n/N—t

If moreover there exists a nonnegative function Q € C(X) with

{lﬁkN,N\r/N

<1
[Iro.n ]

— )

lim sup sup exp(Q(Aj,n))
N—o00 J

then
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1
lim sup min [Agy N — xj,n’N|1/N < - exp(U’“*Q’” \) — wt,Q,g>. (3.16)
n,N—oo J 14
n/N—t
Proof. We may suppose without loss of generality that A = 0. Using the
estimate of Corollary 1.6, we apply Theorem 2.5 for p = oo to the sets Ey :=

{)\j,N — )\kN,N ] 75 k’N} O

Remark 3.7. Recall from Remark 2.5 that we may replace wy oo — UF07 ()
in (3.15) by some mean of the Green functions gg (), see (2.18). Hence, for
p = 1, the right-hand side of (3.15) is strictly negative for A & (. _, supp(c —
Wr0,0), it correspondence with the heuristic observation of Trefethen and Bau.

Remark 3.8. In case of (3.16) one may observe a further phenomenon which
for the data of Example 3.5 is shown in Figure 6 and which is not fully covered

N=100, r=0.25 ) 4 N=100, r=0.1

Ritz values

0 20 40 60 80 100 20 40 60 80 100
iterations iterations

Fig. 6. Convergence of Ritz values for our 1D Poisson model problem with particular
smooth right hand side. Here N = 100, zo,y = 0, and f(z) = Z;\lzl I sin(jm),
r € {1/4,1/10}. The two black curves indicate the graphs of a,b. We draw in the
nth column, 1 < n < N, the position of the nth Ritz values within the interval
[0,4]. Here the color/symbol indicates the distance of the Ritz value to the set of
eigenvalues of Ay, compare with (3.17). Notice that nearly all Ritz values are red
in the range [0,a(t)], ¢ = n/N, that there are no Ritz values in [b(¢), 4], and that
in the range [a(t), b(t)] hardly any Ritz value converged (up to some exceptions by
“accident”)
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by Theorem 3.3: all eigenvalues in supp(it,0,0) \ supp(c — pe.g,0) are fit by
Ritz values (the constraint is active), and there is hardly any Ritz value in

supp(o — f11,Q.0) \ SUPP(4t,Q.0 )-

Remark 8.9. The first condition (3.13) will be true if the eigenvalues Ay, 4~
for j # 0 do not approach “too fast” Ay, n when N — oo. This separation
condition has been suggested by Dragnev and Saff [24, Definition 3.1] as a
sufficient condition for ensuring nth root asymptotics for discrete orthogonal
polynomials. It holds if the distance |Agy+j, N — Aky,n]| is bounded below by
a constant times |j|/N [58] or by some positive power of this quantity; how-
ever, it is excluded that two neighboring eigenvalues approach exponentially.
Condition (3.14) means that the starting vector ro y has a sufficiently large
eigencomponent for the eigenvalue Ay, .

Remark 3.10. The statement of (3.15) can be found in [6, Theorem 2.1(a)].
Before, Kuijlaars [39] had established a related inequality with p = 1, and the
right-hand side of (3.15) replaced by its square root. As assumption, Kuijlaars
imposed that (3.13) and (3.14) for p = 1 hold for any set of indices verifying
(3.12).

Remark 3.11. According to the first part of Corollary 1.6, we learn from the
proof of Theorem 3.3 that the right-hand side of (3.15) can be replaced by its
square for extremal eigenvalues ky = 1 or ky = N.

Indeed, this is also true for more general situations: suppose that Y =
[A,B], and B’ € X such that w9, — UFt0o(A) > 0 for A € [A, B']. Fur-
thermore suppose that (3.13) and (3.14) for p = 1 hold for any set of indices
verifying (3.12) and limit A € [A, B’]. Then it is not difficult to show that
IMen — Mepn |V — 1 for eigenvalues in [A, B']. Taking into account (3.15)
and the separation property of Theorem 1.2(c), a little bit of combinatorics
shows that x; , v approaches A; y exponentially for sufficiently small j. This
implies that one of the factors on the left-hand side of the second estimate of
Corollary 1.6 can be dropped, and we have that

. . 1/N : 1/N
limsup min |A\gy N — ivj,n,N| N = limsup [Agy N = Ty n,N| /
n,N—oo J n,N—oo

n/N—t n/N—t

< exp <2U’“*°"’ (A — 2wt,0,a>

provided that A € [4, B'].

In the same spirit, one can show that for all but at most one exceptional
eigenvalue in any closed sub-interval of X' with strictly positive wy g, — U7
we have this improved rate of convergence. Finally, there are examples where
the rate of convergence for the exceptional eigenvalue is given by (3.15). A
detailed discussion of these exceptional indices is given in [6].
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Fig. 7. Convergence of Ritz values for 400 equidistant eigenvalues in [—1,1]. We
draw in the nth column, 1 < n < N, the position of the nth Ritz values within the
interval [0, 4]. Here the color/symbol indicates the distance of the Ritz value to the
set of eigenvalues of Ax, compare with (3.17)

Ezample 3.6. If Ay has equidistant eigenvalues in [—1, 1], we found in Exam-
ple 3.1 that S(t) = [-v1 —t2,4/1 —t2]. Indeed, as shown in Figure 7, the
eigenvalues outside the disk are found by the Lanczos method.

The numerical results displayed in Figure 7 as well as in subsequent ex-
periments have been obtained by the Lanczos method with full reorthogo-
nalization, in order to prevent loss of orthogonality, due to finite precision
arithmetic. The following symbols/colors are used to indicate the distance of
a given Ritz value to the set of eigenvalues

color |symbol|distance between Ritz value and set of eigenvalues

red + less than 0.510714
yellow| W between 0.510~!* and 0.51078 (3.17)
green | O between 0.510~% and 0.51073

blue | A larger than 0.51073

Ezample 3.7. For the Poisson problem of Example 3.4 and m, =9, m, = 13,
the Ritz values are displayed in Figure 8. As in the preceding example, the
color/symbol is chosen depending on the distance of Ritz values to the set of
eigenvalues, as a function of the iteration indexn =1,2,..., N = 9x%13 = 117.
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2D Poisson, mx=9, my=13, N=117
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Fig. 8. Convergence of Ritz values for the Poisson problem with m, = 9 and
my = 13. Notice that, even for large n ~ N, hardly any eigenvalue in S(1)
[46,4671] = [2.77,5.78] is found by Ritz values

Observe that eigenvalues outside of the set S(n/N) described in Example 3.4
are well approximated by Ritz values, but not those in S(n/N). Notice also
that, even for large n ~ N, hardly any eigenvalue in S(1) = [44,457!]
[2.77,5.78] is well approximated by Ritz values.

Ezample 3.8. Consider the eigenvalues

27 -1 27
AjN = COS(ﬂ'j—) . |cos(7rj—

a— 1
IN on )| a>0,

and eigencomponents 3; v = 1, having clearly an asymptotic eigenvalue dis-
tribution o with continuous potential. As mentioned already in Example 3.2,
no convergence of Ritz values can be expected if &« = 1. Things become more
interesting for @ = 2 (more eigenvalues close to zero) or for & = 1/2 (more
eigenvalues close to the endpoints +1). This behavior is displayed in Figure 9.

In the case o = 2 one may show that for 0 < t < 1/4/2 we obtain S(t) =
[~1,1], and there is no geometric convergence of Ritz values. For t € (1/v/2,1),
the sets are strictly decreasing and of the form S(t) = [—b(¢), b(¢)], but the
resulting formulas for b(t) are complicated, we omit details. The convergence
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Fig. 9. Bar chart for the eigenvalue distribution of 400 eigenvalues in the case a = 1
(equilibrium distribution), & = 2, and a = 1/2 (from the left to the right)

behavior of the corresponding Ritz values can be found in Figure 10, indeed,
for n < N/+/2 hardly any eigenvalue is well approximated by a Ritz value.
For the case a = 1/2 it is shown in [6] that

1 —cos(7t/2)

St) = [-1,—r@®) U[r(t),1],  r(t) = T+ cos(nt/2)”

Notice that the eigenvalues (and the eigenvector components) are symmetric
with respect to the origin. Thus pa,—1,n is odd, and pa, n is even. Moreover,
AN41,2N+1 = Tnt1,2n+1,2N+1 = 0, and thus here is a perfect rate of conver-
gence. However, the eigenvalue Ay412n5+1 is approached by the Ritz values
Tn41,2n,2N+1 = —Tn2n,2N+1. Comparing with Remark 3.11 we get an “excep-
tional” eigenvalue with a smaller rate of convergence. In contrast, for even N
no exceptional eigenvalue occurs, even if the Ritz value z,41 2n41,28 = 0 is
not close to the spectrum. This last example contradicts the widely believed
fact that first extremal eigenvalues are found by Ritz values.

3.3 Circulants, Toeplitz Matrices and their Cousins

A circulant matrix of order N generated by some exponential polynomial
B(0) := ¢o + p1e? + ... + dpn_1eN V¥ ig defined by
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Fig. 10. Convergence of Ritz values for “squares” of 100 Chebyshev eigenvalues in
[-1,1] (a=2)

$o @1 PN
ON-1 %0 ON_2
Cn(o)=1| . . o (3.18)
$1 @20 o

i.e., Cn(9) is constant along diagonals. It is easily seen that Cv(¢) is diago-
nalized by the unitary FFT matrix of eigenvectors
L (2m’jk
(L
VN PN 4,k=0,1,...N—1’

0N =

with corresponding eigenvalues given by QS(W), k=1,...,N. Notice also
that Cn(¢) is normal, and in addition hermitian if and only if all eigenvalues
are real. One easily checks using the explicit knowledge of the eigenvalues
that, if (V) is the partial sum of a exponential power series ¢ being absolutely
convergent (such symbols ¢ are called of Wiener class), then for N — oo

1 27

vn(Cn (@) S oy, where [ fdoy = 1@ s, (319)

where here and in what follows we count eigenvalues according to their multi-
plicities. We speak of a circulant matrix of level two (and by iteration of level ¢)
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Fig. 11. Convergence of Ritz values for “square roots” of N € {100,101} Cheby-
shev eigenvalues in [—1,1] (o = 1/2). In the top plot (N = 100) the Ritz val-
ues Tp41,2n+1,8 = 0 for odd n are not close to the spectrum. In the bottom plot
(/N = 101) one observes the phenomena of exceptional eigenvalues

or a circulant-circulant matrix of order m, m,, if there is a block structure with
m? blocks as in (3.18), with each block being itself a circulant matrix. Thus
such matrices are induced by a bivariate exponential polynomial ¢ with de-
gree in x being equal to m, — 1 and degree in y being equal to m, — 1, and
we write Cy,, m, (¢). With the Kronecker product

AR B = (Aj7kB)j7k,

we see that the matrix of eigenvectors is given by the unitary matrix 2,,, ®

2y, and the eigenvalues by the expressions c;b(exp(zmg;l)),exp(zmr(:y_l))),

Jj=1,..,mg, k=1,...,m,y. Thus, as in (3.19), if #("=w) ig the truncation of
a bivariate exponential power series ¢ being absolutely convergent, then for
My — 00, My — 00,
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szmy (sz,my (¢(mm,my))) = O¢, (320)

Jsiee = [ s @

Toeplitz matrices are generated by Fourier series

with

b0 O1 - PN—1
P1-N P2y -+ o ]_700

which are again constant along diagonals, and hermitian if ¢ is real-valued.
Hence any circulant is Toeplitz, but not conversely. We also define Toeplitz-
Toeplitz matrices (or level 2 Toeplitz matrices) Ty, m,(¢) induced by some
bivariate Fourier series ¢ as a matrix with Toeplitz block structure, each
individual block being also of Toeplitz structure. Similarly, we speak of
Toeplitz-circulant matrices (Toeplitz block structure with circulant blocks)
or circulant-Toeplitz matrices.

It is well-known that these matrices occur in the discretization by finite
differences using the five point stencil of the Poisson PDE on [0, 1]?, more
precisely we have a (banded) Toeplitz-Toeplitz matrix in case of Dirichlet
boundary conditions (compare with Example 3.4), and a (banded) circulant-
circulant matrix in case of homogeneous Neumann boundary conditions.
Toeplitz systems arise also in a variety of other applications, such as signal
processing and time series analysis, see [19] and the references cited therein.

For Toeplitz matrices and their level 2 counterparts, it is in general impos-
sible to give explicit formulas for eigenvalues. However, we may find formulas
for the asymptotic eigenvalue distribution, compare for instance with [34,
pp. 63-65], [14, Theorem 5.10 and Corollary 5.11].

Theorem 3.4. Let ¢ be a univariate absolutely convergent Fourier series (we
say that ¢ is of Wiener class) and real-valued. Then vy (Tn($)) — o4 for
N — oo, with o4 as in (3.19).

If ¢ be a bivariate absolutely convergent and real-valued Fourier series then
for my, my — oo we have that vy, m,(Tm, m,(¢)) — 04, with o4 as in (3.20).

In the proof of Theorem 3.4 we will require the following perturbation
result of Tyrtyshnikov [71] in a form given by Serra Capizzano [61, Proposition
2.3]. See also Tilli [69].

Theorem 3.5. [61, Proposition 2.3] Let (Ax) be a sequence of Hermitian
matrices where Ayx has size N x N. Suppose for every ¢ > 0 there exists N,
such that for every N > N¢ a splitting

AN = BN(G) + RN(G) + AN(G)



Discrete Orthogonal Polynomials 175

where By (€), Ry (€) and An(e) are Hermitian matrices so that for N > N,
rank Ry(e) < Ci(e)N, and |An(e)| < Cae)
where Cy(€) and Cy(€) are positive constants independent of N with
lim C4 () = lim Ch(e) = 0.

Suppose that, for every ¢ > 0, the limit vn(A(Bn(€))) % o for N — oo
exists, and that the limit o. *> o for e — 0 exists, then vy (A(AN)) = o for
N — oo.

Proof. Apply the Courant minimax principle and the theorem of Bauer and
Fike [30] telling us that if A, B are two hermitian matrices with “small” ||A —
B||, then for each eigenvalue of A there exists an eigenvalue of B which is
“close”. O

Proof. (of Theorem 3.4) We will give the main idea of proof for the case of
a Toeplitz matrix, the arguments for a level 2 Toeplitz matrix are similar.
Denote by ¢(¥) the Fourier sum obtained from ¢ by taking the [N'/3]th
partial sum. Since for the p-matrix norm || - ||, of a matrix we have

(114112)* < [|Allo [|All,

and since ¢ is of Wiener class, we find that, for ¢ > 0 and sufficiently large
N, we have

16 = 6™ liaommy <& (ITw(@) = Tn (8] <e.

Then Ty (¢N)) is banded, of bandwidth < N'/3, and we need to modify at
most N2/3 entries in order to transform it to a hermitian circular matrix By.
Since the eigenvalues of this hermitian circular matrix are explicitly known,
we obtain the assumptions Theorem 3.5 with 0. = 04, and our claim follows
from Theorem 3.5. O

As seen from the above proof, results similar to Theorem 3.4 are true for
Toeplitz-circulant or circulant-Toeplitz matrices.

By Theorem 3.4 we see that condition (i)’ of Section 3.1 holds for sequences
of hermitian (level 2) Toeplitz matrices. Also, condition (ii)’ will be true for
instance for continuous symbols. Let us shortly comment of condition (iii)’ for
the case of hermitian positive definite Toeplitz matrices (and hence ¢ > 0). A
result of Szeg6 (see [34, p. 44 and p. 66]) is that

det(T(9)) 1 /
i Qet Ty 1(0)) exp | 5 _ﬂlog o(0)do (3.22)
provided that ¢ satisfies the Szegd condition
/ log ¢(0) df > —oo.

Notice that this condition can be rewritten as U%¢(0) < +4o0. Also recall
the link to strong asymptotics of orthogonal polynomials on the unit circle
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(the ratio of determinants in (3.22) is linked to the leading coefficient of such
orthonormal polynomials).
It follows from (3.22) that

Jim log(| det | T (o)) = 2i/ log ¢(6) df = /log)\da()\) €R,
—00 m

—T

and the condition (iii’) is satisfied.

3.4 Discretization of Elliptic PDE’s

The asymptotic eigenvalue distribution of matrices obtained by a finite differ-
ence discretization of elliptic partial differential equations has been discussed
in detail by Serra-Cappizano [62]. Here we will not look for the greatest gener-
ality, but just have a look at the particular example of a 2D diffusion equation
on some polyhedral domain in R?, discretized by the classical five point stencil.

Let £2 C [0,1]? be some open polyhedron, and b : £2 — [0, +00) piecewise
continuous. We solve the diffusion problem

div(bVu) = f on 2

plus Dirichlet (Neumann) boundary conditions via central finite differences,

with stepsizes
1 1
Ar=——0) Ay=— ),
my + 1 my + 1
This gives a system of linear equations for the unknowns u; 5 ~ u(jAz, kAy)
with
(G:k) € {(, k) € 2 | (jAw, kAy) € 2},

given by
my + 1
1 [—bj—l/kuj—Lk —bjt1/2kUjr1k + (bj1/2k + bj+1/2,k)uj,k]
Y
mg + 1
my +1 {_bj”“‘l/r““j”“*l = bjkrr/2tkrr + (g2 + bj.,k+1/z)uy‘,k}
Y

_ fik
~ (ma+ 1) (my +1)

where b; 1,9, = ¢((j —1/2)h, kh), etc. Supposing that there are N gridpoints
in 2, we can write this system as Ayxz = by, where it is known that (at
least for b strictly positive) cond(Ay) grows like O(N). Notice that for b =1
and 2 = (0,1)? and Dirichlet boundary conditions we recover the Toeplitz-
Toeplitz matrix of Example 3.4. In what follows we will not specify further the
(discretisation of the) boundary conditions, since in all cases this only leads
to a small rank pertubation of order (’)(\/N ), and hence by Theorem 3.5 does
not affect the asymptotic eigenvalue distribution.
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As in Example 3.4 we consider the limit relation

Mg, My — 00, %—>6<1,
my
Again, for b = 1 and 2 = (0,1)2, the asymptotic eigenvalue distribution
has been determined in Example 3.4, compare also with Theorem 3.4 for the
symbol
P(s1,82) = 26(1 — cos(s1)) + 2071 (1 — cos(s2)). (3.23)

In the general case we find the following result, which is a consequence of
a more general result of Serra-Cappizano [62].

Theorem 3.6. Under the above assumptions on {2 and b, we have that, for
any continuous function f with compact support,

dim [ rana) = o [ s [ ds g0 - a0

with ¢ as in (3.28) and m(-) the two-dimensional Lebesgue measure.

Proof. By covering {2 by “small” squares S; n of equal size tending to zero
for N — oo, we may replace Ay by some block diagonal matrix C where
entries with row/column index corresponding to points in squares S; n (for
the row) and Sy n (for the column) will be replaced by zero if S; y # Sk n or
if 55, v U Sk, N is not a subset of {2 or if b is not continuous on S; 5y U S v. By
choosing a correct size of the square, we see that the rank of Ay —Cy is o(N).
Denote by By the matrix obtained from Cy by replacing all b—values of a
diagonal block corresponding to the square S x by some constant b(&; n) with
&N € Sjn. Then || By — Cy|| is small by continuity. Applying Theorem 3.4
for each square and summing up all squares we then find that

dim [ ran(n) = o [ e [ ds e -0t

and our claim follows from Theorem 3.5. 0O

Remark 3.12. It is interesting to observe that for b = 1 we find the same
asymptotic eigenvalue distribution as in Example 3.4 independently on the
domain (2.

Remark 3.13. Let M := supg, b, then from Theorem 3.6 it becomes clear that
the asymptotic eigenvalue distribution is described by some measure o with
supp(o) = [0, (46 + 46~ 1)M] =: X. One may also prove that all eigenvalues of
Ay lie in X. Finally, defining the measure 7 by

o) = m({x € 2:b(zx) <r})
(~o0.1]) 2:4e)<r))
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with support given by the essential range of b, and denoting the extremal
measure of Example 3.4 by oo, we find that o is obtained by taking the
Mellin convolution of 7 and og. More precisely, if 7,09 have densities 7/, o,
then also o has a density ¢’, given by

4644671 da
O'/ y :/ O'/ T T/ g —_—.
W=/ @

If m:=inf b > 0, we deduce that

1eon 1 dz §+ 61 dx 9
W) = T /9 o) Y32mm(0) /Q bz TOW o

It is interesting to compare this formula with the Weyl formula for the asymp-
totic distribution of eigenvalues of the corresponding differential operator.

Ezample 3.9. We consider the Poisson problem, i.e., b = 1, on four different
domains §2 C [0,1]? displayed in Figure 12. On the bottom of Figure 13 one
may find histograms for the eigenvalue distribution in the case m, = 15,
m, = 40, and hence 6 = 15/40 = 0.375. In blue we have drawn the density
of the asymptotic eigenvalue distribution, which according to Remark 3.12 is
the same for the four domains. In the upper part of Figure 13 we find the
convergence history of CG for random starting vector. In all four cases, the
actual CG convergence looks quite similar (notice the different scales for the
iteration index, since the number of unknowns differs depending on how many
grid points are lying in 2. In all cases we find that the classical and our new
asymptotic bound lie above the actual CG error curve, the latter describing
quite well the slope of the convergence curve.

b-square b-triangle1 b-Ishape b-triangle2
1 1 1 1 1 1f 1
0.8 1 0.8f 1 0.8f 1 0.8 b
0.6f 1 0.6 1 0.6r 1 0.6 b
0.4f 1 04r 1 0.4 1 04 b
0.2 1 0.2 1 0.2p 1 0.2f b
or or b or of b
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1

Fig. 12. The four different domains, referred to as b-square, b-triangle-1, b-Ishape
and b-triangle2 (from the left to the right)
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Constant coefficients, grid=(25,40)

s B
S 5 o
2 T
e =
2 10 |— CG error energy norm 2
- — Classical bound -
—— Asymptotic bound
15
0 50 100 150 200 0 20 40 60 80 100 120
b—square, 1000 unknowns b-triangle1, 500 unknowns
O >
B 5
o 5 5]
T T
= =
g1 8
15
0 50 100 150 0 20 40 60 80 100 120
b-Ishape, 740 unknowns b-triangle2, 500 unknowns
Constant coefficients, grid=(25,40)
0.2 . I 0.2
0 ’
0.15
0.15 ‘I}‘ ‘4||
’4 g A \\
0.1t _f i N 0.1
0.05 -‘ 0.05 TH
0 “HMUﬂMMIMMIMHMMHMM 0 IIHMHIMHHHHIMHH
0 2 4 6 8 0 2 4 6 8 10
b—square, powers: left 0, right 0 b—triangle1, powers: left 0, right 0
0.2 = e 0.2 l e
0.15 0.15
L ™
0.1 0.1
0.05 W 0.05 TH
0 “HMM HMMMIMMIHHM” 0 ||HMIHHHHHIMH”
0 2 4 6 8 10 0 2 4 6 8 10
b-Ishape, powers: left 0, right O b-triangle2, powers: left 0, right 0

Fig. 13. Convergence rate for the diffusion problem with b = 1 on four different
domains, the b-square, b-triangle-1, b-Ishape and b-triangle2. We have chosen m, =
25 and my = 40
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Here and also in the next example we proceeded as follows to compute
numerically the asymptotic convergence bound (3.3): first the quite compli-
cated density of the asymptotic eigenvalue distribution o of Theorem 3.6 was
replaced around both endpoints by the first two nontrivial terms in the Taylor
expansion around the endpoints (see the red curves). For this new constraint
o, we expect that S(t) is an interval. The endpoints of this interval were ob-
tained by solving numerically the corresponding system of integral equations.
One finds as yellow curve the density of the extremal measure Iy 03 with ¢
being the ratio of the last iteration index, divided by the number of unknowns.

Ezxzample 3.10. As a second example we consider the diffusion problem with
b(z,y) = 1+ y on the same four different domains 2 C [0,1]? displayed
in Figure 12. On the bottom of Figure 14 one may find histograms for the
eigenvalue distribution in the case m, = m, = 40, and hence 6 = 1. In
blue we have drawn the density of the asymptotic eigenvalue distribution,
which has a shape depending on the domain, especially in a neighborhood of
the right end point of supp(c). In the upper part of Figure 14 we find the
convergence history of CG for random starting vector. Notice that the final
iteration index divided by the number of unknowns is 0.138, 0.186, 0.158,
0.198, and thus depends on the domain. Again our new asymptotic bound lies
above the actual CG error curve, and describes well its slope.

3.5 Conclusions

We have seen that there is a fruitful relationship between convergence behav-
ior of Krylov subspace methods in numerical linear algebra and logarithmic
potential theory, the link being given by asymptotics of discrete orthogonal
polynomials. Thus, in a certain sense, this manuscript contains the next 2-4
steps of the nice introduction paper [25] of Driscoll, Toh and Trefethen entitled
From potential theory to matrix iteration in six steps.

The linear algebra theory described here can be found in much more de-
tail in the textbooks [27, 30, 32, 54, 59, 70], see also the original articles on
superlinear convergence [3, 4, 31, 52, 53, 56, 63, 64, 74]. The potential theo-
retic tools are from [58, 24, 16, 22, 41, 45, 5, 40, 42], see also the textbooks
[47, 60, 57, 55, 46]. Finally, the link between these two domains is described
in [39, 10, 11, 12, 6].

There are at least two directions of current research: first it would be nice
to have a similar theory as in Section 3.4 for finite element discretization
of elliptic PDEs, including techniques of grid refinements. For P1 elements,
some work of Serra-Capizzano and the author is in progress. What is so at-
tractive about the finite element method is that one proceeds by projection,
and therefore there are inequalities between the eigenvalues of Ay and of the
continuous differential operator. Thus for instance the Weyl formula should
tell us much about superlinear convergence for CG.
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Function b(x,y)=1+y, grid=(40,40)

o=

= =
g [
5 > b
© ©
Q0 o
5 )
g>*1 Of| — CG error energy norm ]

— Classical bound
—o— Asymptotic bound

0 50 100 150 200 250 0 50 100 150
b-square, 1600 unknowns b-triangle1, 780 unknowns
Ok
B B
5 O 5
2 3
5 3
10 >
kel o

|
_
)l

o

50 100 150 200 0 50 100 150 200
b-Ishape, 1200 unknowns b-triangle2, 780 unknowns

Function b(x,y)=1+y, grid=(40,40
02 (x,y)=1+y, grid=( ) 0.2

0.15 0.15}

0.1 0.1}

0.05 0.05

[l o e 1 T 0 “u\\Uuuuuuuuuuuuuuu\\uuuu

15 20 0 5 10 15 20
b—square, powers: left 0, right O b-triangle1, powers: left 0, right 0

o
o

0.2 0.2

0.15

0.1

0.05 0.05

0 ‘H‘UU\UUH\UUUU\HUU\UH
0 5 10 15 20 0 5 10 15 20

b-Ishape, powers: left 0, right 0 b-triangle2, powers: left 0, right 2

Fig. 14. Convergence rate for the diffusion problem with b(x,y) = 1+ y on four dif-
ferent domains, the b-square, b-triangle-1, b-Ishape and b-triangle2. We have chosen
my = my =40
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In order to make CG perform better, one uses in practice the technique of
preconditioning. A quite involved research project is to find asymptotic eigen-
value distributions for such preconditioned matrices. For instance, there is a
whole theory about how one should precondition Toeplitz matrices with the
help of circulant matrices, see for instance [19]. However, for level 2 Toeplitz
matrices the theory is much less developed. What may happen is that there
is a clustering of many eigenvalues around some point, and we should zoom
into this clustering in order to obtain more precise information about the
eigenvalue distribution.

A different popular class of preconditioning techniques include the incom-
plete Choleski factorization and its relaxed generalizations, see for instance
[59] or the original articles [2, 18, 17, 26, 48, 72]. In [18, 17], the (complicated)
triangular matrices in the incomplete Choleski factorization were replaced by
circulants, which made it possible to make a more precise analysis for the
Poisson problem with periodic boundary conditions. For the model problem
of Section 3.4, the asymptotic eigenvalue distribution is determined in some
work in progress of Kuijlaars and the author.
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Summary. The purpose of these lecture notes is to give a short introduction to the
theory of orthogonal rational functions (ORF) on the unit circle. We start with the
classical problem of linear prediction of a stochastic process to give a motivation for
the study of Szegé’s problem and to show that in this context it will turn out that
not as much the ORF but rather the reproducing kernels will play a central role.
Another example of rational Krylov iteration shows that it might also be interesting
to consider ORF on the real line, which we shall not discuss in these lectures.

In a second part we will show that most of the results of the scalar case translate
easily to the case of matrix valued orthogonal rational functions (MORF).

There are however many aspects that are intimately related to these ideas that
we do not touch upon, like continued fractions, Nevanlinna-Pick interpolation, mo-
ment problems, and many other aspects of what is generally known as Schur analysis.
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1 Motivation: Why Orthogonal Rational Functions?

We want to give a summary of known results about orthogonal rational func-
tions (ORF) with respect to some measure whose support is contained in the
unit circle of the complex plane. But before we start, we want to give some
motivation of why it may be interesting to generalize orthogonal polynomials
to ORF for which the poles of the successive rational functions of increasing
degree are taken from a preselected sequence of complex numbers.
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1.1 Linear Prediction

Consider a discrete time stationary stochastic process {y,}nez. The index
n denotes a time instance. Stationarity means that pr, = E{y,y,_.} is
independent of n. We suppose that all the y,, are zero mean, identically dis-
tributed. A problem considered already by Wiener is to predict y, at in-
stant n from observation of the preceding y,_x, & > 1. Thus we want to
find coefficients aj such that y, is predicted by 7, = —Z;ozl AkYn—k such
that we minimize the energy of the prediction error or innovation process
e, = Zz‘;o axYn—k Where ag = 1. That is we want to minimize the expected
value E{|e,|?}.

Because in the space spanned by {yn }nez, we can consider E{z7} as an
inner product of z and y, we can formulate the previous problem by saying
that we look for the orthogonal projection of the present onto its past. Modulo
some technical details, it can be shown that this problem can be reformulated
in an Loy setting as an infinite dimensional least squares problem, i.e., finding
the projection of 1 onto the space H, spanned by {z~%, 272, ...} in the Hilbert
space Lo(u) of the unit circle where the orthogonality measure is the spectral
measure of the process (the trigonometric moments of this measure are the
pr, introduced above). The result is that the optimal predictor is given by the
spectral factor of the spectral measure. Suppose for simplicity that the spectral
measure is absolutely continuous with weight w(e), then the spectral factor
is the function o(z) which is the outer spectral factor of w (o and 1/0 are
analytic outside the unit disk, and satisfy |o(¢)|> = w(t) for [t| = 1).

There are two ways one can think of to solve this problem. Either we
project 1 onto subspaces £, of H, of dimension n =1,2,... and let n tend
to 0o, or we can solve the trigonometric moment problem to find the spectral
measure and subsequently or simultaneously do a spectral factorization.

If we assume that the value of ¥, is mostly defined by the near past
and much less by a past that is longer ago, then a natural choice is to take
L, =span{z~! ..., 27"}. So the optimal predictor of this finite dimensional
problem is to find the polynomial ¢,(z) = Y ;_jarz™" with ag = 1 that
has minimal norm in Ls(x). This is known to be the reciprocal of the monic
nth orthogonal polynomial. From the classical Szeg6 theory, it is known that
(under appropriate conditions on the measure) these orthogonal polynomials
converge (up to a constant) to the outer spectral factor of the orthogonality
measure (whose inverse is often called Christoffel function in this context).
Thus solving the projection problem leads asymptotically to a spectral factor
of the measure. For practical applications though we do not want n to be
very large, since that would need long and expensive filters. So we stop this
process with a finite n, and hope to have a good approximation. It is not
difficult however to find a simple example that requires a very long filter to
get a reasonable approximation.

Suppose y, = — Y pe; a*y,_j. Thus the predictor is 1 + a/z + a?/z% +
- =1/(1 —a/z). If |a| is close to 1, then the sequence a* will decay very
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slowly, and we shall need a high degree polynomial ¢, to obtain a good
approximation. If however, we know an estimate a of a from observing the
FFT of the observations, then a filter expanded in terms of powers of (1—a/z)
might need only a couple of terms to give a good approximation. For a more
complicated behaviour of the spectral density of the process, one might need
more poles to get an accurate model and in such a case a rational approximant
from span{1,1/(1—a1/z),1/[(1—a1/z)(1—az/z)],...} will be a better option
to model the system.

1.2 Krylov Subspace Methods

If A is a linear operator on a Hilbert space H (e.g., a large N x N matrix
operating on RY) and v € H, then the space K, +1(A,v) = span{vg, ..., v,}
with vy, = A*v, is called a Krylov subspace. To solve a linear equation Az =
b or an eigenvalue problem for A, the problem is projected onto a Krylov
subspace of finite (i.e., low) dimension (n < N in the matrix example) and
this low dimensional problem is solved to give an approximation to the original
problem. To compute the projection, an orthogonal basis is constructed for
the Krylov subspace. Clearly, the (k + 1)st orthogonal vector g has to be a
combination of the the first k + 1 vectors in the Krylov subspace. Hence it is
of the form g = pi(A)v with pi(2) a polynomial of degree k.

Exercise 1. Suppose that A is real self adjoint and positive definite, then
prove that the orthonormality ¢} ¢ = dy, is equivalent with the orthogo-
nality of the polynomials (g, pr) = d; with respect to the inner product
defined by {(¢k, vi1) = L(prei) where the linear functional L is defined on the
space of polynomials by its moments mj, = L(z*) = vT A*v. Note that the
metric for the standard basis {1, z,22,...} is a Hankel matrix whose rank
can not be larger than N, the size of A.

Thus in the classical Lanczos method for symmetric matrices, the three-
term recurrence relation for the orthogonal polynomials leads to a short re-
currence between the successive vectors ¢, meaning that ¢, can be computed
from ¢,_1 and g, 2, which does not need a full Gram-Schmidt orthogonaliza-
tion.

However, computing the vy, is like an application of the power method and
therefore, the v, will quickly converge to an eigenvector corresponding to a
dominant eigenvalue. Thus, if we want an eigenvalue in the neighborhood of
«, then we should not iterate with A, but with B = (A —al)~!. The rational
Krylov method (RKS) of A. Ruhe [26, 27, 28] allows for a different shift «
in every iteration step. Thus vy = (A — axl) " 1vg_1, or even more generally
v = (A — o)) (A — apl) " v,_1, where oy is used to enforce the influence
of the eigenspaces of the eigenvalues in the neighborhood of «j, while oy
is used to suppress the influence of the eigenspaces of the eigenvalues in the
neighborhood of o). Anyway, this construction of v, means that we may write
vg as v = r(A)v with r; a rational function of the form pg(z)/[(z — aq) - -



Orthogonal Rational Functions 191

(z—ay,)] with pg, a polynomial of degree at most &, so that after orthogonalizing
v with respect to the previous vectors, we obtain a vector qr = pg(A)v
where ¢ (z) is again a rational function of the same form as 7. Since the
classical moment matrix has a Hankel structure, this theory will be related to
orthogonality on the real line.

Skipping all the technical details, it will be obvious that orthogonality of
the g will lead to some orthogonality of the rational functions ¢y. Again, a
simple recurrence of the ORF will lead to an efficient implementation of the
RKS.

1.3 Numerical Quadrature

One more example, before we dive into the general theory of ORF. To compute
an integral f; f(@)w(x)dz, it is well known that a quadrature formula of the
form >, Axf(&k) will be exact for all polynomials of degree up to 2n — 1 if
the nodes of this quadrature formula are the zeros of the polynomial ,, which
is the nth orthogonal polynomial orthogonal with respect to the inner product
(f,g9) = f; f(@)g(z)w(x)dx, and if the weights are given by the corresponding
Christoffel numbers A\, =1/ Z;L;()l lok (€)%

However, if the integrand f does not behave much like a polynomial, some
other quadrature formula can be better. For example if we want to integrate
f(z) = sin(x)/pn(x) over the interval [0,7/2] with w = 1. If p,(z) is a real
polynomial with complex conjugate pairs of zeros that are close to the interval
of integration, then it would be much better to have a quadrature formula that
is exact for all rational functions of degree n that have poles close to the zeros
of the polynomial p,. Using ORF for the interval [a,b] with respect to the
weight w, with prescribed poles, it is possible to derive formulas that are
similar to the Gaussian formulas, i.e., taking for the nodes the zeros of the
ORF ¢, and as weights A\ = 1/ Z?;& |0k (€k)]?. These quadrature formulas
will be exact in a certain space of dimension 2n — 1. It is clear that this should
lead to much more accurate results in examples like we described above.

2 Orthogonal Rational Functions on the Unit Circle

We give in Sections 2—6 an introduction to the theory of ORF for a measure
that is supported on the unit circle of the complex plane. All the results of
this part (and more) can be found in the monograph [3].

2.1 Preliminaries
We denote

D={zeC:|z|<1}, T={2€C:|z|=1}, E={zeC:|z| >1}.
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For any function f we introduce the parahermitian conjugate f,, defined by
f«(z) = f(1/Z). Note that for t € T, f.(t) = f(¢).

Let p be a probability measure on T with infinite support and La(y) the
Hilbert space with inner product (f,g), = [ F@®)g(t)du(t). If du = dX is the
normalized Lebesgue measure d\ = dt/(27) we drop p from the notation. The
trigonometric moments are denoted by ¢, = [t~ *du(t), k € Z.

Introducing the Riesz-Herglotz kernel

_t+z
T t—z

D(t, z)
we can associate with p its Riesz-Herglotz transform
2,(z) =ic+ /D(t,z)d,u(t)

with £2,(0) = 1+4c. This 2, belongs to the class C of Carathéodory functions

C={fe H(D):Ref(D)> 0}

where H (D) denotes the functions analytic in D.

Exercise 2. Prove that
MQA@:/P@QW@

with Poisson kernel

1 1)
P(t,z) = =[D(t D(1/t = 2.1
(1:2) = 5D(t.9) + DA = oy e (2.1)
which can be simplified for ¢t € T as follows
1—|z?
P(t,z) =ReD(t,z) = = teT, zeD.
—z

Moreover with c; = [t~ *du(t)
2,(z) =co+ Qchzk, (co=1)
k=1

and the nontangential limit of Re §2,,(2) when |z| — 1 is a.e. (d)\) equal to
i/ which is the density function of the absolute continuous part of p.

Let Ho(DD) be the classical Hardy space of functions analytic in D that have
a boundary value on T that is square integrable. Every function f € Hs(D)
has a canonical inner-outer factorization. This means that it can be written
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as f = UF with U inner and F outer. An inner function belongs to the class
of bounded analytic functions

B(D) = {f € H(D): f(D) C D}

and |f(¢t)] = 1 a.e. on T. A Blaschke product is an example of an inner
function. It is defined as B(z) = [[,, (n(2) with

A C%n zn:—M, an € D\ {0}

Zn )
1—a,z ap,

Cn(2) =

and z, = 1 if @, = 0. It is well known that a Blaschke product converges (to
a finite function not identically zero) if and only if

S~ o)) < o,

n

which means that the |a,| should approach 1 fast enough. Any inner function
is of the form

U(z) = é"B(2)S(2), vER, S(z) = exp {—/D(t, z)du(t)}

with v a bounded positive singular (¢’ = 0 a.e.) measure and B a Blaschke
product that catches all the zeros of U.
An outer function in Hy(D) is a function of the form

F(2) = ¢ exp {/D(t, 2)log w(t)d/\(t)} . yeR

where logy € L; and ¢ € L.
If log ' € Ly (Szeg6’s condition), then we may define the spectral factor
of

1
o(z) = cexp {2 /D(t,z)logu'(t)d)\(t)} , ceT, zeD.
It is an outer function, uniquely defined up to a constant ¢ € T. It has a

nontangential limit to the boundary T that satisfies |o(¢)|> = u/(t), a.e., t € T.
The constant ¢ can be fixed by requiring for example that o(0) > 0.

Exercise 3. Prove that

lo(2)]? = exp {/ P(t,z)log ,u’(t)d)\} :

More about the material in this section can be found in many textbooks
a.o. [8, 16, 15, 14, 25, 30].
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2.2 The Fundamental Spaces

We select a sequence {ag}52, C D with oy = 0 and define the partial Blaschke
products

Bo=1, Bu(2)=Bni(z [I f:zi n>1.

The functions {By, By, ..., B,} span the space

g:{“;mwthpﬂwxg%em} (2.2)

Tn b1

where P,, is the space of polynomials of degree at most n.

If we set all ap, = 0, then £,, = P,,. In that case the Gram matrix of £,
for the standard basis is a Toeplitz matriz with entries <zi, P ># = c;j_; where
1,7 = 0,...,n. If all the o are mutually distinct, then the Gram matrix for
the basis {1,1/(1 — @;12),...,1/(1 — @,z)} has entries

<1 _1@,2’ 1 —1ajz>u - 2(1_1%%)/ {WjLD(t,aj)} dpu(t)

10 Qu() + 2u(a )
T2 1-a;q

Such a matrix is called a Pick matriz.

Exercise 4. If 9% denotes the kth derivative with respect to the variable
w, prove that

and

:ﬁ%@:/@p@m@m.

In the more general situation where we want to construct a Gram matrix
for the space L,, for fixed n and where some of the of the «j are repeated,
we can rearrange them so that equal oy are grouped. We can then take the
basis consisting of functions of the form 1/(1 — @z),...,1/(1 —arz)* if ai
is repeated v, times, and similarly for the other ;. Technically, it is rather
difficult to write a general expression of an entry in the Gram matrix for such
a basis, but with the help op the previous exercise, one can show the following.

Exercise 5. Suppose there are m + 1 different ay, ..., a,, (recall ag = 0)
which appear with multiplicity vy, . . ., v, respectively with ZZ’;O v =n+1,
then the Gram matrix for the basis of £,, that we just mentioned will only
depend on QLk)(ai), k=20,...,v;, — 1,4 =0,...,m. We could call this a
generalized Pick matrix.
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Whatever the basis is that we choose for £,,, it will always be similar to a
Toeplitz matrix.

Theorem 2.1. If W = [wo,...,w,]T is a basis for L,, with Gram matriz
G,(W) = (W, W), = [(wk,wi) ]} o, then there is a Toeplitz matriz T' and
an invertible matriz V such that VG, (W)VH =T.

Proof. Note that we may always choose the basis {{x(z) = 2¥/m.(2) : k =
0,...,n} with m,(z) as in (2.2). Note that the Gram matrix for this ba-
sis is Toeplitz, whose entries are trigonometric moments for the measure
dp(t)/|mn(t)|?. Since every basis transformation is represented by an invertible
matrix, the theorem follows. 0O

2.3 Reproducing Kernels

Suppose {eg,...,e,} is a basis for L£,, orthonormal with respect to pu.
Then ky(z,w) = Y ,_sex(2)ex(w) is a reproducing kernel for L,, i.e.,
(f() kn(sw)), = f(w) for all f € £, and w € D. If f € Ly, with m > n,
then (f(-), kn(o,w»ﬂ gives the orthogonal projection of f onto £,,. Both ob-
servations follow immediately by writing f as a linear combination of the ey
and using the orthonormality. Note that the reproducing kernel is unique. The
previous expression does not depend on a particular choice of the orthonormal
basis. For example, it is immediately seen that if {ej} is an orthonormal basis
for L, then {B,eg.} is also an orthonormal basis because Beg« € L, for
k=0,...,n and

(Bucie, Buern), = [ 1Ba)Peten(t)dule) = (er.cx) = b

Therefore, by using By, (2)eg«(z) = By (2)er(1/Z) as orthonormal basis:

n

kn(z,w) = Bp(2)Bn(w) Zek(l/z)ek(l/ﬁ) = B, (2)B,(w)k,(1/w,1/Z).
k=0

By using a basis transformation, one may express k,(z,w) in terms of any
basis for £,, as follows.

Theorem 2.2. If E,(z) = [eo(2),...,en(2)]T represents any basis for L,,
then the reproducing kernel is given by

o (2, 0) = ﬁ det [EniZ)H EnO(Z)}

where G, = (Ep, E”>u is the Gram matriz of E,,. The superscript 7 refers to
the complex conjugate (Hermitian) transpose.
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Proof. Let F,, = VE, with V invertible be a column of orthonormal basis
functions. Then I = (Fy, Fy,),, = V (Ey,, Ep), VH =vG,VE so that G =
VHY and thus

kn(2,w) = Fp(w)? Fy(2) = By(w)* VAV E,(2) = E,(w)? G, B, (2),
which proves the theorem. 0O

From now on, we shall use the notation ¢; for the orthonormal basis for
L, that is ordered such that ¢9 = 1 and ¢ € Ly \ Lr—1 for k = 1,2,...
Using the partial Blaschke products By, which also form a basis, we can write
On = apnBp+ann-1Bn_1+---+an1B1 4+ an,0. We shall denote the leading
coefficient ay, ,, (with respect to the basis By) by ky. Since ¢, is uniquely
defined up to a constant of modulus 1, we can fix ¢,, uniquely, for example by
assuming that x,, > 0, which we shall do throughout this lecture. Note that the
trailing coefficient a,, ¢ (with respect to the basis By) is given by ¢, (aq). To
derive a similar notation for the leading coefficient, we need a generalization of
the reciprocal function. We shall denote this generalization by a superscript *

In general we set for any function f € L,: f*(2) = Bn(2) f«(z). Note that the
superstar notation is ambiguous since it depends on the n that is considered.
So a notation like fI™ instead of f* would be more appropriate. However, in
order not to overload the notation, if not explicitly mentioned, it should be
clear from the context which n is intended. Note that with this notation we
have ¢¥ (o) = kp > 0. We can now immediately write down as a consequence
of the previous theorem:

Corollary 2.1. If the ¢, = kB, +- -+ with k, > 0 are the orthonormal basis
functions for L, as introduced above and k,(z,w) is the reproducing kernel,
then kn (2, ) = knd?(2) and ky(an, ay) = K2.

’Exercise 6. Prove this corollary.

The following Christoffel-Darboux relations hold:

Theorem 2.3. With the notation just introduced we have

¢2+1(z)¢2+1( W) = Gnt1(2)Pni1(w)
= Cnp1(2)Cnpr (w)

_ ¢2(2)¢n( D1 (w) = Ga(2)6n (W) P (2) i (w )

1- Qn(Z)Cn(w)

If z=w =1t €T, then one may pass to the limit which will introduce deriva-
tives:

kn(z,w) =

P(t, ain41)kin(t, 1) = U141 (D11 (0) = 141 (D531 (D),
with P(t,z) the Poisson kernel (2.1).
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Proof. Because the numerators and denominators of the expressions on the
right hand side vanish for z = 1/w, this zero cancels out and the right hand
sides are in £,, as a function of z. Using

n

kn(z7 ’LU) = Bn(z)Bn (’LU) Z ¢k*(z)¢k* (’LU)
k

=0

(which follows from Theorem 2.2) we may write

knt1(z,w) B kn(z,w)
Bn+1(2)Bn+1(w) Bn(z)Bn(w)

= O(nt1)x(2) P41y« (w).

Multiplying by the denominator gives

[kn(za w) + ¢n+1(z)¢n+1(w)] — Cn+1 (Z)Cn+1(w)kn(zv w) = ¢Z+1 (Z)¢:L+1(w)7

which gives the first formula when z and w do not coincide on T. The other
formula is obtained when in the previous formula we replace n by n — 1 so
that

kin(2,w) + Co(2)Cn () [0 (2) Pn(w) — ki (2, w)] = ¢y, (2)5 (w)

from which the proof follows. O

Exercise 7. Prove the confluent case. ‘

It can be seen that this relation does not depend on the fact that all
ag € D.

Note that if we set ¢, = pi/mp with 7i(z) = Hi;o(l — @;z), then the
pi do not form an orthogonal polynomial sequence w.r.t. a positive measure,
so that the theory of ORF is not quite the same as the theory of orthogonal
polynomials w.r.t. a varying measure. With the Christoffel-Darboux formula,
setting z = w, it is not difficult to derive the following property.

Theorem 2.4. For all n > 0, ¢5(z) # 0 for z € D (hence, ¢n(z) # 0 for
z€E) and |pp1(2)/bh1(2)| <1, (=1,>1) for z€ D, (T,E).

’Exercise 8. Prove this theorem. ‘

2.4 Recurrence Relations

The kernels satisfy a fundamental recurrence relation
Theorem 2.5. The kernels satisfy (superstar w.r.t. z)

[k::(z,wq — t(ew) [zw)}

kn (2, w) n—1(z,w)
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oo ][

Cn = (1 - |pn|2)_1
Pn = Pn (w) = ¢n (w)/¢; (w)
Yo = (W) = —Cp(w)pn(w).

Proof. The Christoffel-Darboux relation implies

kn(2,w) = 67, (2) 05, (W) + Cu(2)Ga (w1 (2, w).
Multiply this with p,(w) and substitute (superstar w.r.t. z)

$5(2) 97 (w)pn(w) = ki (2, w) = Cal2)ky_1 (2, w)

with

where

to get
i (2, 0)pn (W) = G (2)Cn (W)hkn—1(2,w)pn (W) + K7y (2,w) = Gu(2)7, 1 (2, w).

Take the superstar conjugate of this relation and solve for k(z,w) and
kn(z,w) and the result follows. O

The Christoffel-Darboux relation also implies a recurrence relation for the ¢,,.

Theorem 2.6. The orthonormal functions satisfy

3]0 5]
where

> ~ kn 10 €n On % 0
tn(z) - o1 |:O Zn:| |:5n z, 0 1—Qp_12

l—a,z
N Rn 1-— Qp_1%2 Zn—1En 0 1 Xn gn—l(z) 0
o An 1 0

Bp_1 1—apz 0 2znEn

o 1_|aﬂ|2 1 l-—t,_12 77711 0 1 Xn Cn—l(z)o
TVl Jan P T L—@nz [0 mn] A 1 0 1|’

with
— 1- Qp—10n Qf);(o&n_l) _ 1- QO Olip—1 ¢n(an—1)
En = Zn 5 ; Op = 5 ;
1—Jon—1] Fn 1—|an—1] Kn
5 1— e,
)\n = En—li 1 ¢n( An— ) S D 7]711 = ann_lian 1% c T,

€n ¢* ( ) 1- O Oip—1

1 —a,an—1 QZ)Z(O‘n—l)
|1 —anan_1] ¢} (an—1)|

2 _ = —1
Ny = Zn—12nTl, = eT.
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Proof. (sketch) From the superstar conjugate (w.r.t. z) of the Christoffel-
Darboux relation we find
¢:L(Z)¢n(an71) - ¢n(z)¢7;§(anfl)
Cnlan—1) — Ca(2)

The superstar conjugate of this relation is

On(2)95 (n—1) — ¢n(2)Pn(an-1)
1- Cn(z)<n<an71)

Eliminate ¢ (z) between these two relations and the first form of the recur-
rence for ¢, (z) is obtained. The second one follows immediately from this
because the Christoffel-Darboux relations imply (|¢7(2)]? — |¢n(2)]?)/(1 —
€. (2)]?) > 0 so that ¢%(c,—1) # 0 and A, € D. For the third one, recall that
Kn = ¢ (), and use again the Christoffel-Darboux relation with z = w = «,
to obtain the appropriate factor in front. 0O

= (bnfl(z)’infL

= Op-1(2)hn-1.

Note that if all the aj are zero, then we recover the polynomial case. The
recurrence relation is just the Szeg6 recurrence and the A, being then equal
to0 ¢n(0)/Kn, are the Szegd parameters (and are sometimes called Schur or
reflection coefficients).

Since this is derived from the Christoffel-Darboux relation, the first re-
currence does not depend on the aj being in D. However, we can not allow
Qnap,—1 = 1, in which case A, is not defined. In such a case we call the system
degenerate. If ¢, (a,—1) = 0, then we call the system ezceptional. If all the ay
are in D or all in E, then the system is non-degenerate and \,, € D.

The vector [¢,, ¢%]T is a solution of the recurrence with initial condition
[p0, ¢5]T = [1,1]T. This is not the only solution. With the initial condition
[1,—1]7 we get another, independent solution. It will be formulated in terms
of some functions v, € £, which we shall call the ORF of the second kind.
We introduce them as follows.

bo=1, tn(z)= / D(t, 2)[én(t) — bu(2)]du(t), n> 1.

Exercise 9. Let f be such that f. € £,_1, then prove by orthogonality
that

[ D0/ £) - Non(tidu(e) = o
From this derive that for such an f
Yn(z) = /D(t, 2)[on(t)f (1)) f(2) = dn(2)]dp(t), n=1. (2.3)

Similarly derive that for an f # 0 such that f € £,, and f(«,) = 0 it holds
that

¥n(2) = /D(taZ) [6n () () f(2) — ¢ (2)]dp(t), n=>1. (2.4)
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We can now prove that [, —1%]T is another solution of the recurrence
relation for [¢,,, #%]7, which corresponds to the initial condition [1, fl]T. In
other words [1),,,9]T satisfies the same recurrence relation as [¢,, ¢%]7, but
with A, replaced by —A\,.

Theorem 2.7. With the notation of Theorem 2.6 we have

GO0 e G R e

Proof. We only have to prove the relation for the 1,,. From the definition and
the previous exercise we have for n > 1

VJnlf())] - ”’*”[% ] [P [%: ?Zi ( )1(0]@@).

Multiply from the left by #,(z) and the right hand side becomes
—2,(2) Lb;(z)] + /D(t, 2)Q(t, ) [Qi):;(t)] du(t)

(2 — an_1)(1 —@,t)
(1—ap2)(t — an_1)

Using a technique like in the previous exercise, it can be shown that the

integral equals
Pn(t)
/ Ln Hont)

so that on the right hand side we get again the same expression as in the
starting relation but with n — 1 replaced by n. This proves the theorem for
n>1. 0

with

Q(t’ Z) =

Exercise 10. Check the theorem for n = 1.

Far reaching generalizations of the Christoffel-Darboux relations can be
obtained for any couple of solutions (z,, ;") and (y,,y;") of this recurrence.
We give them without proof.

Theorem 2.8. Given two solutions (x,,x,}) and (yn,y,") of this recurrence,
we can define

Fo(z,w) = x,f(z)yn(w) - a:n(z)y;: (w),

and then we have a Liouville-Ostrogradskii formula

F,(z,w) _ B (w Fy(z, . Bn(w)
1= eu()jCatw) Do )1—C0( /co Z kl
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and with the definition

Gn(z,w) = @,y (2)yd (w) — 2 (2)yn (w),

we have a Green formula

Gn(Z,w) _ GO(va) :nilx 2)yk(w)
e 1o A e

*

Choosing (z,,,x;}) and/or (yn,y;") equal to (¢n, ¢F) or (1, 1k) gives several
identities which we leave for the reader to discover. We just give one example:

Un(2)97,(2) + ¥5,(2)9n(2) = 2Bn(2) P(2, an) (2.6)

with P(z,w) the Poisson kernel (2.1). It is obtained by taking z = w and
(z,2T) = (¢,¢%) and (y,y") = (¥, —¢*) in the Liouville-Ostrogradskii for-
mula. It can also be obtained by taking determinants in (2.5). Therefore we
refer to it as the determinant formula.

Note that the Christoffel-Darboux relation was crucial in our development
so far. From this, we derived the recurrence relation for the kernels, and for
the ORF which gave rise to the introduction of the second kind functions.

This can be inverted: if we have a recurrence relation for ¢,, as given above,
then they will be ORF with respect to some positive measure on T. This is a
Favard type theorem which reads as follows:

Theorem 2.9 (Favard). Given a sequence {ag = 0,a1,00,...} C D and
suppose that with initial condition ¢g = 1, the ¢, are generated by a recur-
rence relation of the 3rd form given in Theorem 2.6 with all A, € D, and
the unimodular constants such that ¢} (o) > 0, then these ¢, will form a
sequence of ORF with respect to a probability measure on T.

We formulate the theorem here as a motivation for the introduction of quadra-
ture formulas and will give its proof later in Section 4.

Because the functions of the second kind satisfy a recurrence relation of this
form (the A, have to be replaced by —\,,), it follows by the Favard theorem
that they also are a system of ORF, with respect to a positive measure on
T. Thus we can attribute to v, the same properties as we can attribute to
the ¢,, (location of the zeros, Christoffel-Darboux relations, etc.). If £2,, € C is
the Riesz-Herglotz transform of p, then clearly 1/42,, is also in C. So it can be
written as the Riesz-Herglotz transform of some measure v. It can be shown
that if the ¢, are orthogonal w.r.t. u, then the associated functions of the
second kind 1, will be orthogonal w.r.t. the associated v.

Obtaining a constructive proof for this theorem is closely related to the
applications we mentioned in the beginning: we construct a measure that will
generate an inner product that entails orthogonality in £,, and then let n tend
to infinity. The first part is related to numerical quadrature and interpolation
which we shall consider in the next section.
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3 Quadrature and Interpolation
3.1 Quadrature

One way to obtain a quadrature formula for the integral I,{f} = [ f(¢)du(t)
is to interpolate f by a function f,, in a number of points {£,;}" , C T, and

to approximate I,{f} by L.{f} = I.{fn}.

Exercise 11. Consider the function f, € L, = {fg: f € Ly, 9 € Ly},
p,q>0,p+qg=mn—1, where £,. = {f : f. € L,}. Show that this f,, shall
interpolate f in the points {&,;}7, C T if

o)) =3 Losf Ear)s Lui(t) = Las(?) (H 1- %fnk> 1 k= 0x

1 i 1-— ait t— (67

where ¢, 1, are the classical Lagrange polynomials, i.e., £, x(£,;) = Jk,;. Note
that the L, € £, , are rational generalizations for which also Ly, k(&) =
Ok,j-

Thus the quadrature formula is I,{f} = > 1 _; Mk f(&nk)s Ak = Lu{ Ly}
This is called an interpolating quadrature formula, which is obviously exact
for all f € L, 4.

To obtain the largest possible domain in which we get an exact quadrature
formula, we have to choose the nodes &, in a particular way. Like in Gaussian
quadrature formulas, we could try to choose them as the zeros of ¢,,, but that
is impossible because the ORF ¢,, have all their zeros inside D, and not on T.
However the following result holds.

Theorem 3.1. The function Qn(z) = én(2) + 7¢5(2), 7 € T has n simple
zeros on T and it is para-orthogonal which means that it is orthogonal to
Ln—1N L) where Ln(an) = {f € Ln : f(an) = 0}. Moreover (1,Qn), #
0% (By, Qu),-

Proof. By the Christoffel-Darboux relations we know that |¢%[? > |¢,|? in D
and the opposite inequality holds in E. Thus @,, can only have zeros in T.
These zeros are simple, otherwise, we would have Q,,(§) = Q.,(§) = 0, which
implies that in ¢ we have ¢,,/¢) = —7 = —1/T = ¢% /¢, or ¢\, P, — (¢7) P =
0. But letting z and w approach £ € T in the Christoffel-Darboux formula
leads to U= ) [/ ()6, () — (63)' ()95 (E)] = kn-1(&,€) > 0, which is
a contradiction.

Concerning the para-orthogonality we note that (f, ¢,) u=0 if fel,1
while if f € £, (a,,), then it can be written as B, g, with g € £,,_1, and thus
(f,03), = (Bngs: Baons), = (¢n,g), = 0. On the other hand (1,Qn), =
7(1,¢3),, = 7 {¢n, By), # 0, and similarly for the other inequality. O
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Now take an arbitrary function R € £,,_; ,—1, suppose we interpolate it with
a function R,, € Lo ,—1 = L1, using the zeros {{,1,... &} of Qn. Then
simply writing it out shows that the interpolation error can be written as

ETL(Z) = R(Z) - Rn(z) = Qn(Z)S(Z), S S [’n—l N ['n(an)-

Thus, because of the para-orthogonality of @,,, we get an integration error
I{E,} = 0, so that the quadrature formula is exact in £, _1 1. This is the
highest possible degree of exactness that can be obtained with n nodes in the
sense that with n nodes on T, it is impossible to integrate exactly all functions
in £, -1 or L,,_1,,. In this sense the quadrature formula is optimal and we
shall refer to it as the rational (or R-) Szegd quadrature formula. We denote
the (discrete) measure having masses A,j at the points &, by p, so that by
definition L, {f} = I, {f}

3.2 Interpolation

We have used interpolation to construct a quadrature formula and found
that integration with respect to p and g, is the same in £,_; ,—;. This
happens if and only if their Riesz-Herglotz transforms take the same values at
the points {ao, . .., a,} (taking multiplicity into account) since the respective
Gram matrices depend only on their (derivative) values in the poles {a }7—;
(see exercise 5). So let us first find out what the Riesz-Herglotz transform of
[ 1S.

Theorem 3.2. Set £2,,(z) = [ D(t, z)dun(t) = —52’7((?). Then for n > 1

Pa(z) = /D(t, NQn()f(1)/f(2) = Qu(2)ldp(t) = ¥n(2) — T (2)

for any f such that f. € Ln—1 N Lp(w).

Proof. If we write the terms explicitly, then it becomes clear that the previous
integrand is in £,,_1 ,—1 for n > 2, and thus we can replace the integral by the
R-Szegd quadrature formula with nodes the zeros of @y, giving P, (z)f(z) =
—f(2)Qn(2) I AD(, 2)} = —f(2)Qn(2)2,(2). The case n = 1 is left as an
exercise. The expression with v, follows from (2.3) and its superstar. 0O

Because of this result we could call P, a para-orthogonal function of the
second kind. It is para-orthogonal with respect to the same measure as for
which the 1,, are orthogonal.

The previous theorem has an interesting corollary.

Corollary 3.1. The weights of the R-Szegd formula are given by

L Polbe) _ ! > 0.

T2 QL&) S |6i ()2

)\nk



204 Adhemar Bultheel et al.

Proof. Recall 2,(z) = —P,(2)/Qn(2) = L{D(-,2)} = Y 1_; MkD(&nk, 2)
and @, (&qx) = 0. Thus after multiplying by (z — &,x) we have

(Z - fnk)Qn(Z) = Z )\njD(é-njv Z)(Z - §nk) + )\nkD(gnkv Z)(Z - Snk)
i#k
Taking the limit for z — &, gives the first formula. For the expression with

the kernel, use the fact that Q,(§nr) =0, thus 7 = 1/7 = —én (k) /05 (Enk),
and the confluent Christoffel-Darboux formula to get

Q:L (fnk}) = Mknfl(gnkv €nk:)

with P(t,z) the Poisson kernel (2.1), while the determinant formula leads to
P,(&nk) = 2P(&nk, @n)/Pn(Enk), so the corollary is proved. O

We can now derive interpolation properties for 2, = — P, /Qu:

Theorem 3.3. Let (2, and §2,, be the Riesz-Herglotz transforms of u, and p
respectively, then §2,(z) — 2,(2) = 2Bn_1(2)h(2), for n > 1 with h analytic
in D.

Proof. This follows because of exercise 5. O

Since we assumed 7 € T, we cannot set 7 = 0, but we do have the same type
of interpolation with an extra interpolation in «,.

Theorem 3.4. For the ORF and the ORF of the second kind we have

2u(2)Pn(2) + ¥n(2) = 2Bn-1(2)h(2),  12,(2);,(2) — ¥y (2) = 2Bu(2)9(2)

with h and g analytic in D.

Proof. Since [¢n82, + ¥pn]/Bn-1 = [ D(t,2)¢n(t)/Bn-1(t)du(t), we find a
function analytic in D because it is a Cauchy-Stieltjes integral and setting
z =0, so that D(t,0) = 1, the integral becomes (¢, B;,—1), = 0. The second
relation is similarly proved since now for z = 0 we find (¢, B,), =0. O

Note that by the determinant formula, we have for R, (z) = ¢} /¢? that for
t € T: wy(t) = Re Rp(t) = 3[Rn(t) + Rus(t)] = P(t, an) /| (t)]?. Because of
the extra interpolation at «,,, one might expect that the absolute continuous
measure wy, (t)dA(t) gives the same integrals in £, ,,, and it does indeed.

Theorem 3.5. The inner product in L, is the same for the measure p and
for the absolute continuous measure with weight w, = P(-,ay)/|dnl?.
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Proof. Since [ |¢n(t)[Pwn(t)dA(t) = [ P(t,cn)dA(t) = 1 = [|¢,]|2, the norm

is maintained. Moreover

D« (t)
G (t)

_ / P(t ) {‘bw)i";g)/ Bi(t) } dA(t) =0,

which follows because the factor in curly brackets is analytic in D U T, so
that we may apply Poisson’s formula to find zero because B, (z)/Bj(z) is
zero in a,. Thus ¢, has norm 1 and is orthogonal to £,,_; for the weight w,,,
and because the recurrence relation then defines all the previous ¢ uniquely
(provided they have the proper normalization of positive leading coefficient),
the theorem follows. O

(Onsn),,, = [ Plt.an) 22D an)

We note that the para-orthogonality conditions alone do not define the func-
tions @, completely. The para-orthogonal functions that we proposed are also
T-invariant, which means that @} = 7Q,. The latter is essential to guaran-
tee that they have n simple zeros on T. It can be shown that this invariance
property and the para-orthogonality completely defines the @, up to the pa-
rameter 7 € T and a normalizing constant factor.

3.3 Interpolation and Quadrature Using the Kernels

After we formulated the recurrence relation for the kernels in Theorem 2.4,
we gave the recurrence for the ORF in Theorem 2.6, but from there on, the
kernels were neglected. However, what has been developed for the ORF, can be
repeated and generalized to the kernels. Since the methodology is completely
analogous, we leave the proofs in this section as a major exercise.

First of all, we note that the kernels are produced by their recurrence
relation when we give the initial conditions (k, ko) = (1,1). As in the case
of the ORF, we obtain another independent solution when we start with
(15, —lo) = (1, —1). The resulting kernels could be called kernels of the second
kind. They satisfy

K IR AN

—ln(z,w —lp—1(z,w)

with ¢,,(z,w) as in Theorem 2.4. By our remark after Theorem 2.9, it should
be clear that I,(z,w) = Y ,_o¥n(2)¢k(w) is a reproducing kernel for the
space L, w.r.t. the same measure as for which the 1, are the ORF. The
interpolation properties are a bit harder to obtain because they require a
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parameterized (in w) Riesz-Herglotz transform:

Ou(evw) = [ B dute) +c.
with
c= w [ tdpt) — w [t dp(t) €iR, (z,w)eDxD

1—fw]?

D(t, z) the Dirichlet and P(t,w) the Poisson kernel. The c is chosen to make
£2,(w,w) real (and hence it equals 1). Then it is possible to formulate an
interpolation property saying that I, (z,w) — k,(2,w)§2,(2,w) vanishes for
all z € {w,aq,...,a,}. Thus the special role of ap = 0 has been removed
and is played by an arbitrary w € D. Since ky(z,w) does not vanish for any
z € DUT if w € D, we may consider £2,(z,w) = l,,(z,w)/kn(z,w), which
is the parameterized Riesz-Herglotz transform of the absolutely continuous
measure P(t,w)k,(w,w)/|ky,(t,w)|?d\(t). The inner product in £, w.r.t. the
latter will not depend on w and will give the same results as the inner product
w.r.t. du(t).

4 Density and the Proof of Favard’s Theorem

4.1 Density

For the density of the Blaschke products in L,(T), one can easily adapt a
result of [1, p.244] to find the following.

Theorem 4.1. Define the Blachke products as before for n > 0 and B_,, =
1/B,, for n > 1. Then the system {By}nez is complete in L,(T), for any
p > 1 as well as in the space C(T) of continuous functions on T if and only
if Y2(1 — |ag|) = oo (the Blaschke product diverges).

Also the system {B,}7, is complete in Hy, for any p > 1 if and only if
> (1 — |ak|) = oo (the Blaschke product diverges).

Walsh [31, p.305-306] states

Theorem 4.2. If the Blaschke product diverges and f € Hs, then f, € L,
which interpolates f in {w,a1,...,a,} CD (w is an arbitrary but fized num-
ber in D) will converge to f uniformly on compact subsets of D, and if f is
continuous up to T, we also have uniform convergence on T.

For a general probability measure, Szegd’s condition log i/ € L plays a role.
For example, from Walsh [31, p.116,186,50,92,144] we may conclude that the
polynomials are dense in L,(u) if and only if logy’ ¢ Lq. For the rational
case, the situation seems to be less simple.
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Theorem 4.3.

1If Y7 (1 —|ag|) = oo thenlog i’ & L1 < {Bpn}n>o is complete in Lo(p)
2. Iflog ' € Ly then Y, (1 — |ag]) = 00 < {Bpn}n>0 is complete in Ha(f1)
3. 1If > (1 — |ag]) = oo then {By}nez is complete in La(p).

Note that we have no equivalence anymore. The divergence of the Blaschke
product implies completeness of {B,, }°, in Ha(u) and of { B, }nez in La(u),
but the converse need not be true. We leave it to the reader to look up the
proofs of the above theorems. The precise characterization of completeness of
the Blaschke products in not totally cleared out.

4.2 Proof of Favard’s Theorem

It is easily proved by induction that the ¢; generated by the recursion are
indeed superstar conjugates of the ¢,, that it generates and the parameters A,
are given by their expressions of Theorem 2.6. Moreover, the {¢;}}_, are a
set of ORF with respect to the weight w,,(t) = P(t,a,)/|¢s|?. This is shown
as follows. Note that for 0 < m <n

() B.(2) 65(2)
(@n b, = [ 50 Bon(2) 63(2) |,

Thus ¢, L, L£,-1, and because an inverse recurrence (obtained by multi-
plying (2.5) from the left with the inverse of the matrix £,(z)), defines all the
previous ORF uniquely, the orthonormality with respect to w, is proved.

Now for n — oo, we have a sequence of weights w,,, uniformly bounded
( f wpdX = 1), so that there is a subsequence wy,, which converges weakly.
Thus there is some p such that lim, . [ f()wy, (£)dA(t) = [ f(¢)du(t) for all
functions f continuous on T. If Y (1—|ay|) = oo, then a previous completeness
result shows that the measure u is unique because the Riesz representation of
a linear functional on C(T) is unique.

P(t, o) dA(t) =

5 Convergence

5.1 Orthogonal Polynomials w.r.t. Varying Measures

For the convergence of the ORF we shall rely on convergence results of orthog-
onal polynomials with respect to varying measures (OPVM). Let P, we the
space of polynomials of at most degree m and construct a sequence of OPVM
for the measure dpu(t)/|m,(t)|* with 7, (t) = [[j_,(1 — @z). We denote the
orthonormal ones by ¢, x(2) = vn,kzk + -+, Upr > 0. By our general the-
ory they satisfy the recurrence ¢n,m(2) = enm[20nm—1(2) + Apm®h m_1(2)]
with Ay = @n,m(0)/Vn,m and e, = (1— |)\n7m\2)71/2 = Un,m/Un.m—1. Here

s m(2) = 2"0n.m(1/Z). From these OP we can construct a set of ORF for

n,m

L., but as n increases, the whole set of ORF will change.
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Exercise 12. Denote f, 1m(2) = tnm®n,m(2)/mn(z) with t, ,, € T for an
appropriate normalization. Prove that the {f, ., : m =0,...,n} is a set of
orthonormal rational functions for £,, with respect to u. They are obtained
by orthonormalizing the basis {z* /7, (z) : k = 0,...,n}. Show also that

Z¢n,n(z) - ig:gz:; an¢fx,n(z)

(z — an)mn(2)

ha(2) = € Lo\ Lo (5.1)

and that (hn,g>u = 0 for all ¢ € £,,_1, so that there is some constant c,
with |e,,| = |¢%(0)] such that h,, = cpdn.

We need the following conditions for the probability measure p and the
point set A = {a1,as,...}:

1. ¢/ >0 a.e. (A) (Erdés-Turdn condition)
2. > (1 = |a|) = 0o (BD = Blaschke divergence condition)

The first condition is denoted as p € ET. If it satisfies the stronger Szegd
condition log p' € Ly, we denote it by u € SZ. The second condition is denoted
as A € BD, while if it is replaced by the stronger condition that A is compactly
contained in D (i.e., the oy stay away from the boundary), we denote it as
A € CC. The following results are borrowed from the work of Guillermo Lopez
[20, 21, 22].

Theorem 5.1. If p € ET and A € BD then with our previous notation

1. hrnn_,oo An,n+k+1 =0.

2. limy oo 'Un,nJrkJrl/'Un,nJrk =1

3. limy, 00 Pnontkt1(2)/ Pnntk(2) = 2 locally uniformly in E.
4 limg, oo @y 1 (2)/ 95 ik (2) = 1 locally uniformly in D.
5. iMoo &5, 1 1(2)/ Pnmrk(2) = 0 locally uniformly in E.

If w € S7Z, A € CC and o is the outer spectral factor of u, then
6. limy, oo 05, 1,11 (2)/Tn(2) = 1/0(2) locally uniformly in D.

5.2 Szegd’s Condition and Convergence

We can now show that the following holds.

Theorem 5.2. If u € SZ and A € BD, then we have the following (l.u. means
locally uniformly)

lim k,(z,w) = —= , Lu. (z,w) €D x D,
n—00 (zyw) o(w)(1 —wz)o(z) (z;w) € D x

lim (1 —Enz)@’(z) = o(0) lu. zeD,

nhe :0) ~ o(2)’
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lim ¢,(z) = lim 7¢"(Z)¢;(0) = lim On(2)

n—o0 n—oo gr(z)  n—oo ¢(2)

=0, lu ze€D.

If we SZ, o(0) >0, and A € CC then

l—apz 1 147.(0)|

N RO B A0)

Proof. For the first relation, note that since the f, ; form an orthonormal
basis for £,,, we have

lim 7, (2) €T, lu zeD.
n—oo

ank ) (W) = Zzzofﬁn,k(z)m.

7 (2) 7 (W)

Then use Christoffel-Darboux for the ¢, and divide by f; ,(2) fy ,(w):

n,n

kn(z,L: 1w ((bn,n(z))(‘bn,n(w)) (5.2)

an() i aw)  1-wz 1—wz \¢;,(2) o (W)

The last two factors go to 0, while for some 7, € T, limy, oo Nnfyr ,(2) =
1/0(z), which proves the first result.
Since h,, = ¢, ¢n, we have by our expression for h,,

Az * 2) = i(bi,n(z) T Az ¢n n(z) — ¢n,n(an)
(1 —@nz)py(2) o () [1 Oin 2 ;‘m(z)y = G ) (5.3)

Recall that ¢, ,(2)/¢}, ,(2) — 0 Lu. in D, and being a Blaschke product it
is bounded by 1 in DU T so that |n,| < 1. Hence the term between square
brackets goes to 1 as n — co. On the other hand, ¢}, ,(z)/m.(z) converges
to 1/0(z) Lu. in D, up to some normalizing constant. But this constant will
cancel against the same constant in the denominator which is obtained by
setting z = 0. This proves the second result.

Taking z = w in the first relation implies Y.;_, |¢x(2)|> converges for
n — oo. Thus lim, ¢,,(z) = 0. When multiplying the inverse of the second
relation of this theorem with ¢,,(z), and noting that (1 —@,z) ! is uniformly
bounded if z is in a compact subset of D, we also get the second limit.

For the third one, we note that |¢%(0)| is uniformly bounded away from
0, because the Christoffel-Darboux relation implies |¢7(0)[? > 1.

For the last limit, note that 7, is used to normalize ¢ to make it positive
in z = 0. By the Christoffel-Darboux relation for z = w =0

1R 01> 16n (0

1_|an|2 1_|O‘n|2

| 2

- kn—l (Oa O)
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Because ¢,,(0) — 0, and the «j stay away from the circle, the last term goes
to 0, and we know that the second one goes to |o(0)| 2. Therefore we see that
[¢2(0)]/+/1 = |an|?> — 1/0(0). In combination with the second limit of this
theorem, the result follows. 0O

When p € SZ, then o need not be defined, and the previous relations can not
be obtained. A way to avoid the o is to consider ratio asymptotics, so that the
o cancel out. These are weaker results in the sense that if 4 € SZ, then the ratio
asymptotics are almost immediately obtained from the stronger asymptotics
that were previously obtained. We use again the OPVM with measure p/|m,|?.
Denoting the reproducing kernel for P,, w.r.t. this measure as k, ,(z, w), it is
easily seen that k, n(z,0) = v,¢;, ,(2). Also the usual rational kernel for £,,
satisfies k,(z,0) = ky n(2,0)/m,(2).

Exercise 13. Applying Theorem 3.5 to the OPVM, prove that the inner
product in £, w.r.t. du(t) and w.r.t. v2/|k,(t,0)[?d\(t) is the same. Of
course, this is also a direct consequence of the results in Section 3.3.

Theorem 5.3. If u € ET and A € BD, then

L ka(z,0)

=1 l.u. D.
n—oo kn11(2,0) o hEs

and with the superstar referring to z,

lim k;(z,0)/kn(2,0) =0, lu zeD.
n—oo

Proof. Set gn(2) = kn(2,0)/kn+1(2,0) — v, /vpt1, then by the previous exer-
cise we see that

guO)ParE) =22 (1 ) (5.4)
/ ( ”n+1>

anrl

On the other hand, because g, is analytic in D U T, we have by the Poisson
formula g,,(z) = [ P(t,2)gn(t)d\(t). For t € T, |P(t, z)| < M holds uniformly
for z in a compact subset of D. Thus we also have |g,(z)] < M [ |g,(¢)|dA(t)
and also |g,(2)|> < M? [ |gn(t)|2dA(t) so that

va Up,
|gn(2)]? < 2M°—"— (1 - ) . (5.5)
Un+1 Un+1

Thus 72505 — 1iff ;22— — 1. Obviously ky_1(0,0)/k(0,0) < 1, but using

the Ch;istoffel—Darbouxn relation we also have

kn-1(0,0) 020 —16n (0 |50 = [¢n(0)]*

£n0,0)  1020)P —[anPI6n(OF = 165 0F — [6aO)F

So that lim,, .o v2/v2,, = 1, which proves the first part.
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For the second relation, note that k,(z,0) = ¢}, ,(2)vnnn/mn(2) and
hence kf(2,0) = ¢nn(2)vnT,/mn(z) with 1, € T. Take the ratio and use
Gnn(2)/d5 n(2) = 0 Lu. in D, to conclude the proof. O

Theorem 5.4. If n € ET and A € CC, then

i 302 o &)\ —0. Lw inD.

e gn(z) oo gp(z) | noee

Denote &} (z) = ¢k (2)/ 9% (0), then under the previous conditions

o P ()1 = Ta2)

=1 lLu. in D.
e dp()(1—ane) "

Proof. Repeat the proof of the second part in Theorem 5.2, i.e., use exer-
cise 12 giving ¢, = c,h, and its superstar conjugate, to find expressions
for (z — an)én(z) and (1 — @,2)¢%(2z) and take their ratio. Then using
Gnn(2)/ b5 n(2) — 0 from Theorem 5.1 leads to the first conclusion. Note
that we need ¢, (an)/d5 () to go to zero, which can only be guaranteed
when A € CC. It is also needed for the convergence of ¢,,(0)/¢*(0) because
this will follow form Theorem 5.3 or the previous exercise if A is in a compact
subset of D. For the last equality note that |A,| = |¢n(an-1)/¢} (an_1)|-

For the second formula, write the second Christoffel-Darboux formula for
kn(z,0) and its superstar conjugate and eliminate ¢, (z) to obtain
a0 -3 _ kG0 [ G0 ka(20)

Za(2)(1 —nz) = "0 ) " 34,(0) Fu(2,0)

Note that the term in square brackets goes to 1 L.u. in D as n — oco. Rewrite
this for n replaced by n + 1 and take their ratio. Because k,1(2,0)/k,(z,0)
and v,11/v, g0 to 1 as n — oo, the second result follows. O

6 Szegd’s Problem

This problem is essentially the problem of linear prediction. Recall that the
linear prediction problem can be formulated as finding f € Ha(p) such that
| £1I7 is minimal with the side condition that f(0) = 1. This f represented
the prediction error. Note that we have replaced the z of the first section by
1/z to be in line with our discussion of ORF, which is obviously a matter of
convention. We consider a slightly more general situation where we replace
the constraint by f(w) = 1 for some w € D. This is a problem that can be
solved in any reproducing kernel Hilbert space.

Theorem 6.1. Let H be a reproducing kernel Hilbert space with kernel k(z,w).
Then the minimum of ||f||2 with f(w) = 1 is obtained for f(z) = K(z) =
k(z,w)/k(w,w) and the minimum is 1/k(w,w).
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Proof. Obviously ||K(2)||2 = 1/k(w,w). For any other f satisfying f(w) =1
for which || f||% = m we have 0 < || f= K| = || f||2+1/k(w, w)—2Re (f, K), =
m — 1/k(w,w). Thus m > 1/k(w,w). O

From the polynomial case, it is known that the reproducing kernel for Hs () is
given by the Szegé kernel s(z,w) = [(1—wz)o(2)o(w)] ! where o is the outer
spectral factor of p, which we suppose to be normalized by ¢(0) > 0. Thus
we have a completely predictable sequence if the minimum |o(0)[* of || f[|2,
with constraint f(0) = 1, is zero, i.e., since |o(0)]* = exp{ [ log u/(t)d\(t)},
if [logu'd\ = —oo, and thus logp’ ¢ L. If we do not have complete pre-
dictability, it is still a valuable objective to find the best possible predictor by
minimizing the prediction error.

Instead of minimizing over the complete past (i.e., all of Ha(u)), we may
be less ambitious and start by minimizing over a finite dimensional subspace,
e.g., L. There the minimum of the general problem is &, (z, w)/k, (w, w).

The advantage of computing these approximants using ORF over the com-
putation with OPVM is that they are easily computed recursively. If the ap-
proximation is not good enough for a certain n, then increasing n by 1 requires
just one more step of the recurrence relation. For the OPVM, increasing n by
1, would mean that we have to start the computations all over again. Note
also that we have at every step an estimate of the prediction error which
is 1/k,(0,0) or 1/k,(w,w) for the general problem. Thus if the |¢,(w)| do
not go to zero fast enough, then k,(w,w) will go to oo and the error will
go to zero, but under the conditions of our theorems, the k&, (w,w) will con-
verge, so that the error will not go to zero. It will be bounded from below by
(1 = Jwf?)|o(w)[*.

We also note the following result:

Theorem 6.2. Let i € SZ, w € D a fizred number, and let s,,(z) = s(z,w) be
the Szegd kernel. Consider the problem min || f — sy||% over all f € L, then
the solution is kn(z,w) and the minimum is Sy(w) — kp(w,w). If A € BD
then lim,, o || kn (t, w) — su(t)||, = 0.

Proof. Suppose f(w) = a, then |s, — f||% = l|sw|% + [ fI|IZ — 2Ref(w). Thus
we have to minimize || f||2 — 2Re a over f € L, with f(w) = a and minimize
the result over all possible a. In other words, we have to find the infimum
over a of |a|?/k, (w, w) — 2Re a and this is given by a = k, (w, w). This proves
the first part. If A € BD then as n — oo, L,, becomes dense in Hy(u), which
means that the error in Ha (i) tends to 0. O

7 Hilbert Modules and Hardy Spaces

The results on the matrix case (Sections 7-11) can be found in [2, 5, 17,
19, 10, 13, 12, 11, 18]. For the polynomial case and Hilbert modules see also
(32, 33, 23, 7, 4, 9, 24].



Orthogonal Rational Functions 213
7.1 Inner Products and Norms

We now consider matrix valued functions: f : C — CN*N. The space of these
functions is a left and a right module over CV*¥ (the product is noncommu-
tative). We write A > 0 to mean that A is nonnegative definite and A > 0
means that A is positive definite, while A > B is the same as A — B > 0. By
A we mean the Hermitian conjugate and tr(A) is the normalized trace of A,
ie., tr(4) = Y20, ape. By S = A2 we denote the Hermitian square root of
A >0, thus A = S? while L = A"/2, resp. R = A®/2 denote a left resp. right
square root, meaning A = LLY resp. A= R” R. Note that L is unique up to
a right unitary factor and R up to a left unitary factor.

We introduce a matrix valued and a scalar valued inner product which will
define Ly of square integrable functions that will be both a Hilbert module
and a Hilbert space. Let u be a nonnegative Hermitian measure on T. This
means that it is a square matrix whose entries are complex valued measures
such that the whole matrix takes values that are nonegative definite. Because
0 < M < tr(M)I holds for any nonnegative definite matrix, it holds for the
scalar trace-measure T = tr(u) that 7(E) = 0 implies p(E) = 0. This means
that p is absolutely continuous with respect to 7 and we may define the
trace-derivative p/ as the matrix whose entries are dy; ;j/dr and it holds that
p(E) = [, phdr. Furthermore it can be shown that 0 < p/. < I a.e. 7 and also
(112.)'/? is measurable. More generally, we define [ fdug® as [ ful g"dr, thus
as a matrix whose entries are [[fu.g];;dr. We denote this matrix valued
“inner product” as {(f, g)) ¢, Where the £ stands for “left” since it is possible
to define in a completely analogous way ((f,g)), , = [ fHdpg. In the sequel
we treat only the left version and leave the right version to the reader. For
many results however, left and right elements will be interacting. We shall
always assume that [ dp = I.

The class of matrix valued functions for which (f, f)), , exists forms a left
module over CV*¥ that has some pre-Hilbert space-like properties. Indeed,
for any constant square matrix a it holds that

. <<f)+ 9 M)y = KF B g, + (9, B)y, and (af, 9),,, = a (f: ), (near-
ity

o (£, =1Lg, N, )" (symmetry)

o (fsfNe, =0 with tr((f, f)),, =0« f=0 (positive definite)

To equip this class of functions with some topology for which it has to
be complete, we also need a genuine scalar valued norm. This norm will
be implied by a scalar valued inner product, which we define as follows:
(fs9) e, = (i), = [ tr(fulg")dr. The corresponding scalar norm is

[flen = [{fs f>e,u]1/2' So we can now define the Hilbert space La(u) of square
integrable matrix valued functions with respect to the scalar valued (-,-), ,
that is complete with respect to the norm |f|, . It is also a Hilbert module
with respect to the matrix valued (-, -)), , as we explained above.
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Occasionally we also use a Euclidean inner product, namely (f,g)g
tr(fg?) = tr(g¥ f) and a Euclidean norm |f|g = (f, f )1/2 \f|#/VN where
| f|F is the Frobenius norm and N the size of the matrix.

If w = A, we drop p from the notation. For example Lo means Lo(A)
and ((f, g), means ((f,g)), , etc. We can define matrix valued Hardy spaces
H, as the matrix valued functions f, analytic in D and such that

£l = sup /|frt|pd)\()}1/p<oo 0<p<oc

<r<1

and for p = 00, | floo = SUPg<, <1 te7 |f(rt)|E < 00. As in the scalar case, any
f € H, has a nontangential limit to the circle that belongs to L, (which has
an obvious definition viz., f € L, < |f|g € L,).

7.2 Carathéodory Function and Spectral Factor

Carathéodory functions are functions analytic in D with positive real part.
Thus with Re 2(z) = 3[2(2) + ()] > 0. There is an essentially unique
relationship between p051tlve measures and Carathéodory functions, which we

represent as §2,(z) = [ D(t, z)du(t) +iIm §2,,(0). We shall assume that £2,,(0)
is real so that accordlng to f dp = I we get §2,(0) = I. Just like in the scalar
case we have Re £2,,(z f P(t,z)du(t) and this has a nontangential limit to

the circle T which equals w = d,u/d)\ a.e. (A) and its Fourier series is £2,(z) =
co+ 2> pe, ciz® where the coefficients are the moments ¢, = [t *du(t).
For the spectral factor, we need to assume that logdet ' € Ly (Szegb’s
condition). If that condition holds then there exist left and right outer spectral
factors o and o' such that p/ = o0l = 0Fo® on T. The substar for a
matrix function is defined as f.(z) = f(1/2)". These o* and o are outer
in Hy in the sense that their determinant is scalar outer in Hy,n. They are
analytic in D and their determinant does not vanish in D, so that their inverses
are also outer in Hy. These o, resp. o are uniquely defined up to a right,

resp. left unitary constant factor.

8 MORF and Reproducing Kernels

8.1 Orthogonal Rational Functions

Matrix valued orthogonal rational functions (MORF') can now be obtained in
much the same way as in the scalar case. Given a sequence of ay, € D, we keep
the notation of Blaschke factors i (z) and Blaschke products B, (z) from the
scalar case and define £,, as the linear span over CN*N of {BjI}7_,. The
block Gram matrix consists of the blocks (B, Bi)),,, = (B, Bi)),,, and it
depends only on £2,,(a) and its derivatives at these points up to an order
depending on the multiplicity of a; in the sequence.
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By a block Gram-Schmidt algorithm we can orthormalize the previous
basis as follows: assuming fd/L =1, set ¢f = I, and for n = 1,2,... we
set Qgﬁ = Byl — Z;(ly <<Bn[; ¢£>>e’# L and ¢f = m;l(i{; where m,, is a
left square root of (%, dL ), Note that the left square root need not be
invertible in general if éﬁ is not zero. Then the algorithm will break down, and
we say that p is degenerate. It can be shown that if logdet p/ € Ly, then this
degeneracy will not occur and all the ORF can be constructed. The basis ¢,
for the Hilbert module is orthonormal in the sense that <<¢>£, ¢]L> = Ok 41
The ¢,, are defined up to a constant unitary factor from the left. To fix this,
we shall assume that the leading coefficient k% of ¢ with respect to the
basis {ByI} is Hermitian positive definite (every invertible matrix A can be
written as A = ULBL with UL unitary and B® positive definite [6, p. 22]).
The leading coefficient is kX = [¢L* (v, )] where the superstar for f € L,

n

is defined as in the scalar case: f* = B, f.. Note that for f,g € L, we have
<<f7 g>>£”u. = <<f*7g*>>r,y'

8.2 Reproducing Kernels

Given a left orthonormal system ¢L for L£,, we can define a left repro-
ducing kernel kl(z,w) = >}_,¢F(w)¥ ¢k (z) which reproduces because
<<f, krl;('vw)>>gu = f(w) for all f € L£,. The right reproducing kernel is
given by kf(w,z) = Y p_, ¢F(2)[¢F(w)]? and for any f € L, we have
(k2w ), 1), = F()

Exercise 14. Mimic the scalar proof to derive the following Christoffel-
Darboux relations:

KE (2 w) = (@i (W) 611 (2) = [ (W)] T o714 (2)
o 1= Cny1(2)Cnr1(w)
and -
AR . (1) ks W © B A A D oA A

1 = Gu(2)Cn(w)
Consequently kX (2, a,) = kB¢ (2) and kL (an, an) = kB[k

The right versions are obtained by symmetry.

¥, 2) = PO )~ o I6 ()
1= Gug1(2) G (w)

It

and

o (2)en" (W] = Gu(2)Gn(W)eri (2) (¢ (w)] 7
1 = Gu(2)Cn(w)
From this right variant we have kX(a,,2) = ¢L*(2)kL and kE (o, ) =

LH L "
[kn ] i

kf(w,z) =
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Theorem 8.1. The reproducing kernels satisfy the following recurrence rela-
tions

5] veon 425
- ) = [I TPt pﬁ(w?[pif(wnﬂ} ’
tn<z,w>[ f )[Pff(;”)ﬂ {Cn%zﬂg [ ! )[%’?(}u)]H}’
P (w ~L (w
with

P (w) = (o ()] [o" ()] oy (w) = [ ()]~ [0 (w)] 7,
and [y, (w) 7y (w)] = =Co(w)[pf (w) pr; (w)].

Proof. The proof is along the same lines as in the scalar case. One needs the
relation kL (z,w) = B, (2)Bn(w)kE(1/z,1/w). We leave it as an exercise to
the reader. 0O

Note that it follows from the Christoffel-Darboux relations that

{1 = py (w) oy ()]} (w)] " o (w)
=[5 (W) o5 (w) — [oy (w)] " by (w) > 0.

Thus I — pL(w)[pZ(w)]* can not be singular for w € D. Note that this im-
plies also that [¢2*(w)]H ¢5* (w) is not singular and hence positive definite,
thus det ¢2*(w) # 0 for all w € D and thus it is invertible in D. A similar
observation holds for I — pZ(w)[pZ(w)]# and for ¢£*(w).

Exercise 15. From this recurrence derive that
(1= b ks w0) = (= @I ) k)

and symmetrically

(7= ) ) 0) = (1= ) o 0) ), ),

We can bring a bit more symmetry into the recurrence for the kernels by con-
sidering normalized versions of the kernels. Suppose L, (w) = [kE (w, w)]*/? is
a left square root and R,,(w) = [kZ(w,w)]?/? is a right square root, then we
call KX(z,w) = [Lp(w)]  kn(z,w) and KE(w,z) = kE(w, 2)[Rn(w)]~! the

normalized kernels.
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Exercise 16. Use the Christoffel-Darboux relations to show that

P (W) (w,w) = kg (w, w)py (w).

With the left square root L, (w) and the right square roots R, (w) that we
just introduced, use this result to prove that

(L1 ()] oy ()[R (w)] T = [Ln—1 ()] p (w) [ R (w)] "

Thus we succeeded in symmetrizing the pf and p% and call the result p,, (w)
the symmetrized recursion parameters from now on. The Christoffel-Darboux
relations also imply that p,, (w) is strictly contractive in D, i.e., pf p,, < I and
hence also p,pX < I. Similar observations can be made when p is replaced by
5.

We need one more lemma before we can state our symmetrized recurrence
relation for the normalized kernels.

Lemma 8.1. Define F(p) = I — pp™ and G(p) = I — pHp, then it is always
possible to choose the square roots Ly (w) and R, (w) in the definition of p,(w)
such that (recall that A2 denotes the Hermitian square root and A='/? is its
inverse)

[Ln—l(w)]ian(w) = F(p”(w))71/2F(”yn(w))1/2

and
Ry (w)[R—1(w)] ™! = G(pn(w))/2G (yn(w)) /2.

Proof. First note that F(v,) = L, * (I — |C|20E[pE]") L, 1. Hence
Lnle(Vn)LrIj—l = - |§n|2p£[p§]H)kf;71(w,w)7

which by the previous exercise 15 equals (I — pZ[pR]#)kE (w,w) while I —
pEpE\Y = L,,_1F(pn)L;",. Thus we may conclude that F(y,)LZ L1 =
F(pn)L;  L,. Multiply by the inverse of F(v,) to get [F(pn)] ' F(v,) =
LY L,LYL " . This is obviously positive definite, so we can take its Her-
mitian square root @, = L;ianUn with U,, some unitary matrix. This U,
can be included in the left square root L,,. This proves the first relation. The
second one follows by symmetry. 0O

We have now a simplified recursion for the normalized kernels which follows
immediately from the previous results.

Theorem 8.2. Define F(p) = I — pp™ and G(p) = I — p p and the Halmos
extension

O RN L B2 | N

the following recurrence holds
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[0 9] e [1500]

K,{‘(Z,’LU) n71(27w>
with
bu(0) = Hpu () () HOn ), 2,6 = [ CT Y
where p,(w) is as defined in the previous lemma and vy, (w) = —(p(w)pp(w).

We can, like in the scalar case, define associated kernels LL (2, w) and L% (w, 2),
which start from the initial conditions L{* = I = L} and then obey the

recursion R ( ) R ( )
L (w, z Ly*(w, z
mey ] =0,(z,w noiv e ,
| | =t | S
with 6,,(z,w) like in the previous theorem.
The matrices #,, have some special properties. For example, it is clear that
they are para-J-unitary, i.e., they satisfy
0,J0, =0,J0, =J, J= {0 —I} .
This immediately implies:
Corollary 8.1. For the normalized kernels KX, KF, LL and LE, the follow-
ing relations hold
KE(z,w)LE* (2, w) + LE (2, w)KE*(2,w) = 2B, (2)I,
K (w, 2) Ly (w, 2) + Ly (w, 2) K (w, 2) = 2By (2)1,
K{{* (Z’ w)Kﬁ(Za w) = Kf(w’ Z)Kf*(wv Z),
LE*(z,w)LE(2,w) = LE(w, 2) LE* (w, 2).
Proof. This follows from the fact that
KR [FRx o 11 o _1 K LB B~ [ ]~
KL —LL| =71 -1 "To| KE—-LL KE4+LE

where ©,, = 6,0, _1 ---01. Because all the 0, are *-J-unitary, the same holds
for the product 6,,. Writing explicitly ©,,JO; = J gives the previous results.
O

The matrices 6,,, and therefore also the product ©,,, are also J-lossless, which
means that as a function of z, its entries are functions in the Nevanlinna class
(ratios of Hu, functions), it is J-contractive in I and J-unitary on T, thus
HnJH,Il{ < J for z € D while HnJHf =Jfor zeT.

Among other things, it is shown in [5] that this induces the following
properties.

o KL(z,w), LL(w,z), KE(w,z), and LE(w, z) are invertible for w € D and
z € DUT. Hence also ¢Z* and ¢L* are invertible in D U T.

o [KE(z,w)] 'LE(z,w) and LE(w,z)[KE(w,z)]~! are Carathéodory func-
tions for w € D.

o [KE(z,w)]™! and [K[(w,2)]~! are in Hy.
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9 Recurrence for the MORF

9.1 The Recursion

The proof of the recurrence relation for the MORF is given in different steps
which we formulate as lemmas. Note that in these lemmas the ¢~ and ¢F are
temporarily just orthogonal functions. They are not necessarily normalized in
the particular way we agreed upon before. In the ultimate Theorem 9.1 we
will be back to the usual situation.

Lemma 9.1. Starting with arbitrary invertible constant matrices ¢f and @&
from CN*N " define fork=1,...,n

e =T ok (), i) = T e,
Df = —CE(fF* 65 ), (FE 0N,

DFf = = (of, FEN,, (o FE7),, CF,

¢ (2) = Dy fir (2) + CL £ (2), - o (2) = fil(2) D + fi* (2)CFF,

then {¢E}2_, and {¢F}R_, form a left, resp. right orthogonal basis for L.
Moreover

D}% = —CkL << 15*7 ¢£>>€,H <<ka’ ¢£>>let’
DI = — (o, f7), . (o 20,

foranyp=0,....k—1 and

1 —apoag_1

e T P Y CACTY)
1 — QRO * —
Cf = Tt 0 )] off (),
1 —ap_1ap "
D = —zp———— [[¢%" 1 (ar—1)] 7 o™ (ar—1)
1—|ak—1]

and

_ H
1—0ar_ 1«
R _ k—1Ck Rx* Rx -1
D} ——zkl_lak_llg[ B (o) [0y ()] } .

Proof. This is by induction on n. The matrix DI is chosen in such a way
that ¢¥ is left orthogonal to ¢f and similarly for ¢*. Suppose now that the
theorem holds up to n — 1. Then it is clear that ¢L € L, \ £,_;. Using
(fs 9o, = (f* 9", it is not difficult to show that it is left orthogonal to
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1_2537"121171_2 C L,,_1, while DL is chosen such that ¢~ is left orthogonal to
®k. Because for any f € £, clearly f(2) — f(a,) € e L, the left
orthogonality to £,,_1 follows.

The relation between C’s and D’s follows because

(o8N, = (b5 80, =0
foralp=0,...,k—1. O

Lemma 9.2. The following recursion also gives left and right MORF (we use
the notation of the previous lemma,)

] = L [ (]

with
O Y N W (N W
M= Za (O 08, (E B )
Proof. Setting
A=z, [[DEICH T, AR = =, [CF DR

it readily follows from the previous relations that the right hand side of this

theorem results in
_Enfl[Dﬁ]ikﬁﬁ(z)
~Zn-1[DfF] 7 1 (2)

and because the ¢L are left orthogonal, so are the —z,,_1[D%]
similar observation holds for the right versions. O

“1¢L(2) and a

Lemma 9.3. If we work with orthonormal MORF', then

1- Qp—10

L R =
)‘n = )‘n = Zn—1~%n p— pn(an—l)
1- ApQip—1

with pp(w) the symmetrized recursion parameter.

Proof. Recall k! = ¢F*(a,,) and kL = ¢L*(a,,) and the expressions for the
N's, the C’s and the D’s to find that

1l—a,_1ap _ " _
ﬁzznflznl _ = al [“r}f—l] l[d)ﬁ(anfl)]Hk‘j)ﬁ (a—1)] 1[”€£—1]H
nn—1

A

and

— 1-— Qp—10p * — _
N =Zn 1%n - = [ ] [0 (cn— 1))~ g (an—1)] T[4 ]
A Qi —1

A
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We may now define matrices

NE = (gL gEWE? L NE = ((oR, gB) 2

Loy T

and multiply ¢% from the left by [N£]~! and multiply ¢ from the right by
[NE]~! then we obtain orthonormal bases which we shall again denote by ¢~
and ¢Z. Note that the left and right square roots can be chosen such that the
leading coefficients are positive definite. Furthermore, from the expression for
AL and for pL, we see that

_ l—a,_ 1« _
= anlznﬁ Fin—1] "oy (=) [ )"
n=n—

)\L

n

Finally use po(w) = (K (w0, w)] /2t () [KF (w0, 0)] /2] and
Kﬁ(aman) = ﬁg[“ﬁ]H7 K’r}?(a’ﬂ’an) = [’iﬁ]H’fﬁ

to find the expression for A\,,. O

Theorem 9.1. The MORF have initial conditions ¢ = ¢ = I and satisfy
the recurrence Loy L)
Py (2 } [ (2 }
* = tn z n* )
D)= 50

V=g 1@, 12
,/]_—|an71|2 1—a,z

where H(A\,) and Z,(2) are as defined before and

with
tn(2)

H(An)Zn-1(2)

1- Qp—100,

Ap = nnpn(an—l)v NMn = ZnZn—1 eT

1- QpQn—1
with pp(w) the symmetrized recursion parameter,

Proof. First note that

) e [

gives orthogonal functions, so that it remains to define the normalizing factors

e R (S S I

From the Christoffel-Darboux relation it follows that

[ ﬁﬁf“n—”)r 7| gplon ) | = - 1w PR e,

n (an—l d)y}}*(an—l
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On the other hand, the recursion gives

[(;S,Ll(anl) ] 1Tz {Nn 0 ] [)\f[nfl]H}

(br]?*(anfl) 1—&nz 0 Mn [ r A

Kn—1
Plug this into the previous relation then one gets (we set v; = /1 — |;]?)

2
A NEN N = MM, = -
fyn—l

For arbitrary unitary matrices U,, and V,,,
Np= U, (I = MN)Y2 M, = 2V, (1 — A M)~/
Yn—1 Tn—1

are solutions. The U,, and V,, can be used to normalize the leading coefficients
of L and ¢Z. O

Again it can be noted that for all ap, = 0, the matrix versions of Szegd
polynomials appear as a special case. The A, which are in this case given by
pn(0) and are the block Szeg6 parameters.

9.2 Functions of the Second Kind

We can define functions of the second kind by setting ¢f = ¥{ = I as initial
conditions for the recursion
Uy (2) } [ r-1(2) }
=t,(z v ,
] e | )
with ¢,, as in the previous theorem. Along the same lines as in the scalar case,
it can be proved that for n > 1

ﬁwz/Dmmﬁm—ﬁwmw»

ﬁ@:/bmawmﬁ@—ﬁ@y
Because

. 1] GEE) 4 UER) 0h()—wk(2)
Tute) =) o) = | AU D TV

and (1 — @,2)Tn(2)/vn is again a lossless and *-J-unitary matrix, we may
conclude as in the case of the kernels that

o ¢f* and " have no zeros in DUT (a zero of a matrix means a zero of

its determinant).
[pE*] 71 B and 2*[¢p2*]~1 are Carathéodory functions.
[¢L*]~1 and ¥/*]~! are in H.
e (DR () + P ()@ = 2P(t, )] for t € T.
O (), () + ¥y (), = 2P (¢, an)I for t € T.
Srdn = by b and YU = Yy
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10 Interpolation and Quadrature

10.1 The Kernels

We can obtain interpolation properties for the (normalized) kernels like we did
in the scalar case. This is related to polynomial kernels for varying measures
in the sense that if kX (z,w) is a left reproducing kernel for the left inner
product w.r.t. y, then it can be written as k- (z,w) = kk, (z,w)/|mn(2)|?
where kL (z,w) is the left polynomial reproducing kernel for the left inner
product with respect to the measure u/|m,|?. We have

Theorem 10.1. If K} (z,w) is the left normalized reproducing kernel for L.,
with respect to u, then for duk(t) = [KL, (t,0)KL(¢,0)]71d\(t), we {f, g))
{f, g>>e’% for all f and g in L,.

Proof. 1t suffices to prove that ((f, kﬁ(-,w)»z’u = {(f. kL (-, w))) for all

o,k
f € L,, because for a set of n+ 1 mutually different ¢, € D, the kX(z, &) from
a basis for £,,. Therefore, it is sufficient to prove that for any polynomial p we
have ((p/mn, kL (-, w))) = p(w)/mp(w). If ¢£n is a set of right MOPVM for

Lpk
v = p/|mn|?, it follows that by using the polynomial Christoffel-Darboux rela-
tion that KX (z,0) = ¢2*(2)/m,(2), and thus, dukl = |7, |*[¢2]. 02, There-
fore <<10/7Tn,k{;(-,w)»Z L= I, — I, with

Lp =

t
t—w

[0l -0 0] @ 0). o ao)| o w

JAp— [/ () [(0F% ()07 ()] 7 (6L (1) 1dA<t>] L ().

T (W) “t—w

Clearly I, == P fecause the integral is by Cauchy’s theorem equal to

T (W)
p(w)[pf (w)] . The quantity I is zero because (957 )08 = ok (d5%,)-

which reduces the integral to the Hermitian conjugate of

/ L (0] (1)

n,n n,n

t
1 —wt

dA(t),

and this is zero by Cauchy’s theorem. This concludes the proof. 0O

Theorem 10.2. With 2,(z) = [ D(t,2)du(t) and 2L(z) = [ D(t,2)duk(t)
we have 2L (2) = [KL(2,0)]"1LL(2,0) and the left outer spectral factor of uk

is ok (2) = [KE(2,0)]71. Moreover we have the interpolation property

0u(2) = 27(2) = 2Bu(2)h(2)

with h analytic in D.
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Proof. We know that [KL(z,0)]71LL(2,0) is a Carathéodory function and
because 1[QL(t) + 2L (t)] = [KL, (t,00KE(¢,0)]7!, it is the Riesz-Herglotz
transform of pZ. Also, it is obvious that ol is a spectral factor. It is outer
in Hy because KX (z,0) is a rational function in Hy and it does not vanish in
D U T. For the interpolation property, note that with v = pu — uk

Q"(%n_(z?m:/ 5 ) P+ [ 5GP

The first integral is zero because the term in square brackets is of the form f,
with f = p/m, where p is a scalar polynomial in ¢ of degree less than n + 1.
Thus it equals (I, fI>>e,u- Because fI € L,,, this integral is 0. The integrand
for the second term is analytic in D because [ f(t)D(t,z)du(t) is analytic in
D for any f € Li(v) and any measure v. Because (I,1)), , = (I, 1), . we
get the interpolation at the origin. O ’

Corollary 10.1.
5 (2) = [Ky (2,07 Ly (2,0) = L (0, 2)[ K10, 2)] 7" = 2,7(2).

Proof. Because [KL, (t,0)KL(t,0)]7! = [K2(0,¢)KE (0,t)] 7!, we have by the

Tn*

Riesz-Herglotz theorem that 2 = 2 in D, but because these are just ratio-
nal functions, equality also holds on C.

10.2 The MORF

Similar properties can be derived for the MORF. Recall that P(t,z) =
Re D(t, 2) is the Poisson kernel. We have

Theorem 10.3. Consider the measure
diy; (t) = P(t, )07, (1) oy (1)) dA(D),
then in Ly, the inner products ((-,)), , and {-,-)), , are the same.

Proof. A proof will be given if it can be shown that the ¢Z, which is a left
orthonormal basis for p, is also a left orthonormal basis for L. This can
be shown by a backward recursion. Obviously << Joi gbﬁ» 0k = I Also for

k=0,....,n—1:

(05 0F D s = [165 010 (0P (1.0 B0/ Bu(DND)
which is zero by the Poisson formula. 0O

Theorem 10.4. With 2,(z) = [ D(t,2)du(t) and QE(2) = [ D(t,z)djk(t)
where it is as in the premous theorem, then QL (z) = z/J,I;*( VoEk*(2)]7L, and
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GR(z) = X 1_lak‘2[¢ﬁ*(z)]’l is a right outer spectral factor of . Further-

n l1—a,z

more we have the interpolation property
2u(2) — 25(2) = 2Ba(2)h(2)
with h analytic in D.
Proof. The proof is completely parallel to the proof of Theorem 10.2. O
Corollary 10.2.
Q5 (2) =9 (2o ()] 7 = [ (7' (2) = 272
With these results, it is not difficult to derive a Favard type theorem.

Theorem 10.5. Let ¢L and ¢ be generated by the recursion of Theorem 9.1.
Then there is a positive definite measure on T for which they form a left, resp.
a right MORF sequence.

Proof. This is along the same lines as the scalar proof of Theorem 2.6. 0O

This measure will be unique if A € BD and logdet y/ € L; which follows from
the completeness of the basis of Blaschke products in Hy with respect to the
norm | - [¢,,.

11 Minimalisation and Szegé’s Problem

If &(s) is a function with Hermitian nonnegative definite values, then the
problems inf, @(s) and inf, tr@(s) have the same solutions. By a solution we
mean an s such that @(s) < @(t) for all ¢. We have the following.

Theorem 11.1. The minimum of (f, f)),,, for all f € L, with f(w) =1 is
given by [kE (w.w)] ™1 and it is obtained for f = [kL(w,w)] " kL (-, w), provided
that det kE (w,w) # 0.

Proof. Similar to the proof of Theorem 6.1. O

We have formulated this theorem for £,, but it actually holds for any Hilbert
module with reproducing kernel.

Define the left Szegd kernel s (z,w) = [(1 — wz)o’(2)(cX (w))7]~! with
oL(0) > 0 with w € D, then it is left reproducing in Hy. We can conclude that,
as in the scalar case, some vector valued stochastic process will be completely
predictable if exp{ [ logdet p//(¢)dA(t)} = 0, i.e., logdet ' & Ly. If we assume
that the Blaschke products diverge (A € BD) and that logdet i/ € Ly (u €
SZ), then the set {B,,},>0 is complete in the Banach space Ha () (thus with
respect to the trace norm | - |¢,). So the analog of Theorem 6.2 is
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Theorem 11.2. Let 1 € SZ, w € D a fived number, and let sk (z) = st(z,w)
be the left Szegd kernel. Consider the problem min Hf—sﬁ”%u overall f € L,,
then the solution is kL (z,w) and the minimum is sk (w)—kE (w,w). If A € BD
then lim,, oo |kL (t,w) — sL ()]s, = 0.

Proof. Clearly
<<S’lll/) - fv 51[1/; - f>>€7li = <<S1Lua 51[;;>>g7u + <<f7 f>>é7ﬂ — 2Re <<f7 SILL/)>>Z7M

By Cauchy’s theorem < sk sk >€,u = sL(w) and <<f, Sﬁ’»&u = f(w), so that
we have to minimize s&(w) + ((f, e, — 2Re f(w). Like in the scalar case it
can be seen that this minimum is obtained for f as claimed. Because A € BD
implies completeness in the Banach space Hy, we have convergence in the

norm of this space. 0O

This problem is immediately related to the prediction of vector valued stochas-
tic processes, but it can also be interpreted in the context of inverse scattering
theory or network synthesis.

12 What We did not Discuss

There are many things that were not discussed in this introduction.

First of all there is the scalar case with many things to be explored like
further convergence results, characterization of the properties of the ORF in
terms of the recurrence coefficients, moment problems, Nevanlinna-Pick and
other classical interpolation problems. Some of these are included to some
extend in [3].

There is a completely similar theory of ORF on the real line when all the
poles are outside the real line. Interesting special cases are measures whose
support is an interval or a half line. In the latter case results in the vein of
what has been developped here can be obtained [29].

A slightly different theory emerges when poles are allowed to fall inside
the support of the measure (see e.g. [3]).

In all those cases there is practically no result about an operator theoretical
approach that generalizes the Jacobi matrices of classical polynomials.

For the matrix case, there is a huge literature on so-called Schur analysis.
This involves matricial Nevanlinna-Pick interpolation problems and tangential
or directional versions. A lot of energy is also spent on discussing generaliza-
tions of the Blaschke factors. Indeed instead of just using Bpl as a basis
function, one could consider products of factors of the form (;U; where U;
represents a rank one matrix. The recursion, which is in our treatment con-
nected with J-lossless matrices, can be considerably generalized by replacing
J by much more general matrices with a finer structure. And all this could be
extended to the non-square matrix case.
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Summary. These are the notes for an introductory course into the theory of quan-
tum integrability and separability, a rather incomplete status of which dictates a
special way of presentation. Therefore, I have chosen to work out a few very basic
examples which shall help to exemplify the most important notions and the general
methodology of the separation approach to solving quantum integrable systems. All
bases considered (and factorized) in these notes appear to be special cases of the
celebrated Jack polynomials which were the object of our study in the work [15],
joint with Vladimir Mangazeev and Evgeny Sklyanin. These notes are designed to

be a good preparation for a more dedicated reading into the subject.
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1 Chebyshev Polynomials

1.1 Pafnuty Lvovich Chebyshev

Born: 16 May 1821 in Okatovo, Russia; died: 8 December 1894 in St. Peters-
burg, Russia (see, e.g., [2]).

“Chebyshev was probably the first mathematician to recognize the general
concept of orthogonal polynomials. A few particular orthogonal polynomials
were known before his work. Legendre and Laplace had encountered the Legen-
dre polynomials in their work on celestial mechanics in the late eighteenth
century. Laplace had found and studied the Hermite polynomials in the course
of his discoveries in probability theory during the early nineteenth century. It
was Chebyshev who saw the possibility of a general theory and its applications.
His work arose out of the theory of least squares approximation and probabil-
ity; he applied his results to interpolation, approximate quadrature and other
areas. He discovered the discrete analogue of the Jacobi polynomials but their
importance was not recognized until this century. They were rediscovered by
Hahn and named after him upon their rediscovery. Geronimus has pointed out
that in his first paper on orthogonal polynomials, Chebyshev already had the
Christoffel-Darbouz formula.” [23]

1.2 Notation and Standard Formulae

We need a few basic facts from the theory of hypergeometric series, i.e.,

series )7 ¢, with % a rational function of n. First, define the Pochham-
mer symbol (a),, for any a € C, n =0,1,2,..., as follows:
r
(@o=1, (a)p=ala+1)--(a+n-1)= (;‘(Z)”) .1
Exercise 1. Check the following formulae:
(1)n = n!’ (2n)' = 22nn[(%)n’ (CL + n)kfn = Ea;k s (12)
a)n
(@)ntk = (a)n(a+n),  (a—n)p=(-1)"(1—a)n. (1.3)

A non-trivial (but still elementary function) example of a hypergeometric
series is given by the binomial theorem:

oo

(1—%)_azz%x”, lz] < 1, (1.4)
n=0 '
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which can be recognized as the Maclaurin expansion of the function on the
left.

Let us expand the obvious identity (1 —2)~%(1—z)~" = (1 —2)~2° using
(1.4) and get

n=0m=0 k=0

Comparing the coefficients of the powers of  on both sides we have

k
(@n (O)k—n _ (a+Db)
= k=0,1,2,.... 1.6
Z n! (k—mn)! kK B (1.6)
n=0
The Pochhammer symbol satisfies a number of useful identities, one of them
is as follows:
QI QP

“”””:@+k—ny~w+k—1):¢4wu—b—k%' (17

Using this, we rewrite the equation (1.6) in the form

k
(@n (B (a+D)
DDl T s G (18)

n=0
and, putting b =1 — ¢ — k, in an alternative form

k

S~ CRnlay _ (o= a) (19)

(©)am! ©r

since (1 —c—k)p = (1 —c—k)---(—c) = (—=1)*(c)g. The terminating Gauss
hypergeometric series

oF, (_k’“;x> = imx" k=0,1,.... (1.10)

c (c)nn!

n=0

n=0

is well defined when ¢ # 0, —1,...,—k+ 1. As follows from (1.9), it takes the
following factorized value at = = 1:

o (k’“; 1) _ ez (1.11)

C

The above is called the Chu-Vandermonde formula. It can be put into a
simpler (binomial) form

k
(a+b)p=

n=0

(5) @t (112

which is the same as (1.6).
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1.3 Polynomials T}, (z) and U, (x)

Chebyshev polynomials were introduced in 1854 (see [3]). The Chebyshev
polynomials of the first kind, 7),(z), and of the second kind, U, (z), can be

obtained by specifying the Jacobi polynomials pls )(x) [9]:

(=3.—3%)

N € -n,n 1—=x

Tn(x):(ll)():2F1< 1y ), (1.13)
Pn 2°7 2 (1) 2

(4.4)
P22 —n, 91—
Un(z) = (n+1) = ;)( ) _ (n+1)2F; < mErs 2x) L (114)
P22 (1) 3
Although, in themselves, they are much simpler:
51 1)6
Tn(x) =cosnb, Up(z) = %, x = cosf. (1.15)

Now, of course, we assume that —1 < z < 1. Using the identity

e = cosnf + isinnf = (cosd + isin H)"

= Z (Z) cos" ¥ 9 (isin 6)" (1.16)
k=0

we see that both sets are, indeed, polynomials of degree n in = and that they
can be explicitly written as the following sums:

T (x) = [HZ/Q] " a2k (g2 - 1)k (1.17a)
n Qk )

k=0
[n/2)
n + 1 n— C
Un(2) = <2k N 1):1: (2 — 1)k, (1.17b)
k=0

If instead of (1.16) we use a similar identity

i .. . 2n
e = cosnf + isinnd = (cos Z 4+ isin 7)

then we obtain alternative expressions for the Chebyshev polynomials

cosnf) = Z <;Z) (1 — sin® g)nik (—sin® g)k, (1.19a)
k=0
sin(n+1)0 1 " 2042 2g\n—k . 2g\k
g~ 3 kz:o <2k+ 1) (1 —sin* %) (—sin®§)". (1.19b)
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Exercise 2. The last two formulae convert to the expressions (1.13)—(1.14)

. . . . —k
if one expands the binomial (1 — sin® g)n and then evaluates one of the

sums by the Chu-Vandermonde formula (1.11).

One can similarly convert the formulae (1.17b) into the following explicit
expressions:

n 2k — k- 1)

Th(z) = = K — 2! (2x)" 2k, (1.20a)
k=0
/2 kg,
Un(z) = M (2z)" 2, (1.20b)
k=0

which give expansions in terms of powers of x as opposed to the expansions
(1.13)—(1.14) as powers of 1 — x.

All orthogonal polynomials satisfy a three-term recurrence relation.
The polynomials T,,(z) and U, (x) are generated by the same recurrence rela-
tion with different initial values:

To(z) = 22T, —1(x) — Th—o(x), To(z) =1, Ti(xz)==z, (1l.21a)
Un(z) = 22U, —1(x) — Up—2(x), Up(z) =1, Ui(x)=2z. (1.21Db)

Exercise 3. Check these recurrence relations for the Chebyshev polynomi-
als.

The first few T-polynomials are:

To(z) = 1,

Ti(z) = =,

Ty(z) = 22% — 1,

Ts(x) = 42® — 32,

Ty(z) = 8z* — 822 +1,

Ts(z) = 162° — 202> + 5z,
To(z) = 3225 — 482 + 1822 — 1.

Up(z) =1,

Uy(z) = 2z,

Us(x) = 422 — 1,

Us(z) = 8% — 4z,

Uy(x) = 162* — 1222 + 1,

Us(x) = 322° — 322° + 61,
Us(x) = 642° — 802 + 242 — 1.
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1.4 Orthogonality

The orthogonality relations for T, (z) and U, (x),

s

/1 T (2) T (2)(1 — %)~ 2dx = { 2 Omny 170 (1.22a)

_1 TOmn, mn =0

1
/ U (2)Un (2)(1 — 22) 2 dz = gamn, (1.22b)
-1

are the direct consequence of the well-known orthogonalities of the sine and
cosine functions for integer m and n:

- 0, m#n,
/ cosmz cosnzxdr =< 7w, m=n#0, (1.23a)
o 2w, m=mn=0,
- 0, m#n,
/ sinmz sinnzdr = m, m=mn#0, (1.23b)

0, m=n=0,

which in turn are easily proved using the linearization formulae:

cosacosb = £ (cos(a+ b) + cos(a — b)), (1.24a)
sinasinb = %

(cos(a — b) — cos(a + b)). (1.24b)

1.5 Other Results

Orthogonality relations such as (1.22a)—(1.22b), which are given by the weight
function, the interval and the normalization, define the corresponding orthog-
onal polynomials uniquely, up to signs® (cf., e.g., [25]). Many other properties
of the orthogonal polynomials, notably those for the classical ones, can be
derived directly from the definition, including explicit forms, recurrence re-
lation, differential equation, differentiation formula and generating
functions. We cite here only the differential equations, differentiation formu-
lae and simplest generating functions:

(1 — 2T/ (x) — 2T (x) + n*T,(z) = 0, (1.25a)

(1 —2*)U/ (z) — 32U (z) + n(n + 2)U,(z) = 0, (1.25b)
(1 —2%) & + n2) Th(z) = nT,-1(2), (1.26a)
(1—2%) L +n2) Uy(z) = (n+ 1)Up—1(), (1.26b)

! which are usually fixed by choosing the coefficients with the highest powers to be
positive
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1—at
Ty ( Un( 1.27
1— 2t +¢2 Z 1—2xt+t2 Z ( )

Exercise 4. Prove (1.25)—(1.27). ‘

Notice that the existence of differentiation (or shift) formulae such as (1.26)
or second order differential equations such as (1.25) is characteristic for the
so-called ‘very-classical’ orthogonal polynomials [11].

1.6 Least Possible Deviation from Zero

Let us introduce the coefficients

L, = N 1.28
{2ln, n=12,.... (1.28)

Then the polynomials T}, (z) := L, T}, (x) are monic
Tn(m) =LTh(x)=a2"4.... (1.29)

The polynomials Tn(x) have the following extremal and completely charac-
terising property: they have the least possible deviation from zero on
the interval [—1,1] among all monic polynomials F,,(z) of degree n, i.e.,

> = L,. .
[ hax |Fn ()] g[lafl]\T( )| = Ly (1.30)

To prove this property, let P,(z) = 2™ + ... be a monic polynomial whose
deviation from zero in the interval [—1,1] is < L,. Then, the polynomial
Q(z) := L, T,,(z) — P,(z) is of degree < n — 1 and, at the points

op =cos Tk =0,1,...,n, (1.31)
has the following values
Q(zx) = (=1)" "Ly — Po(ar) = (=1)"*[Ln £ | Pa(ar) - (1.32)

The expression in the square bracket is not negative, meaning that the poly-
nomial Q(z) has at least n roots in the interval [—1, 1], and hence Q(z) =0

2 Gegenbauer Polynomials

2.1 Leopold Bernhard Gegenbauer

Born: 2 February 1849 in Asperhofen (E of Herzogenburg), Austria, died: 3
June 1903 in Vienna, Austria.
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“Leopold Gegenbauer studied at the University of Vienna from 1869 until
1873. He then went to Berlin where he studied from 1873 to 1875 working un-
der Weierstrass and Kronecker. After graduating from Berlin, Gegenbauer was
appointed to a position at the University of Czernowitz (then in the Austrian
Empire but now Chernovtsy, Ukraine) in 1875. He remained in Czernowitz
for three years before moving to the University of Innsbruck where he worked
with Stolz. After three years teaching in Innsbruck Gegenbauer was appointed
full professor in 1881, then he was appointed full professor at the University
of Vienna in 1893. He remained there until his death. Gegenbauer had many
mathematical interests but was chiefly an algebraist. He is remembered for the
Gegenbauer polynomials.” [6]

2.2 Polynomials C9) (x)

The Gegenbauer polynomials c () can be thought of as a g-deformation
of the Chebyshev polynomials:

2
C9(cos ) = 29 (cosnf 4+ O(g)), n=1,2.... (2.1)
n

We shall derive their most important properties using the method of shift
operators (cf [10, §4], [11, §2]).
The orthogonality relations with the standard normalization are ([9])

! 1 ['(n+2g)21=29
1— 2297209 (2)C9 (2)dx = z mns
L= ariepme e - et
9>-5, 9#0. (22

Let us also introduce the corresponding monic polynomials p, (x) o C,(lg )(ac),

/ (1= 22972 pp (@)pn (@)dx = T (g) Gy, pn(x)=2"4+..., (2.3)

-1

and the other set, ¢, (z) x clot) (z), corresponding to the shifted parameter,
g—g+1

[1(1—x2)9+%qm(x)qn(x)dx:hn(gﬂ)am, gn(@) =" 4., (2.4)

with some normalization constants h,(g) to be determined later. Integration
by parts gives

/17’%(33)%_1(96)(1 — o)t 2 da

1 1 1 1
—— [ @)=t (- @) (- et tde (25)
1
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Notice that
P, () = ngn—1(x) + (lower degree g’s), (2.6)

(1=2?)i 9 (1= 2%) g ()
= (—m — 2g)pm(z) + (lower degree pi’s). (2.7)

Now, putting first m = 1,...,n — 1 and then n = 0,...,m — 1 in (2.5) and
using the orthogonality, we conclude that there are no lower terms in the
above equations, resulting in two shift formulae for the action of two shift
operators Dy on the monic Gegenbauer polynomials:

[D_p@)(z) = L p9(z) = mp{!* (), (2.8)

[DpV)(@) = (1= %) 4 = (29 + 1)) 5 ()
= (—n—29)p}¢ (x). (2.9)

Since both operators act in opposite directions, composing them produces the

second order differential equation for the Gegenbauer polynomials, [(Dgf) o

D_)pi?)(x) = —n(n + 29)pi¢ (a):
((1 —2?) L - 20+ Dol +n(n+ 29)) P9(z)=0.  (2.10)

Substituting n = m into (2.5) yields the recurrence

/_11 (pv(wg)(w))2 (1= 22)74do
T /‘11 <p5’gj11)(w)>2 (1—2?)93dz, (2.11)

iterating which one gets

! 2 229+2nT2(g 4 n + L)n!
ho(g) = (<9> ) 1— 22)9 3y = 2 (912
)= [ (@) ety e = p TR (21
where at the last step we have used a variant of the beta integral:
1
2048+ (o + 1)T(B + 1)
1—2)*(1+2)de = 2.13
| a0 sayas = T e (213)
Finally, using Legendre’s duplication formula
F2a) (3) =2>*"'T(a)l (a + 1) (2.14)
and the value I' (1) = /7 we obtain
(2 !
ha(o) g (215)

= 2201201 (g £ n)T2(g +n)

Exercise 5. Check this. ‘
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2.3 Beta Integral and Elliptic Coordinates
Let us start from a “better” form of the beta integral (2.13):

/ dgl/ déy §(& + & — 1)ePtegemt = _ Dla)l(as)

F 041 +O¢2)

/d§ £ (1 - )

(2.16)

Here, of course, we must assume that Re a; > 0.

Theorem 2.1. Let y1 and yo2 be a fized pair of real positive parameters such
that
0 <y <ys <oo. (2.17)

Then for Rea; > 0 and z > 1,

oo Y2
/ dxg/ dx16(z122 — 2y1Y2) (T2 — T1) ‘111_1 32_1
1

Y Y5 T (aa)T (an)

= (z—1)tozl(y, — . (2.18
(= = 1o g — ) (218)
where
€ = (@1 — 1) (@2 — y1) = (€1 —y2) (22 —9o) (2.19)
Y2~ Y1 — Y2
Proof. The first step is to rescale the variables &, +— ﬁ in the beta

integral (2.16) and therefore rewrite it in the form

/ d@/ dcs (51+f2(21)) o1 —lgan—1

Ly ST ()T ()
— -1 @y +as 1y1 y2 220
(== 1) oo 220

We consider (2.19) as the defining relations for the change of variables
from (&1,&2) to (x1,x2), with (y1,y2) being the parameters, and perform this
change of integration variables in the integral (2.20).

Notice first that the integration variables z; and x2 in (2.18) satisfy the
inequalities

Y1 < 21 < ya < Ty < 00, (2.21)

which guarantee the positivity of the functions & and &, defined by (2.19).
Conversely, every pair of the positive variables &1, &5 leads to a pair of variables
x1, xo satisfying (2.21). Indeed, the defining relations (2.19) can be rewritten
in the equivalent form
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& § _ (t—z)(t—x9) tecC, (2.22)

Ct—y t—ye (E—y)(t—y2)

with the former formulae following by comparing the residues of both sides at
t = yr. When & > 0, the rational function on the left of (2.22) takes opposite
signs near the ends of the intervals (y1+,y2—) and (y2+, 00), meaning that it
has two zeros xy, interspersed with the poles yg, as in (2.21).

Finally, calculating the Jacobian of the transformation and setting ¢t = 0
in (2.22), we obtain

270 dl‘ldl‘Q, 1‘|‘€*1+§*2 - leQ

Y2 — 1 YiooY2 Y1y

d&1dés = , (2.23)

which obviously imply the statement. O

Remark 2.1. When putting & = z7, the change of variables (z1,22) +—
(z1,x2), defined by the relation (2.22), becomes the well-known transforma-
tion from the rectangular Cartesian coordinates in the plane, zj, to the ellip-
tic coordinates, x;. The latter constitute a system of curvilinear orthogonal
coordinates generated by the coordinate lines consisting of confocal ellipses
and hyperbolas ([21, 4]). The value \/y2 — y1 gives the distance of the foci
from the coordinate origin.

2.4 Q-Operator

We use the results of the previous section to define an important integral
operator, called a Q-operator, which depends on a positive parameter g > 0
and another parameter z > 1 and acts on any symmetric polynomial
p(x1,x2) of two variables as follows:

L(29) (z—-1)'"%
T2(g) (yo —y1)y{ 'y§~

S Y2
X / dxs dz16(z122 — 2y1Y2) (T2 — 1) ?1—1532—11)(%17332)' (2.24)
Y2 Y1

[Q-p](y1,y2) = 1

Notice that one should substitute into the above the values of the functions
&1 and &o:

€ = (1 —y1)(z2 — Y1) _ (1 — y2)(z2 — y2)
1 — ) 52 -
Y2 — 1 Y1 — Y2

. (2.25)

Taking into account Theorem 2.1, the above definition of the operator Q.
implies that it transforms the unit function into itself and provides a simple
action on the monomials in §;’s:

2—1 k1+ka ) Y
sz -1, Q,: fl 52 o y/lclygz ( ) (9)r: (9 ’ (2.26)
(2g)k1+k2
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for k; =0,1,2,...
Introduce new variables 7;:

& =my,  J=1L2 (2.27)

One can check that the x-, y- and n-variables are related by the following
equalities (cf. (2.22)):

z1+ 22 = (L+ 1)y + (1 +72)ye, (2.28)
r1x2 = (1+m1 +n2)y192. (2:29)
The operator ), acts on the monomials in n;’s as follows

(z = 1) %2 (g)r, (ke
(29) k1 k2

Q.: gk , ki =0,1,2,.... (2.30)
Formulae (2.28)—(2.29) and (2.30) determine how @, acts on any symmetric
polynomial p(z1,z2). This must be performed according to the algorithm:

e expand p(x1,x9) in terms of elementary symmetric functions e; = x1 + 22
and e; = x129,

e use substitution (2.28)—(2.29),

e replace all monomials in 7;’s by numbers making use of (2.30).

The result clearly is

e a polynomial in y;, y2 and z,
e a rational function in g,
e a symmetric polynomial in y1, yo.

In what follows we adopt the following approach to the action of the op-
erator (Q,, which seems natural because of the above: we shall look at it as a
certain coordinate transformation (cf. (2.28)—(2.29)) from the variables z to
the variables y, which depends on some parameters, the variables 7, which in
their turn are being specialized according to (2.30). The most interesting fact
is that, recalling the analogy with the elliptic coordinates (cf. Remark 1), we
are looking at the map sending the ‘elliptic coordinates’, x;’s, to the ‘elliptic
parameters’, y;’s, while specializing the ‘Cartesian variables’, n;’s.

Regardless what viewpoint one chooses, this operator possesses many neat
properties and, as a result, plays a fundamental role in the area of symmetric
functions. The main motivation from now on will be to understand whether
Q. self-commutes,

Qzl QZQ = QZngla VZl, z2 € C, (231)

and therefore defines a quantum integrable map, that is whether there is
a basis of good functions invariant under its action. The answer is yes and
the basis is given by the Jack polynomials, which in fact can be uniquely
characterized by this property.
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3 Monomial and Elementary Symmetric Functions

3.1 Definitions

Let A= (A1, A2,---, ) €N Ay > Xy > ... > )\, >0, be a partition of a
weight |A|,

Al = Z)\i. (3.1)

Hereafter, we shall use the weight notation |.| as in (3.1) for any finite sum of
indexed variables. The dominance partial ordering < for two partitions p
and A is defined as follows:

k k
LA = {\u|:|/\|; ZMSZ)\]', k:l,...,n—l}. (3.2)
1 j=1

j=

Usually (cf. [22]), the length I(\) of a partition A is the number of non-
zero parts \;. We shall consider the partitions A = (A1, Ag,..., \,) that are
finite sequences of exact length n, including any zero parts. For instance,
(6,6,2,0) and (6,0,0,0) are both partitions of the length 4, while (6,6, 2) and
(6) have lengths 3 and 1, respectively. For any partition A = (A1,...,\,) of
the length n, we shall often use the notation \; ; = A; — A;, in particular
/\i,i—i-l = /\z - /\i+17 1= 1, ey ny >\n+1 =0.

Let C(a,b,c,...) be the field of rational functions in indeterminates
a, b, ¢,... over the field C of complex numbers, C(a,b,c,...)[z,y,z,...] be
the ring of polynomials in the variables x, y, z,... with coefficients from
C(a,b,c,...), and Clzy,...,2,]™™ be the subring of symmetric polyno-
mials.

We need two standard bases in the linear space of symmetric polynomials
of n variables, C[x]?¥™, labelled by partitions A. For each a = (a1,...,a,) €
N™ let us denote by x® the monomial

x* =gt -xdn. (3.3)

The monomial symmetric functions m)(x) are defined by

ma(x) =Y %, (3.4)

where the sum is taken over all distinct permutations v of A\. The m (x) form

a basis in C[x]|®™.
For each r = 0,...,n the rth elementary symmetric function e,(x) is
the sum of all products of r distinct variables x;, so that ep(x) = 1 and
BT(X) = Z Ty Ly * Ty, = m(lron—r)(x) (35)

1<i1<..<ir<n

for r =1,...,n. Their generating function and explicit forms are
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n n
(¢ +a;) =) ex(x)2" ", (3.6)
j=1 k=0
61:$1+..., 62:.’E1(E2+..., €3 = T1T2T3 + ..., (37)

7

where ‘+..."” means adding corresponding permutations.
For each partition A = (A1,...,\,) define the polynomials Ej(x) as

Ea(x) = e} 2 (x)e3* M (x) - el (x). (3.8)

n

The polynomials Ey(x) also form a basis in C[x]*¥™ and the transition ma-
trix between F) and m) is triangular with respect to the dominance partial
ordering (see [22, Chapter 1, Section 2]):

E\(x) = Z ax,my,(x), (3.9)

B

where ay, € N and a)) = 1. For instance:

Eooo = mooo, Fio0 = mi00, Fi10 = mi10, F200 = mago + 2m110,
Eiin = min,  Faio = maio + 3man,  FEsgo = ms3eo + 3maig + 6mii,

Eo11 = ma11,  Eago = Mmoo + 2mai1, FEao1 = mag1, Eazg = maoga.

3.2 Factorizing Symmetric Polynomials Ex, x, (1, Z2)

By definition
By, (1, 22) = (21 + 22) 2 (2120) 2. (3.10)

Consider the limit ¢ — oo in the construction of the Q-operator @, in Section
2.4, notably take this limit in the explicit action on the monomials in n;’s
(2.30):

)k1 +k2

R (3.11)

It means that one can put 7, =7y = Z;—l, so that in this case the action of the

integral operator @), turns into a pure change of coordinates (x) — (y)
defined by the equations:

T, + X9 = Zgl (y1 + yg), (3.12)
T1X2 = 2Y1Y2- 3.13)

Obviously, the action of the Q-operator on the basis Ey, »,(x1,z2) is

Ex; o (2,1)
E)\1,>\2 (17 1)

This formula defines the operator @, for all z € C on the space Clxy, zo]*¥™.
Moreover, the polynomials F) are its eigenfunctions with the eigenvalues

ax(2):

Q- : Ex, z, (21, 22) — Exy x (Y1,92)- (3.14)
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Ey, A (Z,].) z+1 A2 A
JE\ = E = L2 = 2, 1
Q-Ex = q\(2)Ex, o (2) Erny (L 1) 3 z (3.15)

The symmetric polynomials Ej, »,(z1,%2) can be defined as being the
eigenfunctions,

Dy Ex = A 2Ej, DB\ = A E, (3.16)

of the commuting differential operators D; and Ds:

D1:$1+w2< 0 @3)7 DF_W<5 3)7

1 ——— —
Tr1 — T2 (9@‘1 81‘2 X1 — T2

[Dy, D3] =0 (3.18

’Exercise 6. Check (3.16) and (3.18) ‘

Therefore, the @-operator commutes with the operators D and D5 as well
as self-commutes:

[QZ;DJ] = 0) [Q217Q22] = 07 j - 1;27 ZyR1, %2 S (C (319)

Setting y» = 1 and renaming y; and z into z; and zs one observes from
(3.12)—(3.14) that the transform S : (z1,z2) — (21, 22):

T1+ Ty = % (z1+1) (22 + 1), (3.20)
T1To = 2129, (321)

factorizes the basis functions into a symmetric product of two polynomials
each in one variable:

Ex, 2 (21, 1) EA(Z% 1)

Sy Ex(z1,22) — Ex(1,1) Fr (L) Br(LT) (3.22)

The inverse transform, Sy ' : (21, 22) — (21, 22):
21+ 290 = 2(x1 + @2) — 122 — 1, (3.23)
2129 = X1X2, (3.24)

provides a representation for the basis functions in terms of the polynomials
of one variable:

Ex; x(21,1) Ex(22,1)

Syt EN(1,1
2 A )EAI,,\Z(Ll) Ex(1,1)

= E)\(Il,l‘g). (325)

Such maps, S; and S5 ! we call the separating and inverse separating
maps, respectively.
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3.3 Factorizing the Basis Ex(Z1,...,Zy)

Let us study the change of coordinates (x) < (e), defined by the elementary
symmetric functions:

H:c—i—xj ) =2z" +Zekx , xz e C. (3.26)
j=1 k=1

Taking the differential of the both sides and then dividing by the product one
obtains

- dzx; 2 x"‘k
——de}. 3.27

dew, j=1,...,n, (3.28)

and therefore

0 o " (—xj)"fk 0

AN U S PAN A S (3.29)
8€]€ =1 Hm#(:cm — SC]') 8mj
Clearly, the operators ek% are diagonal on F) = H;L 1 ej“ It
0
ex=—E) = A 1 By, k=1,...,n. (3.30)
6€k
Hence, the operators
n o n k o
Dy, = exn(x Z—— k=1,...,n, (3.31)

j=1 m;ﬁj Lm — xj) 8$j
mutually commute and have the functions E(x) as their eigenfunctions:
[Dj, Dk} = O7 DkE)\(X) = >\k7k+1E)\(X), k = 1, ceeyn. (332)

The change of coordinates 87(10) : (x) — (e) is, by the above, a separating map
for a quantum integrable system indexquantum integrable systemdefined
by the complete set of commuting operators D;2. It factorizes the cor-
responding eigenfunctions:

2 completeness is understood here in the sense that the corresponding eigenfunc-
tions form a basis in a Hilbert space, so that the set of commuting operators
provides enough quantum numbers (parts \;) to label every eigenstate
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n

SO By\(x) — H e;‘j’j“. (3.33)

j=1
Under S,(lo) the operators Dy, are mapped into simpler operators
(0) 9 50
Sn Dk:ek—Sn 5 k:].,...,n7 (334)
8€k

and the initial multivariable spectral problem (3.32) is mapped into a set of
one-variable separation equations for the factorized functions:

€ki 621“"“—1 = Ak$k+162k’k:+l, k= ].7 ey . (335)
8ek

The main problem for any quantum integrable system given by a complete
set of commuting operators {D; }?:1 is to explicitly construct the correspond-
ing separating map which would factorize the multivariable eigenfunctions
into functions of one variable. This is generally a rather complicated prob-
lem, but there are various approaches to tackle it, e.g., by making use of the
Q-operator.

We shall now describe another purely coordinate separating map S,, for the
basis E(x) which is similar to the map Ss from the previous subsection and
which intrinsically comes from a n-variable generalization of the QQ-operator.

The n-variable operator @, is defined as the following change of coordi-
nates (x) — (y) (cf (3.12)—(3.13)):

ex(x) = qr(2)er(y),

ex(z,1,...,1) (z—1)k

=2 4 k=1,....,n. (3.36
qr(2) (1) + ey soeome (3.36)
Exercise 7. Show that
- Dk
ex(l, 71>:(Z), w =1+ 528 on G

Obviously, @, has the diagonal action
Qz : E)\(X) = q)\(Z)E)\(y)a

a0 (2) = ﬁ gt = f[ (1+ —(ﬁl)"f)kk’k“ . (3.38)
k=1 k=1

Iterate @, n times and restrict the out-variables by the evaluation homomor-
phism go : f(y1,..., yn) — f(1,...,1). In this way one obtains the separating
operator S,, = 0@z, -+ - Q», as the following change of coordinates (x) — (z):
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n n
= (k) I_qu(zj)7 E=1,...,n. (3.39)
j=1
Its action on the basis E)(x) is as follows:
LI Ak k41
S, : Ex(x) — ¢ H a(z), o= kli[l <k) . (3.40)

The transform S, (3.39) can be rewritten in the form

ex(x) = (Z) (fl)n znj em(2) (”;k)n_m, k=1,...,n.  (3.41)

m=0

The inverse form of this change is complicated in general, e.g. for n = 3 one
has

e1(z) = e3(x) — 2 ea(x) + 3e1(x) — 3, (3.42)
ea(z) = —3 e3(x) + 3ea(x) — S e1(x) + 1, (3.43)
e3(z) = e3(x). (3.44)

The transform S,, (3.39) maps the differential operators Dy (3.31) in -
variables into the corresponding differential operators D;” in the separation
variables {z;}7_;

S, Di(x) = D;P(2)S,. (3.45)

The operators D;P(z) are in a special separated form, that is they admit
the separation of variables. At the same time, the separating transform S,
(3.39), which factorizes their common eigenfunctions (3.40), sends the origi-
nal n-variable spectral problem for the commuting operators Dy (x),

Dk(X)E)\(X> == )\k)k+1E)\(X), k= 1, ey Ny (346)

into a multi-parameter spectral problem [1, 24, 26] for the separated
polynomials gy (zx):

dgx(zk) _ < /\jj+
= ’ k=1,...,n. 3.47

Let us derive the explicit form for the operators D;". Apply logarithmic
differential to both sides of the defining equations (3.39) for the change of
variables (x) — (z) and get

deJ -
, i=1,...,n. 3.48
» kzz =Rl (3.48)

Therefore,
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i :Z%D;ep(z)’ k=1,...,n, (3'49)

n—j
Oz, :1Zk+ i

which is just the operator form of the separation equations (3.47). In order
to derive the operators D;ep(z), one must invert the above system of linear
simultaneous equations.

Let us solve a more general problem formulated as follows. Suppose one
has two sequences of distinct variables, (z1,...,z,) and (wy,...,wy,), and the
n x n Cauchy matrix A:

1

Ajp = —— k=1,...,n. 3.50
gk Zj*"(l}k, s ) T ( )

What is the inverse matrix A=1?
Write down the following equality coming from the partial fraction decom-
position of the left hand side:

[l (=~ =) ﬁizl iz (s — 21) p=1,. (3.51)

(Z Zp) Hz 1(2 - wl — W, ngéj(wj — wl) ) Lo, n.

Substituting v = 24, ¢ = 1,...,n, one derives

~ 1 T2, (zp — wi) w; — 2
%:ZZ =127 112 . (3.52)
=1

g — Wj Hl#j(wj —wy) iy P A

j=1

Hence, the matrix elements of the inverse of the Cauchy matrix are:

a1y = iz —w) oy — 2 k=1,...,n. 3.53
( )]k Hl;é]( —w) gc R J ( )

Applying this result to invert the problem (3.49) one derives the explicit
representation for the n commuting operators D" (z):

n

sep z p QJ Zl 0
Dj (z) = Z ]Hly&](l ) <H(Jz k ) H e — 6Zk (3.54)

k=1 1k

Exercise 8. For n = 2, start from the two commuting operators D" (21, 22)
(3.54) and separate the variables, thereby deriving the separation equations
(3.47).

3.4 Liouville Integrable Systems

The quantum integrable system we have studied has a quasi-classical limit in
which it turns into a Liouville integrable system, defined by the n func-
tionally independent and Poisson-commuting integrals of motion:
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n (_ x 4)n—k
dr, = ex(x —_ d;,dip} =0 k=1,...,n
k k( );HZH&J‘(Im_Ij)pwk’ { 'K k} D ’ 5 Ty

(3.55)
where the canonical coordinates, x;, and the conjugated momenta, p;, have
the standard Poisson brackets of the Darboux variables:

{l’j,xk}:{pxj,p;pk}zo, {pijvxk}: jk> jak: 17"')”' (356)

The same separating transform S,, defines now a separating canonical trans-
formation (pgy, ..., Pr,; X) = (Dzys- -, Pz,; Z) such that the new (separation)
variables satisfy the separation equations:

n

pzkzzdijn_j, k=1,...,n. (3.57)
=1t T

For the problem in question there is very little difference between separat-
ing the quantum or the classical system. In both cases it is the same purely
coordinate® change of variables. In the classical case it amounts to a special
canonical transformation which brings the system into a separated form when
each new conjugated momentum depends only on its own coordinate. In the
quantum case the map factorizes the eigenfunctions into some (separated)
functions of one variable, thereby again reducing the n-variable problem to
a set of one-variable problems, connected by the common eigenvalues of the
commuting integrals.

Exercise 9. For n = 2 separate variables for the Liouville integrable system
with the integrals dy and dy (3.55) and derive the corresponding separation
equations (3.57).

3.5 Separation of Variables

The interested reader is guided to the book [7] and the papers [12, 13, 8, 5] for
more information on separation of variables in the Hamilton-Jacobi equation
and in the Laplace operator on Riemannian spaces of constant curvature. The
last paper explains how to add separating potentials.

All these references though are about separation in curvilinear orthogo-
nal coordinate systems. There are only few classification results about sep-
arability in non-orthogonal coordinate systems. Both separations, S,(LO)
and S,, we have considered are non-orthogonal. Moreover, in the next sec-
tions we encounter separations which are given by specific local operators and

even by integral operators and corresponding canonical transformations (cf
[17, 18, 19, 20, 15, 16]).

3 it does not depend on the conjugated momenta
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3.6 Factorizing Symmetric Monomials mx, x,(z1, z2)

Let us now come back to the Q-operator of Section 2.4 whose action on any
symmetric polynomial in the variables x; and z2 is defined by the following
rules:

1+ 22 = (L+n)y + (14 n2)y2, (3.58)
r172 = (141 + 172)Y192- (3.59)
(z = 1) HR2(g)p (),

ki, k
Q= my'ny” —

ki =0,1,2,.... (360
(29)k1+1€2 ! ( )

Consider the case of g = 0. One immediately notices that the Q-operator
annihilates most of the n-monomials:

QN=1, Q.m0 12 k=1,2.., (361
Q. s m'ns? =0 if kiky #0. (3.62)

Because of this property, the second substitution (3.59) can be replaced by
2129 = (1 4+ m1) y1(1 + 12)y2, thereby the whole change of variables involved
in the action of the Q-operator becomes as simple as this

z1 = (L4+m)y, z2 = (14 n2)ys. (3.63)
A straightforward calculation gives
Q. (L4+n)" (L +m) = 2 (P +27),  kik=0,1,2,.... (3.64)

Therefore, if one identifies the out-variables, y; 2, with the in-variables, z; »,
one can realize the operator @), as the following (local) shift operator:

Q- ¢ flz1,w2) — 5 (f(za1,m2) + fz1,222)), Vf € Clay,z2]™™.  (3.65)
The monomial symmetric functions my, »,(z1,x2) are defined as follows:

A1 A1
1t ws? +xstal?, A F Ag,

Mg, (%1, T2) = {33>‘1 A (3.66)

1 Loy /\1=>\2.

It is easy to check that the action of the Q-operator @, (3.65) on this basis
is diagonal

Q. : mx(z1,x2) — qa(2) ma(z1, 22), an(z) =1 (z>‘1 + z/\z) . (3.67)

Exercise 10. Prove that

) _ MXy Ao (Z7 1)

3.68
m)\1,>\2(171) ( )

(2
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As before, the separating operator Sy is constructed as the restriction, by
the evaluation homomorphism gg, of the product of two Q-operators:

So = 00Q:,Q>,, Sz :my (1, 22) = ma(1, 1)gr(z1)gr(w2), (3.69)

where we have again identified the out- with the in-variables. The local oper-
ator Sy has the following explicit action:

(Saf) (w1, @2) = & (f(a1, @2) + flz122,1)), Vf € Clzy, x|, (3.70)
which we prefer to rewrite in terms of the operator Pis,

Sy =351+ P), (Puf)(z1,22) = f(z122,1), [ € Clay, zo]™™.
(3.71)
Now the inverse separating map reads

851 =2 — Pio : myx(1,1)ga(x1)gn(z2) — ma(x1, 22). (3.72)

Exercise 11. Prove that the operator Pj is a projector, P% = Pjo, and
then prove (3.72).

3.7 Factorizing the Basis my(1,...,%y)

Let us recall that the basis my(x1,...,2,) is defined as the sum over all
distinct permutations v = (v1, ..., vy) of the partition A = (Aq,..., \y)

ma(x) = Zx'{l R (3.73)

It can be characterized as the eigenbasis of the complete set of symmetric
differential operators:

0 0 .
Dj(x) =¢; (xlaxl’”"znaxn>’ [D;,Di] =0, j,k=1,...,n, (3.74)
Djmy = e;(A)m. (3.75)

The Q-operator is defined as follows:
1 - sym
(Q.f)(x) = - Z flx1,. . 2o, 225,241, .., Tn), f€CX[*™. (3.76)
j=1

This clearly gives a symmetric operator which can be simply represented in the
operator form with the diagonal action on the monomial symmetric functions:

1SN 4.2 1<~ s,
Q== "7, Qmi=an@my, a(x) =D N (377)
j=1 Jj=1
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Exercise 12. Prove that

ma(z,1,...,1)

ma(L, ... 1) (3.78)

an(z) =

The separating operator S,, is, by construction, given by the formula

Sp = QOQZl t ana (379)
where gg is the evaluation homomorphism, gg : f(x1,...,2,) — f(1,...,1).
Introduce a string of similar homomorphisms:
0j: flzr,...,xn) = flza,. ..z, 1,...,1), j=0,...,n, (3.80)
with ¢, = 1. Tt is easy to check that the separating operator (3.79) can be
factorized into a product of simpler operators Ag, k=1,...,n:
1 k—1
S, =A1--- Ay, A = — —k+1 P, A, =1, (3.81

where the operators Pji, j < k, are similar to the operator P> from the
previous section:

(Piof) (@1, ooy n) = fle By, 1), (3.82)

Indeed, the required factorization follows from the easily verified identities
which arise from pulling gp through the string of @’s in the definition (3.79):

Qklezk :Aka7 k= 1)"'7{”" (383)

Notice that in the formula (3.81) above we have identified the out, z-variables,
with the corresponding in, xz-variables, to obtain local operators.

For instance, for n = 3 the separating operator Sz = As.Aj3 is the following
operator:

(S3f) (w1, 2, 3) = § (2f (w1, w2, w3) + 2f (w123, 22, 1) + 2f (1122, 1, 23)
+ 2f (w1, wox3,1) + f(217223,1,1)), (3.84)

for f € C[x]®™™. As an example, its factors move the polynomial mggy as
follows:

As ot +ad+a3— L (2+423) (2f +23+1), (3.85)
Ay 2 (2423) (et +a3+1) — 3 (2+27) (2+23) (2+23). (3.86)

The general map S,,, by construction, factorizes the basis mj,

Sp=Ag-- Ap s ma(x) = ma(l,..,1) [ anan). (3.87)
k=1



252 Vadim B. Kuznetsov

Exercise 13. Show that

Ak ima(xy, . xg, 1,0 ) = ma(xg, . xp—1, 1,1 Dga(zk). (3.88)

The above action means that the operators A possess the dimension
reduction property. They successively factorize out separation variables one-
by-one and each time those with a smaller index act on a smaller number of
variables.

Exercise 14. Show that
PPy, = Pjy, gl=1...k—1, (3.89)

and use it to prove the formula for the inverse operators,

k—1
1 Z
1 )
Ay n—k+1 n_j:1 ik | s k=1,....n (3.90)

As aresult, one derives an explicit representation for the symmetric mono-
mial functions in terms of the separated polynomials ¢ (x):

St=A A ma( ) [ aae) e ma(x) (3.91)
k=1

The observed factorization of the separating and inverse separating maps
and the corresponding structure of the dimension reduction action of the
factor-operators has a general name factorized separation chain. It was
introduced in [14] for a wide class of integrable systems with a 2 x 2 Lax
matrix.
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Summary. Let K denote a field, and let V' denote a vector space over K with finite
positive dimension. We consider a pair of linear transformations A : V. — V and
A* 1V — V that satisfy the following two conditions:

1. There exists a basis for V' with respect to which the matrix representing A is
irreducible tridiagonal and the matrix representing A* is diagonal.

2. There exists a basis for V' with respect to which the matrix representing A* is
irreducible tridiagonal and the matrix representing A is diagonal.

We call such a pair a Leonard pair on V. We give a correspondence between Leonard
pairs and a class of orthogonal polynomials. This class coincides with the terminat-
ing branch of the Askey scheme and consists of the ¢g-Racah, g-Hahn, dual ¢-Hahn,
g-Krawtchouk, dual g-Krawtchouk, quantum g¢-Krawtchouk, affine ¢-Krawtchouk,
Racah, Hahn, dual Hahn, Krawtchouk, Bannai/Ito, and orphan polynomials. We
describe the above correspondence in detail. We show how, for the listed polynomi-
als, the 3-term recurrence, difference equation, Askey-Wilson duality, and orthogo-
nality can be expressed in a uniform and attractive manner using the corresponding
Leonard pair. We give some examples that indicate how Leonard pairs arise in rep-
resentation theory and algebraic combinatorics. We discuss a mild generalization of
a Leonard pair called a tridiagonal pair. At the end we list some open problems.
Throughout these notes our argument is elementary and uses only linear algebra.
No prior exposure to the topic is assumed.
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1 Leonard Pairs and Leonard Systems

1.1 Leonard Pairs

These notes are based on the papers [45], [46], [47], [79], [80], [81], [82], [83],
[84], [85], [86], [87], [88]. We begin by recalling the notion of a Leonard pair.
We will use the following terms. Let X denote a square matrix. Then X is
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called tridiagonal whenever each nonzero entry lies on either the diagonal, the
subdiagonal, or the superdiagonal. Assume X is tridiagonal. Then X is called
irreducible whenever each entry on the subdiagonal is nonzero and each entry
on the superdiagonal is nonzero.

We now define a Leonard pair. For the rest of this paper K will denote a field.

Definition 1.1. [79] Let V denote a vector space over K with finite positive
dimension. By a Leonard pair on V', we mean an ordered pair of linear trans-
formations A:V — V and A* : V — V that satisfy both (i), (i) below.

(i) There exists a basis for V with respect to which the matriz representing A
18 irreducible tridiagonal and the matriz representing A* is diagonal.

(ii) There exists a basis for V with respect to which the matriz representing
A* is irreducible tridiagonal and the matrix representing A is diagonal.

Note 1.1. According to a common notational convention A* denotes the
conjugate-transpose of A. We are not using this convention. In a Leonard
pair A, A* the linear transformations A and A* are arbitrary subject to (i),
(ii) above.

Note 1.2. Our use of the name “Leonard pair” is motivated by a connection
to a theorem of Doug Leonard [62], [11, p. 260] that involves the ¢-Racah and
related polynomials of the Askey scheme.

1.2 An Example

Here is an example of a Leonard pair. Set V = K* (column vectors), set

0300 300 0
1020 ., _lo1o0 o
A=lo201|" 4 =loo-10 |
0030 000 —3

and view A and A* as linear transformations from V to V. We assume the
characteristic of K is not 2 or 3, to ensure A is irreducible. Then A, A* is a
Leonard pair on V. Indeed, condition (i) in Definition 1.1 is satisfied by the
basis for V' consisting of the columns of the 4 by 4 identity matrix. To verify
condition (ii), we display an invertible matrix P such that P~1AP is diagonal
and P~1A*P is irreducible tridiagonal. Set

13 3 1
11 -1-1
1-1-11
1-3 3 -1

By matrix multiplication P? = 81, where I denotes the identity, so P! exists.
Also by matrix multiplication,
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AP = PA”. (1.1)

Apparently P~1AP is equal to A* and is therefore diagonal. By (1.1) and since
P! is a scalar multiple of P, we find P~'A*P is equal to A and is therefore
irreducible tridiagonal. Now condition (ii) of Definition 1.1 is satisfied by the
basis for V' consisting of the columns of P.

The above example is a member of the following infinite family of Leonard
pairs. For any nonnegative integer d the pair

0d 0
10d—1
A=]| 2 . - . A =diag(d,d—2,d—4,...,—d) (1.2)
ST
0 d 0

is a Leonard pair on the vector space K%t1, provided the characteristic of K
is zero or an odd prime greater than d. This can be proved by modifying the
proof for d = 3 given above. One shows P? = 2¢] and AP = PA*, where P
denotes the matrix with ij entry

d i,
P = (j)2F1< —dj

We follow the standard notation for hypergeometric series [28, p. 3]. The
details of the above calculations are given in Section 6 below.

2) (0<i,j<d). (1.3)

1.3 Leonard Systems

When working with a Leonard pair, it is often convenient to consider a closely
related and somewhat more abstract object called a Leonard system. In order
to define this we first make an observation about Leonard pairs.

Lemma 1.1. Let V' denote a vector space over K with finite positive dimen-
sion and let A, A* denote a Leonard pair on V. Then the eigenvalues of A
are mutually distinct and contained in K. Moreover, the eigenvalues of A* are
mutually distinct and contained in K.

Proof. Concerning A, recall by Definition 1.1(ii) that there exists a basis for
V' consisting of eigenvectors for A. Consequently the eigenvalues of A are all
in K, and the minimal polynomial of A has no repeated roots. To show the
eigenvalues of A are distinct, we show that the minimal polynomial of A has
degree equal to dim V. By Definition 1.1(i), there exists a basis for V' with
respect to which the matrix representing A is irreducible tridiagonal. Denote
this matrix by B. On one hand, A and B have the same minimal polynomial.
On the other hand, using the tridiagonal shape of B, we find I, B, B2, ... B¢
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are linearly independent, where d = dim V' — 1, so the minimal polynomial of
B has degree d + 1 = dim V. We conclude that the mininimal polynomial of
A has degree equal to dim V', so the eigenvalues of A are distinct. We have
now obtained our assertions about A, and the case of A* is similar. O

To prepare for our definition of a Leonard system, we recall a few concepts
from linear algebra. Let d denote a nonnegative integer and let Matg1(K)
denote the K-algebra consisting of all d+ 1 by d+ 1 matrices that have entries
in K. We index the rows and columns by 0,1,...,d. We let K1 denote
the K-vector space consisting of all d + 1 by 1 matrices that have entries
in K. We index the rows by 0,1,...,d. We view K%t as a left module for
Mat 41 (K). We observe this module is irreducible. For the rest of this paper
we let A denote a K-algebra isomorphic to Matg1(K). When we refer to an
A-module we mean a left A-module. Let V' denote an irreducible A-module.
We remark that V' is unique up to isomorphism of A-modules, and that V'
has dimension d + 1. Let vy, vq,...,vq denote a basis for V. For X € A and
Y € Matg1(K), we say Y represents X with respect to vg, vy, ..., vq whenever
Xv; = Z?:o Yijv; for 0 < j < d. Let A denote an element of A. We say A is
multiplicity-free whenever it has d + 1 mutually distinct eigenvalues in K. Let

A denote a multiplicity-free element of A. Let 6y, 01, ..., 04 denote an ordering
of the eigenvalues of A, and for 0 < i < d put
A—6;1
E, = — 1.4
I 5% (L)
0<j<d
J#i

where I denotes the identity of .A. We observe
(i) AE; =0,F; (0 <i<d);

(i) EE; =0;E; (0<1i,j <d);

(i) i Ei =1T;

(iv) A=Y",0,E;.

Let D denote the subalgebra of A generated by A. Using (i)—(iv) we find the
sequence Ey, E1,...,Ey is a basis for the K-vector space D. We call E; the
primitive idempotent of A associated with 6;. It is helpful to think of these
primitive idempotents as follows. Observe

V=EV+EV+. - +EV (direct sum). (1.5)

For 0 <i < d, E;V is the (one dimensional) eigenspace of A in V associated
with the eigenvalue 6;, and F; acts on V as the projection onto this eigenspace.
We remark that {A']0 < i < d} is a basis for the K-vector space D and
that H?ZO(A —0,I) = 0. By a Leonard pair in A we mean an ordered pair
of elements taken from A that act on V' as a Leonard pair in the sense of
Definition 1.1. We call A the ambient algebra of the pair and say the pair is
over K. We refer to d as the diameter of the pair. We now define a Leonard
system.
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Definition 1.2. [79, Definition 1.4] By a Leonard system in A we mean a
sequence @ := (A; A% {E;}Lo; {EF}L,) that satisfies (i)-(v) below.

(i) Each of A, A* is a multiplicity-free element in A.

(ii) Eo, E1, ..., Eq is an ordering of the primitive idempotents of A.

wi) By, EY, ..., B} is an ordering of the primitive idempotents of A*.
0y 1 d

0, if |i—j|>1, .
#0, if [i—jl=1,
0 if |i—37 1

(Erap; =% I L g <),
£0, if |i—j]=1,

We refer to d as the diameter of @ and say @ is over K. We call A the ambient
algebra of @.

We comment on how Leonard pairs and Leonard systems are related. In the
following discussion V denotes an irreducible .A-module. Let (A4; A*; {E;}¢ s
{E}L ) denote a Leonard system in A. For 0 < i < d let v; denote a
nonzero vector in F;V. Then the sequence vg, v1,...,vy is a basis for V' that
satisfies Definition 1.1(ii). For 0 < ¢ < d let v} denote a nonzero vector in
E?V. Then the sequence vg,v7, ..., v} is a basis for V' that satisfies Definition
1.1(i). By these comments the pair A, A* is a Leonard pair in .A. Conversely
let A, A* denote a Leonard pair in A. Then each of A, A* is multiplicity-free
by Lemma 1.1. Let vg, vy, ...,vq denote a basis for V' that satisfies Definition
1.1(ii). For 0 < ¢ < d the vector v; is an eigenvector for A; let E; denote
the corresponding primitive idempotent. Let v, v7, ..., v denote a basis for
V' that satisfies Definition 1.1(i). For 0 < ¢ < d the vector v} is an eigen-
vector for A*; let E denote the corresponding primitive idempotent. Then
(A; A% { B} {EF YL ,) is a Leonard system in A. In summary we have the
following.

Lemma 1.2. Let A and A* denote elements of A. Then the pair A, A* is a
Leonard pair in A if and only if the following (i), (it) hold.

(i) Each of A, A* is multiplicity-free.

(i1) There exists an ordering Eo, E1, ..., Eq of the primitive idempotents of A
and there exists an ordering Ej, EY, ..., K} of the primitive idempotents
of A* such that (A; A*; {E;}d_o; {Er}4 ) is a Leonard system in A.

We recall the notion of isomorphism for Leonard pairs and Leonard systems.

Definition 1.3. Let A, A* and B, B* denote Leonard pairs over K. By an
isomorphism of Leonard pairs from A, A* to B, B* we mean an isomorphism
of K-algebras from the ambient algebra of A, A* to the ambient algebra of
B, B* that sends A to B and A* to B*. The Leonard pairs A, A* and B, B*
are said to be isomorphic whenever there exists an isomorphism of Leonard
pairs from A, A* to B, B*.
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Let @ denote the Leonard system from Definition 1.2 and let o : 4 — A’
denote an isomorphism of K-algebras. We write

7 = (A% A ET Y0 {E7 o)
and observe @7 is a Leonard system in A’.

Definition 1.4. Let & and &' denote Leonard systems over K. By an isomor-
phism of Leonard systems from @ to ' we mean an isomorphism of K-algebras
o from the ambient algebra of D to the ambient algebra of ' such that 7 = P'.
The Leonard systems &, &' are said to be isomorphic whenever there exists
an isomorphism of Leonard systems from & to &'.

We have a remark. Let 0 : A — A denote any map. By the Skolem-Noether
theorem [75, Corollary 9.122], o is an isomorphism of K-algebras if and only
if there exists an invertible S € A such that X7 = SX S~ for all X € A.

1.4 The D, Action

A given Leonard system can be modified in several ways to get a new Leonard
system. For instance, let & denote the Leonard system from Definition 1.2,
and let o, a*, 8, 3" denote scalars in K such that a # 0, a* # 0. Then the
sequence

(@A + L0 A + B L {E o {EF )

is a Leonard system in A. Also, each of the following three sequences is a
Leonard system in A.

D" = (AN AH{E Yo {Bid),
o= (A; A% {Ei}g:m {E;—i};‘i:())a
DV = (A A" {Ea-i}io {B7 Vo).
Viewing *, |, as permutations on the set of all Leonard systems,
2 2= 2= 1, (1.6)
bx = x, L =4, W=4ul. (L.7)

The group generated by symbols *, |, subject to the relations (1.6), (1.7) is
the dihedral group D4. We recall Dy is the group of symmetries of a square,
and has 8 elements. Apparently *, |, | induce an action of D4 on the set of
all Leonard systems. Two Leonard systems will be called relatives whenever
they are in the same orbit of this D4 action. The relatives of @ are as follows:
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name relative

D | (LA{EY o {Er M)
oL | (A AHE Y i {E;_ )
v (A§A*§{Ed—i}§l:o;{Ef zd:o)
P (A A {Ea—i Yo {ES_ o)
o | (AN AHE N {E},)
P | (A% AH{E; Mo {Eit,)
o | (A A{E Y o {Ea-i}io)
Pl (A5 A; {Eé—i}i'i:o; {Edfi}fzo)

There may be some isomorphisms among the above Leonard systems.

For the rest of this paper we will use the following notational convention.

Definition 1.5. Let @ denote a Leonard system. For any element g in the
group Dy and for any object f that we associate with @, we let f9 denote the
corresponding object for the Leonard system 9. We have been using this
convention all along; an example is Ef (P) = E;(P*).

2 The Structure of a Leonard System

In this section we establish a few basic facts concerning Leonard systems. We
begin with a definition and two routine lemmas.

Definition 2.1. Let & denote the Leonard system from Definition 1.2. For
0 <i<d, weleth; (resp. 0F) denote the eigenvalue of A (resp. A*) associated
with E; (resp. Ef). We refer to 0,61, ...,04 as the eigenvalue sequence of P.
We refer to 05,07, ...,07 as the dual eigenvalue sequence of . We observe
00,01, ...,04 are mutually distinct and contained in K. Similarly 03,07, . .., 0}
are mutually distinct and contained in K.

Lemma 2.1. Let ¢ denote the Leonard system from Definition 1.2 and let V
denote an irreducible A-module. For 0 < i < d let v; denote a nonzero vector
in EfV and observe vy, v1,...,vq is a basis for V. Then (i), (i) hold below.

(i) For 0 < i < d the matriz in Matq1(K) that represents E} with respect to
Vo, V1, .. .,0q has i entry 1 and all other entries 0.

(ii) The matriz in Maty1(K) that represents A* with respect to vo,v1,...,vq
is equal to diag(65,05,...,0%).

Lemma 2.2. Let A denote an irreducible tridiagonal matriz in Matg11(K).

Pick any integers i,j (0 <i,j < d). Then (i)—(iii) hold below.

(i) The entry (A");; =0 if r < |i —j|, (0<r<d).

(i1) Suppose i < j. Then the entry (4778, = Hfl: Ap ht1. Moreover
(Ajil)ij 7& 0.
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(iii) Suppose i > j. Then the entry (A7), = ;L_:l] Aps1n. Moreover

(A*7)y; # 0.

Theorem 2.1. Let ¢ denote the Leonard system from Definition 1.2. Then
the elements
A"EGA® (0<rs<d) (2.1)

form a basis for the K-vector space A.

Proof. The number of elements in (2.1) is equal to (d 4+ 1)2, and this number
is the dimension of A. Therefore it suffices to show the elements in (2.1)
are linearly independent. To do this, we represent the elements in (2.1) by
matrices. Let V' denote an irreducible A-module. For 0 < i < d let v; denote
a nonzero vector in E;V, and observe vg,v1,...,vq is a basis for V. For the
purpose of this proof, let us identify each element of A with the matrix in
Matg41(K) that represents it with respect to the basis vg, vy, ..., v4. Adopting
this point of view we find A is irreducible tridiagonal and A* is diagonal. For
0 <r,s <d we show the entries of A" EjA*® satisfy

0, ifi>rorj>s,

#0, ifi=randj=s 0=<ij<d). (2:2)

(A"EGA%)ij = {

By Lemma 2.1(i) the matrix Ej has 00 entry 1 and all other entries 0. There-
fore
(ATE5A%); = (AT)io(A) (0<i,j < d). (2.3)

We mentioned A is irreducible tridiagonal. Applying Lemma 2.2 we find that
for 0 < i < dtheentry (A");o is zero if i > r, and nonzero if ¢ = r. Similarly for
0 < j < d the entry (A®)y; is zero if j > s, and nonzero if j = s. Combining
these facts with (2.3) we routinely obtain (2.2) and it follows the elements
(2.1) are linearly independent. Apparently the elements (2.1) form a basis for
A, as desired. 0O

Corollary 2.1. Let @ denote the Leonard system from Definition 1.2. Then
the elements A, E together generate A. Moreover the elements A, A* together
generate A.

Proof. The first assertion is immediate from Theorem 2.1. The second asser-
tion follows from the first assertion and the observation that Ef is a polyno-
mial in A*. O

The following is immediate from Corollary 2.1.

Corollary 2.2. Let A, A* denote a Leonard pair in A. Then the elements
A, A* together generate A.

We mention a few implications of Theorem 2.1 that will be useful later in the
paper.
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Lemma 2.3. Let @ denote the Leonard system from Definition 1.2. Let D
denote the subalgebra of A generated by A. Let Xg, X1,...,Xq denote a basis
for the K-vector space D. Then the elements

X, E5 X (0<rs<d (2.4)
form a basis for the K-vector space A.

Proof. The number of elements in (2.4) is equal to (d 4+ 1)2, and this number
is the dimension of A. Therefore it suffices to show the elements (2.4) span
A. But this is immediate from Theorem 2.1, and since each element in (2.1)
is contained in the span of the elements (2.4). O

Corollary 2.3. Let & denote the Leonard system from Definition 1.2. Then
the elements
E.EjE; (0<rs<d) (2.5)

form a basis for the K-vector space A.
Proof. Immediate from Lemma 2.3, with X; = F; for 0 <i<d. 0O

Lemma 2.4. Let & denote the Leonard system from Definition 1.2. Let D
denote the subalgebra of A generated by A. Let X and Y denote elements in
D and assume XEFY =0. Then X =0 orY =0.

Proof. Let Xg, X1, ..., X, denote a basis for the K-vector space D. Since X €
D there exists a; € K (0 <4 < d) such that X = Z?:o a;X;. Similarly there
exists f; € K (0 < i < d) such that Y = Y% | 3, X;. Evaluating 0 = XE;Y
using these equations we get 0 = Z?:o Z?:o a;0; X, E§X;. From this and
Lemma 2.3 we find o;3; = 0 for 0 < 4,57 < d. We assume X # 0 and show
Y = 0. Since X # 0 there exists an integer ¢ (0 < ¢ < d) such that «; # 0.
Now for 0 < j < d we have a;8; = 0so 3; =0. It follows Y =0. O

We finish this section with a comment.

Lemma 2.5. Let @ denote the Leonard system from Definition 1.2. Pick any
integers 1,5 (0 <1i,j <d). Then (i)-(iii) hold below.

() BIATE: =0 if r<li—jl, (0<r<d).
(ii) Suppose i < j. Then
EfAT'E; = EJAEf,|A---E;_|AE}. (2.6)

Moreover E;‘A]”"E;k #£0.
(iii) Suppose i > j. Then

EfAE; = E;AE; |A---E}, | AE}. (2.7)
Moreover E;‘Ai’jEj"f #0.

Proof. Represent the elements of @ by matrices as in the proof of Theorem
2.1, and use Lemma 2.2. 0O
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2.1 The Antiautomorphism }

We recall the notion of an antiautomorphism of A. Let v : A — A denote any
map. We call v an antiautomorphism of A whenever v is an isomorphism of
K-vector spaces and (XY)? = Y7X7 for all X,Y € A. For example assume
A = Matgy41(K). Then + is an antiautomorphism of A if and only if there
exists an invertible element R in A such that XY = R™!X*R for all X € A,
where ¢ denotes transpose. This follows from the Skolem-Noether theorem [75,
Corollary 9.122].

Theorem 2.2. Let A, A* denote a Leonard pair in A. Then there exists a
unique antiautomorphism 1 of A such that A" = A and A*" = A*. Moreover
XM =X forall X € A.

Proof. Concerning existence, let V' denote an irreducible A-module. By De-
finition 1.1(i) there exists a basis for V' with respect to which the matrix
representing A is irreducible tridiagonal and the matrix representing A* is di-
agonal. Let us denote this basis by vg, vy, ..., vq. For X € A let X7 denote the
matrix in Matg11(K) that represents X with respect to the basis vg, vy, ..., v4.
We observe o : A — Matg41(K) is an isomorphism of K-algebras. We abbrevi-
ate B = A? and observe B is irreducible tridiagonal. We abbreviate B* = A*7
and observe B* is diagonal. Let D denote the diagonal matrix in Matg1(K)
that has i entry

D — Bo1Bi2--- Bi—1,
i =
B1gBa1 -+ B; i1

(0<i<d).

It is routine to verify D~'B*D = B. Each of D, B* is diagonal so DB* = B*D;
also B** = B* so D™!B*'D = B*. Let vy : Matg,1(K) — Matgy1(K) denote
the map that satisfies X7 = D7!X'D for all X € Matg.1(K). We observe
~ is an antiautomorphism of Matg41(K) such that BY = B and B*Y = B*.
We define the map t : A — A to be the composition + = oyo~!. We observe
f is an antiautomorphism of A such that AT = A and A*f = A*. We have
now shown there exists an antiautomorphism t of A such that AT = A and
A*t = A*. This antiautomorphism is unique since A, A* together generate
A. The map X — X't is an isomorphism of K-algebras from A to itself.
This isomorphism is the identity since ATT = A, A*Tt = A* and since A4, A*
together generate A. 0O

Definition 2.2. Let A, A* denote a Leonard pair in A. By the antiautomor-
phism which corresponds to A, A* we mean the map 7 : A — A from Theorem
2.2. Let & = (A; A {E;}L o {E7 L) denote a Leonard system in A. By the
antiautomorphism which corresponds to @ we mean the antiautomorphism

which corresponds to the Leonard pair A, A*.

Lemma 2.6. Let & denote the Leonard system from Definition 1.2 and let t
denote the corresponding antiautomorphism. Then the following (i), (i) hold.
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(i) Let D denote the subalgebra of A generated by A. Then XT = X for all
X € D; in particular Ej =F; for 0 <i<d.

(ii) Let D* denote the subalgebra of A generated by A*. Then X' = X for all
X € D*; in particular E;‘T =E; for0<i<d.

Proof. (i) The sequence A* (0 < i < d) is a basis for the K-vector space D.
Observe t stabilizes A* for 0 < ¢ < d. The result follows.
(ii) Similar to the proof of (i) above. O

2.2 The Scalars a;, x;

In this section we introduce some scalars that will help us describe Leonard
systems.

Definition 2.3. Let & denote the Leonard system from Definition 1.2. We
define

a; = tr(E]A) (0<i<d), (2.8)
z; = tr(EfAE; | A) (1<i<d), (2.9)

where tr denotes trace. For notational convenience we define zog = 0.
We have a comment.

Lemma 2.7. Let @ denote the Leonard system from Definition 1.2 and let V'
denote an irreducible A-module. For 0 <1 < d let v; denote a nonzero vector
in E}V and observe vg,v1,...,vq is a basis for V. Let B denote the matric
in Matgy1(K) that represents A with respect to vg,v1,...,vq. We observe B
is irreducible tridiagonal. The following (i) (i) hold.

(i) By = a; (0 <i<d).
(i) Bii—1Bi—1, = x; (1 <14 <d).
(iir) z; # 0 (1 < i < d).

Proof. (i), (ii) For 0 < ¢ < d the matrix in Matgyq(K) that represents E}
with respect to vg,v1,...,vq has ii entry 1 and all other entries 0. The result
follows in view of Definition 2.3.

(iii) Immediate from (ii) and since B is irreducible. O

Theorem 2.3. Let @ denote the Leonard system from Definition 1.2. Let V'
denote an irreducible A-module and let v denote a nonzero vector in EGV.
Then for 0 < i < d the vector Ef A'v is nonzero and hence a basis for EfV.
Moreover the sequence

EfAlv  (0<i<d) (2.10)

K3

s a basis for V.
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Proof. We show EfA'v # 0 for 0 < i < d. Let i be given. Setting j = 0 in
Lemma 2.5(iii) we find EfA'E} # 0. Therefore Ef A"EV # 0. The space
E}V is spanned by v so Ef Av # 0 as desired. The remaining claims follow.
O

Theorem 2.4. Let ¢ denote the Leonard system from Definition 1.2 and let
the scalars a;, x; be as in Definition 2.3. Let V denote an irreducible A-module.
With respect to the basis for V' given in (2.10) the matrixz that represents A
s equal to

apg I 0
1 (AR D)
L (2.11)
. . :L'd
0 1 Qq

Proof. With reference to (2.10) abbreviate v; = EfA‘v for 0 < i < d.
Let B denote the matrix in Maty11(K) that represents A with respect to
Vo, V1, .- ., Uq. We show B is equal to (2.11). In view of Lemma 2.7 it suffices to
show B; ;_1 =1for 1 <14 <d. For 0 <{ < d the matrix B’ represents A’ with
respect to vg, v1, . . . , vq; therefore Atvy = Z?ZO(Bi)jovj. Applying E; and us-
ing Vp = UV wWe find V; = (Bi)io’l}i SO (Bl)lo = 1, fOI‘CiIlg Bi,i—l s B21B10 =1 by
Lemma 2.2. We have shown Bi,i—l cee B21B10 =1forl S ) S d so Bi,z’—l =1
for 1 <i < d. We now see B is equal to (2.11). O

We finish this section with a few comments.

Lemma 2.8. Let @ denote the Leonard system from Definition 1.2 and let the
scalars a;,x; be as in Definition 2.3. Then the following (i)-(iii) hold.

(i) EfAE; = a,Ef  (0<i<d).
(ii) Ef AE} |AE} = x,E} (1<i<d).
(i) B (AE;AE] | = x: B}, (1<i<ad).

Proof. (i) Observe E} is a basis for Ef AE}. By this and since EfAE} is
contained in EfAE? we find there exists o; € K such that EfAE' = o, E;.
Taking the trace of both sides and using tr(XY) = tr(Y X), tr(Ef) = 1 we
find a; = «;.

(ii) We mentioned above that E is a basis for EfAE?. By this and since
EfAE; |AE? is contained in E] AE} we find there exists 3; € K such that
ErAEY |AEY = B;E}. Taking the trace of both sides we find z; = ;.

(iii) Similar to the proof of (ii) above. O

Lemma 2.9. Let @ denote the Leonard system from Definition 1.2 and let the
scalars x; be as in Definition 2.3. Then the following (i), (ii) hold.
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(i) EFATES AVTUE) = wiadige - B (0<i<j <d).

Proof. (i) Evaluate the expression on the left using Lemma 2.5(ii), (iii) and
Lemma 2.8(ii).

(ii) Evaluate the expression on the left using Lemma 2.5(ii), (iii) and Lemma
2.8(ii). O

2.3 The Polynomials p;

In this section we begin our discussion of polynomials. We will use the follow-
ing notation. Let A denote an indeterminate. We let K[\] denote the K-algebra
consisting of all polynomials in A\ that have coefficients in K. For the rest of
this paper all polynomials that we discuss are assumed to lie in K[A].

Definition 2.4. Let @ denote the Leonard system from Definition 1.2 and let
the scalars a;, x; be as in Definition 2.3. We define a sequence of polynomials

Po,P1s -5 Pd+1 by
po =1, (2.12)
ADi = Pig1 + aip; + Tipi—1 (0 <i<d), (2.13)

where p_1 = 0. We observe p; is monic with degree exactly i for 0 <i < d+1.

Lemma 2.10. Let @ denote the Leonard system from Definition 1.2 and let
the polynomials p; be as in Definition 2.4. Let V denote an irreducible A-
module and let v denote a monzero vector in E;V. Then p;(A)v = Ef A'v for
0<i<d and pgr1(A)v=0.

Proof. We abbreviate v; = p;(A)v for 0 < i < d + 1. We define v} = Ef Alv
for 0 <4 < d and v ; = 0. We show v; = v for 0 < i < d + 1. From the
construction vy = v and v = v s0 vy = v,. From (2.13) we obtain

Avi = vip1 +aivi +zvier - (0530 <d) (2.14)
where v_; = 0. From Theorem 2.4 we find
Avj = v + av; + xv_y (0<i<d) (2.15)

where v/ ; = 0. Comparing (2.14), (2.15) and using vy = v}, we find v; = v}
for 0 < i < d+ 1. The result follows. 0O

We mention a few consequences of Lemma 2.10.

Theorem 2.5. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials p; be as in Definition 2.4. Let V denote an irreducible A-

module. Then
pi(A)EJV =E'V (0 <4 <d).
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Proof. Let v denote a nonzero vector in E;V. Then p;(A)v = EfA‘v by
Lemma 2.10. Observe v is a basis for E5V. By Theorem 2.3 we find Ef A'v is
a basis for E}V. Combining these facts we find p;(A)E§V = EfV. O

Theorem 2.6. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials p; be as in Definition 2.4. Then

pi(A)E; = E;A'E;  (0<i<d). (2.16)

Proof. Let the integer i be given and abbreviate A = p;(A) — Ef A’. We show
AE; = 0. In order to do this we show AEFV = 0, where V denotes an
irreducible \A-module. Let v denote a nonzero vector in E§V and recall v is a
basis for EjV. By Lemma 2.10 we have Av = 0 so AE;V = 0. Now AE§ =0
so p;(A)E; = EfA'E;. O

Theorem 2.7. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomial pg41 be as in Definition 2.4. Then the following (i), (ii) hold.

(i) pa+1 is both the minimal polynomial and the characteristic polynomial of
A.

(i) pa+1 = H?:()O\ —0;).

Proof. (i) We first show pg41 is equal to the minimal polynomial of A. Recall
I,A,..., A% are linearly independent and that py, is monic with degree d+1.
We show pay1(A) = 0. Let V denote an irreducible A-module. Let v denote a
nonzero vector in E5V and recall v is a basis for E§V. From Lemma 2.10 we
find pgy1(A)v = 0. It follows pay1(A)EFV = 0 so par1(A)E§ = 0. Applying
Lemma 2.4 (with X = pg41(A) and Y = I) we find pg41(A) = 0. We have now
shown pgy1 is the minimal polynomial of A. By definition the characteristic
polynomial of A is equal to det(A] — A). This polynomial is monic with degree
d+ 1 and has pgy1 as a factor; therefore it is equal to pgi1.

(ii) For 0 < i < d the scalar 6; is an eigenvalue of A and therefore a root of
the characteristic polynomial of A. 0O

The following result will be useful.

Lemma 2.11. Let @ denote the Leonard system from Definition 1.2 and let
the polynomials p; be as in Definition 2.4. Let the scalars x; be as in Definition
2.3. Then

pi(A)Egpi(A)

L1To - Ty

Er = (0<i<d). (2.17)

Proof. Let t : A — A denote the antiautomorphism which corresponds to &.
From Theorem 2.6 we have p;(A)E§ = Ef A'Ej. Applying T we find Ejp;(A) =
E{A'E?. From these comments we find

pi(A)Epi(A) = E; A'EgA'B;
=mzxy- - Ef

in view of Lemma 2.9(i). The result follows. O
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2.4 The scalars v, m;

In this section we introduce some more scalars that will help us describe
Leonard systems.

Definition 2.5. Let & denote the Leonard system from Definition 1.2. We
define
m; = tr(E;Ef) (0 <i<d). (2.18)

Lemma 2.12. Let & denote the Leonard system from Definition 1.2. Then
(i)—(v) hold below.

(ii) EEE;Ef = m;Ef  (0<i<
(i) m; #0  (0<i<d).
(iv) Y0 ym; = 1.

(v) mo = mg.

d).
d).

Proof. (i) Observe E; is a basis for E;AE;. By this and since E;E}E; is
contained in F; AFE;, there exists o; € K such that E; EjE; = o; E;. Taking the
trace of both sides in this equation and using tr(XY) = tr(Y X), tr(E;) = 1
we find o; = m;.

(ii) Similar to the proof of (i).

(iii) Observe m; E; is equal to E; E E; by part (i) above and E; E§ E; is nonzero
by Corollary 2.3. It follows m;E; # 0 so m; # 0.

(iv) Multiply each term in the equation Z?:o E; = I on the right by E, and
then take the trace. Evaluate the result using Definition 2.5.

(v) The elements EgE§ and Ej Ey have the same trace. O

Definition 2.6. Let @ denote the Leonard system from Definition 1.2. Recall
mo = m§ by Lemma 2.12(v); we let v denote the multiplicative inverse of this
common value. We observe v = v*. We emphasize

tr(EoEy) = vt (2.19)

Lemma 2.13. Let ¢ denote the Leonard system from Definition 1.2 and let
the scalar v be as in Definition 2.6. Then the following (i), (ii) hold.

(Z) VEoEaEO = Eo.
(ii) vEL EoEf = E3.

Proof. (i) Set i = 0 in Lemma 2.12(i) and recall mg = v~1.
(i) Set i = 0 in Lemma 2.12(ii) and recall mg =v~1. O
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3 The Standard Basis

In this section we discuss the notion of a standard basis. We begin with a
comment.

Lemma 3.1. Let ¢ denote the Leonard system from Definition 1.2 and let V
denote an irreducible A-module. Then

E'V =E'E\WV  (0<i<d). (3.1)

Proof. The space EV has dimension 1 and contains E}EyV. We show
ErEy)V # 0. Applying Corollary 2.3 to ®* we find EfEy # 0. It follows
ErEgV # 0. We conclude EfV = EXE)V. O

Lemma 3.2. Let @ denote the Leonard system from Definition 1.2 and let V'
denote an irreducible A-module. Let u denote a nonzero vector in EoV . Then
for 0 <1 < d the vector Efu is nonzero and hence a basis for E}V . Moreover

the sequence
Eju,Eju,...,Eju (3.2)

s a basis for V.

Proof. Let the integer i be given. We show Eu # 0. Recall EyV has dimension
1 and u is a nonzero vector in EyV so u spans EyV. Applying E; we find E;u
spans E7 EyV. The space B EyV is nonzero by Lemma 3.1 so E}u is nonzero.
The remaining assertions are clear. O

Definition 3.1. Let @ denote the Leonard system from Definition 1.2 and let
V' denote an irreducible A-module. By a ®-standard basis for V', we mean a

sequence
* * *
Eju, ETu, ..., Eju,

where u is a nonzero vector in EyV .

We give a few characterizations of the standard basis.

Lemma 3.3. Let ¢ denote the Leonard system from Definition 1.2 and let V
denote an irreducible A-module. Let vy, vy, ...,vq denote a sequence of vectors

in 'V, not all 0. Then this sequence is a ®-standard basis for V if and only if
both (i), (ii) hold below.

(i) v; € EXV for 0 <i<d.

(i) Zf:o v; € EpV.

Proof. To prove the lemma in one direction, assume vg,vy,...,vq is a -
standard basis for V. By Definition 3.1 there exists a nonzero u € EyV such
that v; = Efu for 0 <14 < d. Apparently v; € EV for 0 <4 < d so (i) holds.
Let I denote the identity element of A and recall I = Z?:o E?. Applying this
to u we find u = ZLO v; and (ii) follows. We have now proved the lemma in
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one direction. To prove the lemma in the other direction, assume vg, v1, . .., Vg
satisfy (i), (ii) above. We define u = Z?:o v; and observe u € EyV. Using (i)
we find Ejv; = d;;v; for 0 < 4,5 < d; it follows v; = Efu for 0 < ¢ < d.
Observe u # 0 since at least one of vg, vy, ..., vy is nonzero. Now vg, v1, ..., 0q
is a @-standard basis for V' by Definition 3.1. O

We recall some notation. Let d denote a nonnegative integer and let B denote
a matrix in Matg41(K). Let o denote a scalar in K. Then B is said to have
constant row sum « whenever B;g + Bj1 + -+ + B;jg = a for 0 < i < d.

Lemma 3.4. Let @ denote the Leonard system from Definition 1.2 and let the
scalars 6;,0; be as in Definition 2.1. Let V' denote an irreducible A-module
and let vy, vy, . ..,vq denote a basis for V. Let B (resp. B*) denote the matriz
in Matgy1(K) that represents A (resp. A*) with respect to this basis. Then
V0, V1, . ..,Vq 1S a P-standard basis for V if and only if both (i), (ii) hold
below.

(i) B has constant row sum 6.
(i) B* = diag(05, 07, . .., 07%).

Proof. Observe A Z?:o v; = Zj:o v;(Bio + Bi1 + - - Big). Recall EyV is the
eigenspace for A and eigenvalue 0. Apparently B has constant row sum 6 if
and only if Z?:o v; € EpV. Recall that for 0 <7 < d, E}V is the eigenspace
for A* and eigenvalue 0;. Apparently B* = diag(6§, 67, ...,6}) if and only if
v; € EV for 0 < ¢ < d. The result follows in view of Lemma 3.3. O

Definition 3.2. Let ¢ denote the Leonard system from Definition 1.2. We
define a map b : A — Matg1(K) as follows. Let V denote an irreducible
A-module. For all X € A we let X° denote the matriz in Maty,(K) that
represents X with respect to a @-standard basis for V. We observe b : A —
Matg41(K) is an isomorphism of K-algebras.

Lemma 3.5. Let @ denote the Leonard system from Definition 1.2 and let the
scalars 0;, 05 be as in Definition 2.1. Let the map b : A — Matyy1(K) be as in

(2

Definition 3.2. Then (i)—(iii) hold below.

(i) A° has constant row sum 6.
(ii) A* = diag(65,0%,...,0%).
(i4i) For 0 < i < d the matriz E}* has ii entry 1 and all other entries 0.

Proof. (i), (ii) Combine Lemma 3.4 and Definition 3.2.
(iii) Immediate from Lemma 2.1(i). O

3.1 The Scalars b;, c;

In this section we consider some scalars that arise naturally in the context of
the standard basis.
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Definition 3.3. Let @ denote the Leonard system from Definition 1.2 and let
the map b : A — Matg11(K) be as in Definition 3.2. For 0 <i<d—1 we let
b; denote the i,i + 1 entry of A®. For 1 < i < d we let ¢; denote the i,i — 1
entry of A’. We observe

an bo 0
Cc1 a1 b1
= @ : (3.3)
-~ ba—1
0 Cqd Qq

where the a; are from Definition 2.3. For notational convenience we define
by =0 and cg = 0.

Lemma 3.6. Let @ denote the Leonard system from Definition 1.2 and let the
scalars b;, ¢; be as in Definition 3.3. Then with reference to Definition 2.1 and
Definition 2.3 the following (i), (i) hold.

Proof. (i) Apply Lemma 2.7(ii) with B = A,
(ii) Combine (3.3) and Lemma 3.5(i). O

Lemma 3.7. Let @ denote the Leonard system from Definition 1.2 and let the
scalars b;, c; be as in Definition 3.3. Let the polynomials p; be as in Definition
2.4 and let the scalar 6y be as in Definition 2.1. Then the following (i)-(iii)
hold.

(i)bi 0  (0<i<d-—1).
(ii)ci 20 (1<i<d).

Proof. (i), (ii) Immediate from Lemma 3.6(i) and since each of 1, xa,...,2q
is nonzero.

(iii) Assume 0 < i < d; otherwise each side is zero. Let t : A — A denote the
antiautomorphism which corresponds to @. Applying t to both sides of (2.16)
we get Ep;(A) = E;A'E}. Let u denote a nonzero vector in EoV and observe
Au = Opu. Recall Egu, Efu, ..., Eju is a ¢-standard basis for V, and that AP
represents A with respect to this basis. From (3.3) we find bgb; - - - b;—1 is the
0i entry of A”. Now

boby -+ bi_1Eju = E;A'Efu
= Ejpi(A)u
= pi(6o) Egu

and it follows boby - - - b;—1 = pi(6p). O
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Theorem 3.1. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials p; be as in Definition 2.4. Let the scalar 6y be as in Definition
2.1. Then p;(6p) # 0 for 0 < i < d. Let the scalars b;,c; be as in Definition
3.3. Then

b; = Pit+1 (90)

1:(00) (0<i<d) (3.4)
and
L z;pi—1(6o) i
C = 7]91‘(90) (1<i<d). (3.5)

Proof. Observe p;(6p) # 0 for 0 < i < d by Lemma 3.7(i), (iii). Line (3.4) is
immediate from Lemma 3.7(iii). To get (3.5) combine (3.4) and Lemma 3.6(i).
O

Theorem 3.2. Let ¢ denote the Leonard system from Definition 1.2 and let
the scalars c; be as in Definition 3.3. Let the scalars 0; be as in Definition 2.1
and let the scalar v be as in Definition 2.6. Then

(00_91)(00_02)"'(00_9d) = VC1Co - -Cq. (36)

Proof. Let ¢ denote the expression on the left-hand side of (3.6). Setting i = 0
in (1.4) we find 6Ey = H;l:l(AijI). We multiply both sides of this equation
on the left by £ and on the right by Fj. We evaluate the resulting equation
using Lemma 2.5(i) to obtain 6E;EoE; = E5AYE;. We multiply both sides
of this equation on the right by Ey and use Lemma 2.13(i) to obtain

v E Ey = E;AYE; Ey. (3.7)

Let u denote a nonzero vector in EyV and observe that EFqu = u. Recall that
E§u, Efu, ..., Ejuis a $-standard basis for V, and that AP represents A with
respect to this basis. From (3.3) we find ¢ica - - - ¢4 is the d0 entry of A% Now

crca- - caEiu = EjAYEju
= E;AYE} Egu
= v Eiu

S0 ¢1¢g - - - cq = 6v~ 1. The result follows. O

3.2 The Scalars k;

In this section we consider some scalars that are closely related to the scalars
from Definition 2.5.
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Definition 3.4. Let & denote the Leonard system from Definition 1.2. We
define

ki, =miv (0<i<d), (3.8)
where the m} are from Definition 2.5 and v is from Definition 2.6.

Lemma 3.8. Let @ denote the Leonard system from Definition 1.2 and let the
scalars k; be as in Definition 3.4. Then
(Z) kio = 17‘
(ii) k; £ 0 for 0 < i <d;
(iit) Y0 ki = v

Proof. (i) Set i = 0 in (3.8) and recall m$ = v=1.

(ii) Applying Lemma 2.12(iii) to ¢* we find m} # 0 for 0 < ¢ < d. We have
v # 0 by Definition 2.6. The result follows in view of (3.8).

(iii) Applying Lemma 2.12(iv) to &* we find %_ m; = 1. The result follows
in view of (3.8). O

Lemma 3.9. Let & denote the Leonard system from Definition 1.2 and let
the scalars k; be as in Definition 3.4. Then with reference to Definition 2.1,
Definition 2.3, and Definition 2.4,

pi(6o)*

T1Xo X5

ki = (0<i<d). (3.9)

Proof. We show that each side of (3.9) is equal to vtr(E; Ey). Using (2.18) and
(3.8) we find vtr(E} Ep) is equal to the left-hand side of (3.9). Using Lemma
2.11 we find vtr(E} Ey) is equal to the right-hand side of (3.9). O

Theorem 3.3. Let ¢ denote the Leonard system from Definition 1.2 and let
the scalars k; be as in Definition 3.4. Let the scalars b;, c; be as in Definition
3.8. Then

_ boby - b
oG

ki (0<i<d). (3.10)
Proof. Evaluate the expression on the right in (3.9) using Lemma 3.6(i) and
Lemma 3.7(iii). O

3.3 The Polynomials v;

Let @ denote the Leonard system from Definition 1.2 and let the polynomials
p; be as in Definition 2.4. The p; have two normalizations of interest; we call
these the u; and the v;. In this section we discuss the v;. In the next section
we will discuss the u;.
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Definition 3.5. Let @ denote the Leonard system from Definition 1.2 and
let the polynomials p; be as in Definition 2.4. For 0 < i < d we define the
polynomial v; by

v = —2 (3.11)
C1C2- -G

where the c; are from Definition 5.5. We observe vy = 1.

Lemma 3.10. Let @ denote the Leonard system from Definition 1.2 and let
the polynomials v; be as in Definition 3.5. Let the scalar 6y be as in Definition
2.1 and let the scalars k; be as in Definition 3.4. Then

Proof. Use Lemma 3.7(iii), Theorem 3.3, and (3.11). O

Lemma 3.11. Let @ denote the Leonard system from Definition 1.2 and let
the polynomials v; be as in Definition 3.5. Let the scalars a;,b;,c; be as in
Definition 2.3 and Definition 3.3. Then

)\'Ui = Ci+1Vi4+1 + a;v; + bi,10i71 (0 S 1 S d— ].), (313)

where b_1 =0 and v_1 = 0. Moreover

Mg — agvg — bg_1vg-1 = (c1¢2 -+ ¢q) *Pas1- (3.14)

Proof. In (2.13), divide both sides by ¢jca - - ¢;. Evaluate the result using
Lemma 3.6(i) and (3.11). O

Theorem 3.4. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials v; be as in Definition 3.5. Let V denote an irreducible A-
module and let u denote a nonzero vector in EqV. Then

v;(A)Eju = Efu (0<i<d). (3.15)

Proof. For 0 < i < d we define w; = v;(A)Efu and w;, = Efu. We show
w; = wj. Each of wg, w{ is equal to Efu so wy = w{. Using Lemma 3.11 we
obtain

Awi = Ci+1Wi+1 + a;w; + bz;lwi,l (0 < ) < d— 1) (316)

where w_; = 0 and b_; = 0. By Definition 3.2, Definition 3.3, and since
wp, wh, ..., wh is a P-standard basis,

Aw; = ¢ipwiy g + aw) + bi_qw;_, (0<i<d-1) (3.17)

where w’_; = 0. Comparing (3.16), (3.17) and using wy = w{ we find w; = w)}
for 0 <4 < d. The result follows. O
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3.4 The Polynomials wu;

Let @ denote the Leonard system from Definition 1.2 and let the polynomials
p; be as in Definition 2.4. In the previous section we gave a normalization of
the p; that we called the v;. In this section we give a normalization for the p;
that we call the wu;.

Definition 3.6. Let @ denote the Leonard system from Definition 1.2 and
let the polynomials p; be as in Definition 2.4. For 0 < i < d we define the

polynomaial u; by

Db
u; = (60)’ (3.18)

where 0y is from Definition 2.1. We observe ug = 1. Moreover
u;(0g) =1 (0 <i<ad). (3.19)

Lemma 3.12. Let @ denote the Leonard system from Definition 1.2 and let
the polynomials u; be as in Definition 3.6. Let the scalars a;,b;,c; be as in
Definition 2.3 and Definition 3.3. Then

Aty = biip1 + a;u; + ciui— 0<i<d-1), (3.20)
where u_1 = 0. Moreover
Mg — cqug—1 — aguq = pa(00) *Pat1, (3.21)
where 0y is from Definition 2.1.

Proof. In (2.13), divide both sides by p;(6p) and evaluate the result using
Lemma 3.6(i), Theorem 3.1, and (3.18). O

The u; and v; are related as follows.

Lemma 3.13. Let @ denote the Leonard system from Definition 1.2. Let the
polynomials u;,v; be as in Definition 3.6 and Definition 3.5 respectively. Then

where the k; are from Definition 3.4.

Proof. Compare (3.11) and (3.18) in light of Lemma 3.7(iii) and Theorem 3.3.
O

3.5 A Bilinear Form

In this section we associate with each Leonard pair a certain bilinear form.
To prepare for this we recall a few concepts from linear algebra.

Let V' denote a finite dimensional vector space over K. By a bilinear form on
V we mean amap (-, ) : VxV — K that satisfies the following four conditions
for all u,v,w € V and for all a € K:
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(1) <u+v,w> = <u7w> + (v,w);
(ii) {(ou,v) = alu,v);
(111) <7.L, v+ w> = <7.L, ’U> + <ua w>;
(iv) (u,av) = a(u,v).

We observe that a scalar multiple of a bilinear form on V is a bilinear form

on V. Let (-, -) denote a bilinear form on V. This form is said to be symmetric
whenever (u,v) = (v,u) for all u,v € V. Also, the following are equivalent:

(i) there exists a nonzero u € V such that (u,v) =0 for all v € V;
(ii) there exists a nonzero v € V such that (u,v) =0 for all u € V.

The form (-,-) is said to be degenerate whenever (i), (ii) hold and nonde-
generate otherwise. Let v : A — A denote an antiautomorphism and let V'
denote an irreducible A-module. Then there exists a nonzero bilinear form
(-,+) on V such that (Xu,v) = (u, X7v) for all u,v € V and for all X € A.
The form is unique up to multiplication by a nonzero scalar in K. The form
is nondegenerate. We refer to this form as the bilinear form on V associated
with ~. This form is not symmetric in general.

We now return our attention to Leonard pairs.

Definition 3.7. Let ® = (A; A*; {E;}4_; {Er}9_,) denote a Leonard system

K3
in A. Let 1 : A — A denote the corresponding antiautomorphism from Def-

inition 2.2. Let V' denote an irreducible A-module. For the rest of this paper
we let (-,-) denote the bilinear form on V associated with {. We abbreviate
|lul* = (u,u) for all uw € V. By the construction, for X € A we have

(Xu,v) = (u, XTv) (Vu e V,Yv e V). (3.23)
‘We make an observation.

Lemma 3.14. With reference to Definition 3.7, let D (resp. D*) denote the
subalgebra of A generated by A (resp. A*). Then for X € DU D* we have

(Xu,v) = (u, Xv) (Vu e V,Yv e V). (3.24)
Proof. Combine (3.23) and Lemma 2.6. O

Theorem 3.5. With reference to Definition 3.7, let u denote a nonzero vector
in BV and recall Eu, Eu, ..., Eju is a @-standard basis for V. We have

(Efu, Efu) = &k " |ul)? (0 <i,j <d), (3.25)
where the k; are from Definition 3.4 and v is from Definition 2.6.

Proof. By (3.24) and since Eou = u we find (E}u, Eu) = (u, EoE Ef Equ,).
Using Lemma 2.12(ii) and (3.8) we find (u, Eo Ef E} Equ) = 6;kiv~" |ul®. O
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Corollary 3.1. With reference to Definition 3.7, the bilinear form (-,-) is
symmetric.

Proof. Let u denote a nonzero vector in EyV and abbreviate v; = E;u for
0 < i < d. From Theorem 3.5 we find (v;,v;) = (v;,v;) for 0 <4,j < d. The
result follows since vy, v1,...,vq is a basis for V. O

We have a comment.

Lemma 3.15. With reference to Definition 3.7, let u denote a nonzero vector
in EoV and let v denote a nonzero vector in E§V . Then the following (i)-(iv)
hold.

(i) Each of ||lu||?, ||v||?, (u,v) is nonzero.
(ii) Egu = (u,v)|jv||~2v.
(iii) Eov = (u,v)||ul|~2u.
(iv) v{u,v)* = [[ul?[|0]>.
Proof. (i) Observe ||u||? # 0 by Theorem 3.5 and since (-, ) is not 0. Similarly
lv]|? # 0. To see that (u,v) # 0, observe that v is a basis for E;V so there
exists a € K such that Eju = av. Recall Eju # 0 by Lemma 3.2 so o # 0.
Using (3.24) and Ejv = v we routinely find (u,v) = aflv||? and it follows

(u,v) #£0.

(i) In the proof of part (i) we found Eju = av where (u,v) = «afv||?. The
result follows.

(iii) Similar to the proof of (ii) above.

(iv) Using u = Egu and vEyE; Eg = Eg we find v~ 'u = EqEju. To finish the
proof, evaluate EygEg§u using (i) above and then (iii) above. O

4 Askey-Wilson Duality

In this section we show the polynomials w;, v;, p; satisfy a relation known as
Askey-Wilson duality. We begin with a lemma.

Lemma 4.1. With reference to Definition 3.7, let u denote a nonzero vector
in EoV and let v denote a nonzero vector in EgV . Then

(Efu,Ejv) = V_lk‘ikjui(ﬁj)w,v) (0<i,5 <d). (4.1)
Proof. Using Theorem 3.4 we find

(Efu, Ejv) = (vi(A)Egu, Ejv)
= (Equ, vi(A)Ejv)
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Using Lemma 3.15(ii)—(iv) we find (Egju, Egv) = v~ (u, v). Observe v;(0;) =
u;(0;)k; by (3.22). Applying Lemma 3.10 to ¢* we find v} (05) = k}. Evaluat-
ing (4.2) using these comments we obtain (4.1). O

Theorem 4.1. Let @ denote the Leonard system from Definition 1.2. Let the
polynomials u; be as in Definition 3.6 and recall the u} are the corresponding
polynomials for ®*. Let the scalars 0,;,0; be as in Definition 2.1. Then

w0) =0 (0<ij<d) (4.3
Proof. Applying Lemma 4.1 to &* we find

(Ejv, Efu) = u‘%jkwﬂ@j)(um} (0<4,j5 <d). (4.4)
To finish the proof, compare (4.1), (4.4), and recall (-,-) is symmetric. O

In the following two theorems we show how (4.3) looks in terms of the poly-
nomials v; and p;.

Theorem 4.2. Let ¢ denote the Leonard system from Definition 1.2. With
reference to Definition 1.5, Definition 2.1, and Definition 3.5,

vi(0)/ki = vj(07)/k; (0 <i,j <d). (4.5)
Proof. Evaluate (4.3) using Lemma 3.13. O

Theorem 4.3. Let @ denote the Leonard system from Definition 1.2. With
reference to Definition 1.5, Definition 2.1, and Definition 2.4,

pi(6;)  p;(6;)
pi(Bo) — p;(65)

Proof. Evaluate (4.3) using Definition 3.6. O

(0<id,j <d). (4.6)

The equations (4.3), (4.5), (4.6) are often referred to as Askey-Wilson duality.

4.1 The Three-Term Recurrence and the Difference Equation

In Lemma 3.12 we gave a three-term recurrence for the polynomials u;. This
recurrence is often expressed as follows.

Theorem 4.4. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials u; be as in Definition 3.6. Let the scalars 0; be as in Definition
2.1. Then for 0 <i,j < d we have

Ojui(05) = biuiy1(6;) + asui(0;) + coui—1(6;), (4.7)

where u_1 =0 and ugy; = 0.
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Proof. Apply Lemma 3.12 (with A = ;) and observe pgy1(6;) = 0 by Theo-
rem 2.7(ii). O

Applying Theorem 4.4 to &* and using Theorem 4.1 we routinely obtain the
following.

Theorem 4.5. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials u; be as in Definition 3.6. Then for 0 < 1,5 < d we have

Orui(0;) = bius(0541) + ajus(0) + (65 -1), (4.8)
where 0_1, 0441 denote indeterminates.

We refer to (4.8) as the difference equation satisfied by the u;.

4.2 The Orthogonality Relations

In this section we show that each of the polynomials p;, u;,v; satisfy an or-
thogonality relation. We begin with a lemma.

Lemma 4.2. With reference to Definition 3.7, let u denote a nonzero vector
in EoV and let v denote a nonzero vector in E§V. Then for 0 <1 <d, both

d
* u7v
Efu= <||v|2> v;(0;)E;v, (4.9)
Jj=0
(0) S 2oy e
Ev = v; (07) B u. (4.10)

|l

J

Proof. We first show (4.9). To do this we show each side of (4.9) is equal
to v;(A)Efu. By Theorem 3.4 we find v;(A)Efu is equal to the left-hand
side of (4.9). To see that v;(A)Eju is equal to the right-hand side of (4.9),
multiply v;(A)Egu on the left by the identity I, expand using I = Z;l:o E;,
and simplify the result using E;A = 6;E; (0 < j < d) and Lemma 3.15(ii).
We have now proved (4.9). Applying (4.9) to $* we obtain (4.10). O

We now display the orthogonality relations for the polynomials v;.

Theorem 4.6. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials v; be as in Definition 3.5. Then both

d
> wi(0,)v; (0n) K = 8ivk; (0<i,j<d), (4.11)
r=0
d
> wil0)vi0)k; = S0k 0<rs<d). (412

i=0
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Proof. Let V denote an irreducible .A-module and let v denote a nonzero vec-
tor in EgV. Applying Theorem 3.5 to &* we find (E,v, Esv) = 6,skiv1||v]|?
for 0 < r,s < d. To obtain (4.11), in equation (3.25), eliminate each of E}u,
E%u using (4.9), and simplify the result using our preliminary comment and
Lemma 3.15. To obtain (4.12), apply (4.11) to &* and use Askey-Wilson du-
ality. O

We now turn to the polynomials u;.

Theorem 4.7. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials u; be as in Definition 3.6. Then both

d
> wi(0n)uy(0,)k; = 6kt (0<4,5 <d),
r=0

d

> wi(0p)ui(0s)ki = Spsvky ™! (0<rs<d).
=0

Proof. Evaluate each of (4.11), (4.12) using Lemma 3.13. O
We now turn to the polynomials p;.

Theorem 4.8. Let ¢ denote the Leonard system from Definition 1.2 and let
the polynomials p; be as in Definition 2.4. Then both

d
Zpi(er)pj(gr)mr = 0ijz1T2 - Ty (0<i,j<d),
r=0
 pi(0,)pi(6s)
ZM S 0<rs<d).
Pt T1To - IT;

Proof. Applying Definition 3.4 to @* we find k) = m,v for 0 < r < d. Evaluate
each of (4.11), (4.12) using this and Definition 3.5, Lemma 3.6(i), (3.10). O

4.3 The Matrix P

In this section we express Lemma 4.2 in matrix form and consider the conse-
quences.

Definition 4.1. Let & denote the Leonard system from Definition 1.2. We
define a matriz P € Matg41(K) as follows. For 0 <4,j < d the entry P;; =
v;(6;), where 0; is from Definition 2.1 and v; is from Definition 3.5.

Theorem 4.9. Let @ denote the Leonard system from Definition 1.2. Let the
matriz P be as in Definition 4.1 and recall P* is the corresponding matrix for

&*. Then P*P = vl, where v is from Definition 2.6.
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Proof. Compare (4.9), (4.10) and use Lemma 3.15(iv). 0O

Theorem 4.10. Let @ denote the Leonard system from Definition 1.2 and let
the matriz P be as in Definition 4.1. Let the map b : A — Matyy1(K) be as

in Definition 3.2 and let § : A — Matgyy1(K) denote the corresponding map
for @*. Then for all X € A we have

X'pP =PX". (4.13)

Proof. Let V' denote an irreducible .A-module. Let u denote a nonzero vector
in EoV and recall Eju, Efu,...,Eju is a $-standard basis for V. By Def-
inition 3.2, X" is the matrix in Maty,(K) that represents X with respect

to Egu, Efw, ..., Eju. Similarly for a nonzero v € EjV, X% is the matrix in
Matg41(K) that represents X with respect to Egv, Eqv, ..., Eqv. In view of
(4.9), the transition matrix from Eyv, E1v,..., Eqv to Egu, Efu, ..., Ejuis a

scalar multiple of P. The result follows from these comments and elementary
linear algebra. 0O

5 The Split Decomposition

Notation 5.1 Throughout this section we let ® = (A; A*; {E;}L o; {E7 1)
denote a Leonard system in A, with eigenvalue sequence 6, 61, . . ., 03 and dual
eigenvalue sequence 63, 67, ...,0;. We let V denote an irreducible .A-module.

With reference to Notation 5.1, by a decomposition of V we mean a sequence
Up,Us,...,Uy consisting of 1-dimensional subspaces of V' such that

V=U+U +---+Uy (direct sum).

In this section we are concerned with the following type of decomposition.

Definition 5.2. With reference to Notation 5.1, a decomposition Uy, ...,Uy
of V is said to be ®-split whenever both

(A= 0,1\U; CUisy (0<i<d-—1), (A—0,D)U; =0, (5.1)
(A" —6:DU, CUy (1<i<d), (A" =6D)Up=0. (5.2)

Our goal in this section is to show there exists a unique @-split decomposition
of V. The following definition will be useful.

Definition 5.3. With reference to Notation 5.1, we set

i d
Vij = <Z E;;V) N (Z EkV> (5.3)
h=0 k=j

for all integers i, j. We interpret the sum on the left in (5.3) to be 0 (resp. V')
if i <0 (resp. i > d). Similarily, we interpret the sum on the right in (5.3) to
be V (resp. 0) if 5 <0 (resp. j > d).
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Lemma 5.1. With reference to Notation 5.1 and Definition 5.3, we have

(i) Vio=E;V +E;V +---+ E'V (0<i<d),
(ZZ) Vdj :EjV+Ej+1V+"‘+EdV (0§]§d>

Proof. To get (i), set j = 0 in (5.3), and apply (1.5). Line (ii) is similarily
obtained. O

Lemma 5.2. With reference to Notation 5.1 and Definition 5.3, the following
(i)—(i) hold for 0 <i,j <d.
(i) (A=0;1)Vij € Vigrj41,
(1) AVi; C Vij + Vig1,j41,
(ii1) (A* — 07 1)V C Viq j-1,
(iv) A*Vi; CVij + Vi1 1.

Proof. (i) Using Definition 1.2(v) we find

i i+1
(A=0,1)Y E;V C Y E;V. (5.4)
h=0 h=0
Also observe
d d
(A=0,)) EV = > EV. (5.5)
k=3 k=j+1

Evaluating (A—6,1)V;; using (5.3), (5.4), (5.5) we routinely find it is contained
in Vit j41.

(ii) Immediate from (i) above.

(iii) Similar to the proof of (i) above.

(iv) Immediate from (iii) above. 0O

Lemma 5.3. With reference to Definition 5.3, we have
Vy=0 if i<j, (0<i,j<d). (5.6)
Proof. We show the sum
Vor +Viggr + -+ Vaora (5.7)

is zero for 0 < r < d. Let r be given, and let W denote the sum in (5.7).
Applying Lemma 5.2(ii),(iv), we find AW C W and A*W C W. Now W =0
or W =V in view of Corollary 2.2. By Definition 5.3, each term in (5.7) is
contained in

E.V 4B V + -+ BV, (5.8)

so W is contained in (5.8). The sum (5.8) is properly contained in V by (1.5),
and since r > 0. Apparently W # V| so W = 0. We have now shown (5.7) is
zero for 0 < r < d, and (5.6) follows. O
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Theorem 5.1. With reference to Notation 5.1, let Uy, U, ...,Uy denote sub-
spaces of V. Then the following (i)-(iii) are equivalent.

(i) Ui = (BE§VHEV+ - +EVINEV+E 1 V+- -+ E4V) (0<i<d).
(ii) The sequence Uy, Un,...,Uq is a P-split decomposition of V.
(#ii) For 0 < i < d, both

Ui+Uipr+---+Ug=EV +E, 1 V+---+ EjV, (5.9)
U+ U1+ + U =EV+EV+.---+EV. (5.10)

Proof. (i) — (i) To get (5.1) and (5.2), set j = ¢ in Lemma 5.2(i),(iii), and
observe U; = V;;. We now show the sequence Uy, Uy, ..., Uy is a decomposition
of V. Define W = Z?:o U;. Then AW C W by (5.1) and A*W C W by (5.2).
Now W =0 or W =V in view of Corollary 2.2. However W contains Uy, and
Uop = E3V is nonzero, so W # 0. It follows W =V, and in other words

V=U+U+---+U,. (5.11)

We show the sum (5.11) is direct. To do this, we show

Uo+ Ui+ +Uis))NU; =0
for 1 <4 < d. Let the integer i be given. From the construction

Ui CEV+EV+---+E_|V
for0<j<i—1, and

U CEV A+ EV+---+ E4V.
It follows

(U0+U1+"'+U¢71)0Ui
C(EVH+EV A+ -+ E_ L V)N(EV+E i V+---+ E4V)

=Vi-1,

=0

in view of Lemma 5.3. We have now shown the sum (5.11) is direct. We now
show U; has dimension 1 for 0 < ¢ < d. Since the sum (5.11) is direct, this will
follow if we can show U; # 0 for 0 < i < d. Suppose there exists an integer i
(0 < i < d) such that U; = 0. We observe i # 0, since Uy = E}V is nonzero,
and i # d, since Uy = E4V is nonzero. Set

U=U+ Ui+ -+ Ui,

and observe U # 0 and U # V by our remarks above. By Lemma 5.2(ii) and
since U; = 0 we find AU C U. By Lemma 5.2(iv) we find A*U C U. Now
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U =0or U =YV in view of Corollary 2.2, for a contradiction. We conclude
U; # 0 for 0 < i < d and it follows Uy, Uy, ...,Uy is a decomposition of V.

(i4) — (#i¢) First consider (5.9). Let ¢ be given, and abbreviate
Z:EiV-i-EileV—l—-“—i-EdVv, W:Ui—l—UiJrl—f—'-'—f—Ud.

We show Z = W. To obtain Z C W, set X = Hz;lo(A — 0,1), and observe
Z = XV. Using (5.1) we find XU; C W for 0 < j < d. By this and since
Up,Us,...,Uyis adecomposition of V we find XV C W. We now have Z C W.
Each of Z, W has dimension d — i+ 1 so Z = W. We now have (5.9). Line
(5.10) is similarily obtained.

(#i1) — (i) We first show the sum Uy + - - - + Uy is direct. To do this, we show
Uo+Ui+---+Ui—1)NT; (5.12)

is zero for 1 < i < d. Let ¢ be given. From (5.9), (5.10), we find (5.12) is
contained in

(EgV +E{V 4.+ E V)N (EV +EV+--+EV). (513

The expression (5.13) equals V;_1;, and is hence zero by Lemma 5.3. It fol-
lows (5.12) is zero, and we have now shown the sum Uy + - - - + Uy is direct.
Combining this with (5.9), (5.10), we find

Ui=W0+Ui+---+U)N Ui+ Uip1 + -+ Uy)
—(BXVAEV A4+ EV)N(EV + EiV + -+ EgV),
as desired. O

Corollary 5.1. With reference to Notation 5.1, there exists a unique ®-split
decomposition of V.

Proof. Immediate from Theorem 5.1(i),(ii). O
We finish this section with a comment.

Lemma 5.4. With reference to Notation 5.1, let Uy, Uy, ..., Uy denote the
&-split decomposition of V.. Then the following (i), (i) hold.

(i) (A—0,)U; =Upy  (0<i<d-—1).
(i) (A =9 U; = Uy (1<i<d).

Proof. (i) Let i be given. Recall (A —0,1)U; is contained in U, 11 by (5.1) and
U;+1 has dimension 1, so it suffices to show

(A—6,1\U; #0. (5.14)

Assume (A — 6;1)U; = 0, and set W = 22:0 Uy. Since Uy, Uy, ..., Uy is a
decomposition of V', and since 0 < i < d—1 we find W # 0 and W # V.
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Observe AU; C U; by our above assumption; combining this with (5.1) we
find AW C W. By (5.2) we find A*W C W. Now W =0or W =V in view
of Corollary 2.2, for a contradiction. We conclude (5.14) holds and the result
follows.

(ii) Similar to the proof of (i) above. O

5.1 The Split Basis

Let ® = (A; A% {E;}¢_o; {E;}L ) denote a Leonard system in A, with eigen-
value sequence g, 01,...,0; and dual eigenvalue sequence 07,07, ...,0;. Let
V' denote an irreducible A-module and let Uy, Uy,...,Uy denote the ®-split
decomposition of V' from Definition 5.2. Pick any integer i (1 < i < d). By
Lemma 5.4 we have (A* — 07 1)U; = U;—; and (A — 6;_11)U;_; = U,. Appar-
ently U; is an eigenspace for (A — 6;_1I)(A* — 0FI), and the corresponding
eigenvalue is a nonzero scalar in K. We denote this eigenvalue by ¢;. We dis-
play a basis for V that illuminates the significance of ¢;. Setting ¢ = 0 in

Theorem 5.1(i) we find Uy = Ej§V. Combining this with Lemma 5.4(i) we find

Ui=(A—-0;_11)---(A=01)(A—0])ESV (0<i<d). (5.15)
Let v denote a nonzero vector in E§V. From (5.15) we find that for 0 < i < d
the vector (A — 6;_1I)--- (A — 6pI)v is a basis for U;. By this and since
Up,Us,...,Uy is a decomposition of V' we find the sequence

is a basis for V. With respect to this basis the matrices representing A and
A* are

90 0 (98 ®1 0
16, 07 2
L0 % - (5.17)
. . . st
0 164 0 05

respectively. By a @-split basis for V we mean a sequence of the form (5.16),
where v is a nonzero vector in EFV. We call ¢1,a,...,pq the first split
sequence of @. We let ¢1, ¢a, . .., ¢4 denote the first split sequence of &% and
call this the second split sequence of ®@. For notational convenience we define

w0 =0, par1 =0, ¢o =0, ¢g41 = 0.

5.2 The Parameter Array and the Classifying Space

Our next goal is to describe the relationship between the eigenvalue sequence,
the dual eigenvalue sequence, the first split sequence, and the second split
sequence. We will use the following concept.
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Definition 5.4. Let d denote a nonnegative integer. By a parameter array
over K of diameter d we mean a sequence of scalars (0;,07,i = 0,...,d;

0, 05,7 =1,...,d) taken from K that satisfy the following conditions (PA1)-
(PA5).

(PAL)0; #0;, 07 #0;  if i#] (0 <i,j < d).
(PA2) ; #0, ¢, #0 (1<i<d).

(PA3) i = 1 Yoy Lo 2a=t 4 (07 — 05)(0i—1 — 04) (1<i<a).
(PA4) ¢ = o1 X4 St + (07 — 03) (Ba—it1 — 00) (1<i<d).

(PA5) The expressions

Oi—2 — biy1 07 o — 6744
Oi1—06; ' 0r , —0r

(5.18)

are equal and independent of i for 2 <i<d—1.

Theorem 5.2. [79, Theorem 1.9] Let d denote a nonnegative integer and let
(0;,07,i = 0,...,d;¢5,¢0;,5 = 1,...,d) denote a sequence of scalars taken

from K. Then the following (i), (ii) are equivalent.
(i) The sequence (0;, 07

0=0,...,d;05,¢0;,j =1,...,d) is a parameter array

over K.
(ii) There exists a Leonard system ® over K that has eigenvalue sequence
00,01, ...,04, dual eigenvalue sequence 05,07,...,0%, first split sequence

V1,92, ..., 0q and second split sequence @1, P2, ..., dq.
Suppose (i), (it) hold. Then @ is unique up to isomorphism of Leonard systems.

Our proof of Theorem 5.2 is too long to be included in these notes. A complete
proof can be found in [79].

Definition 5.5. Let @ denote the Leonard system from Definition 1.2. By the
parameter array of ¢ we mean the sequence (0;,07,i = 0,...,d;9;, 6,7 =
1,...,d), where 6y,01,...,04 (resp. 65,07%,...,0%) is the eigenvalue sequence
(resp. dual eigenvalue sequence) of @ and @1, pa, ..., 04 (resp. o1, P2, ..., d4)
is the first split sequence (resp. second split sequence) of .

By Theorem 5.2 the map which sends a given Leonard system to its parame-
ter array induces a bijection from the set of isomorphism classes of Leonard
systems over K to the set of parameter arrays over K. Consequently we view
the set of parameter arrays over K as a “classifying space” for the Leonard
systems over K.

In the appendix to these notes we display all the parameter arrays over K.

We now cite a result that shows how the parameter arrays behave with respect
to the Dy action given in Section 4.
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Theorem 5.3. [79, Theorem 1.11] Let ¢ denote a Leonard system with pa-
rameter array (0;,0F,9 = 0,...,d; @v;,¢;,7 = 1,...,d). Then (i)-(iii) hold
below.
(1) The parameter array of * is (0F,60;,i=0,...,d;¢0;,¢a—j+1,J =1,...,d).
(ii) The parameter array of @ is (0;,0% ;i = 0,....d;ba—j+1, Pd—j+1,] =
1,...,d).
(iii) The parameter array of ®¥ is (0q—i,07,i=0,...,d;¢j, 05,5 = 1,...,d).

5.3 Everything in Terms of the Parameter Array

In this section we express all the polynomials and scalars that came up so far
in the paper, in terms the parameter array. We will use the following notation.

Definition 5.6. Suppose we are given an integer d > 0 and two sequences of
scalars

90,91,...,9d; 96, I,,H;

taken from K. Then for 0 <i < d+1 we let T, 77, n;, ] denote the following
polynomials in K[\].

i—l i—1
=[O —0m), =1l -6), (5.19)
h=0 h=0
izl i—1
=[O = 0an). S | (R (5.20)
h=0 h=0

We observe that each of 7;, T}, n;, nf is monic with degree .

Theorem 5.4. Let ¢ denote the Leonard system from Definition 1.2 and let

(0;,07,i =0,...,d;¢5,0;,5 = 1,...,d) denote the corresponding parameter
array. Let the polynomials u; be as in Definition 3.6. Then
~ i) |
u; = —t—Ty (0<i<d). (5.21)
};} P1p2 - Ph

We are using the notation (5.19).

Proof. Let the integer ¢ be given. The polynomial u; has degree i so there
exists scalars ag, ag,...,qa; in K such that

U; = ZahTh. (522)

h=0

We show
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74 (07)

ap = —————
©1P2 " Ph

(0<h<i). (5.23)
In order to do this we show ap =1 and apt19p+1 = ap (8 —65) for 0 < h <
i — 1. We now show ag = 1. We evaluate (5.22) at A = 0y and find u;(6p) =
> o @nTh(o). Recall u;(6p) = 1 by (3.19). Using (5.19) we find 7,,(6p) = 1
for h =0 and 7,(0g) = 0 for 1 < h < 4. From these comments we find ag = 1.
We now show apt1pp+1 = ap(0f —05) for 0 < h < i — 1. Let V denote
an irreducible A-module. Let v denote a nonzero vector in E5V and define
e; = 1i(A)v for 0 < i < d. Observe that the sequence eg, ey, ..., eq is the basis
for V' from (5.16). Using (5.17) we find (A" — 07 1)e; = pje; 1 for 1 <j <d
and (A* —651)ep = 0. By Theorem 2.5 and (3.18) we find u,;(A)EJV = EFV.
By this and since v € EjV we find u;(A)v € EfV. Apparently u;(A)v is an
eigenvector for A* with eigenvalue 8. We may now argue

0= (A* — 0 Dui (A

= (A" =0;1)>  apmh(A)
h=0

= (A" =0;1)>  anen
h=0

i—1
= Z en(any10ne1 — an(0; —03)).
h=0
By this and since eg, €1, ..., eq4 are linearly independent we find ap19p41 =

ap(0F —07) for 0 < h <1i— 1. Line (5.23) follows and the theorem is proved.
O

Lemma 5.5. Let & denote the Leonard system from Definition 1.2 and let
(0;,07,i =0,...,d;¢5,0;,7 = 1,...,d) denote the corresponding parameter

array. Let the polynomials p; be as in Definition 2.4. With reference to Defi-
nition 5.6 we have

P1P2- - Pi .
i(0y) = —— 0<1t<d). 5.24
Proof. In equation (5.21), each side is a polynomial of degree 7 in A. For the
polynomial on the left in (5.21) the coefficient of A* is p;(fg)~! by (3.18) and
since p; is monic. For the polynomial on the right in (5.21) the coefficient of
A is 77(07) (12 - ;) L. Comparing these coefficients we obtain the result.
O

Theorem 5.5. Let ¢ denote the Leonard system from Definition 1.2 and let
(0;,07,i =0,...,d;p5,0;,5 = 1,...,d) denote the corresponding parameter

array. Let the polynomials p; be as in Definition 2.4. Then with reference to
Definition 5.6,
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"\ prpa- - T(07) ‘
pi = o Tl 0<i<d).
i;)(pl%”'@hﬂwz')h ( )

Proof. Observe p; = p;(0o)u; by (3.18). In this equation we evaluate p;(6p)
using (5.24) and we evaluate u; using (5.21). The result follows. O

Theorem 5.6. Let ¢ denote the Leonard system from Definition 1.2 and let
(0;,07,i =0,...,d;pj,0;,5 = 1,...,d) denote the corresponding parameter
array. Let the scalars b;,c; be as in Definition 3.3. Then with reference to
Definition 5.6 the following (i), (i) hold.

(i) bi = pir1 0<i<d—1).

(1<i<d).

Proof. (i) Evaluate (3.4) using Lemma 5.5.

(ii) Using Definition 3.3 we find, with reference to Definition 1.5, that ¢; =
b(li—i' Applying part (i) above to ! and using Theorem 5.3(ii) we routinely
obtain the result. O

Let @ denote the Leonard system from Definition 1.2 and let the scalars a;
be as in Definition 2.3. We mention two formulae that give a; in terms of the
parameter array of @. The first formula is obtained using Lemma 3.6(ii) and
Theorem 5.6. The second formula is given in the following theorem.

Theorem 5.7. Let @ denote the Leonard system from Definition 1.2 and let
(0;,07,i =0,...,d;p5,0;,5 = 1,...,d) denote the corresponding parameter

array. Let the scalars a; be as in Definition 2.3. Then

Pi Pit1 .
e T e, 0= 529

where we recall oo = 0, pg1 = 0, and where 0* 1,07, | denote indeterminates.

Proof. Let the polynomials pg, p1,...,pat+1 be as in Definition 2.4 and recall
these polynomials are monic. Let ¢ be given and consider the polynomial

/\pi — Pi+1- (526)

From (2.13) we find the polynomial (5.26) is equal to a;p; + x;p;—1. Therefore
the polynomial (5.26) has degree i and leading coefficient a;. In order to
compute this leading coefficient, in (5.26) we evaluate each of p;, p;11 using
Theorem 2.7(ii) and Theorem 5.5. By this method we routinely obtain (5.25).
O
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Theorem 5.8. Let ¢ denote the Leonard system from Definition 1.2 and let
(0;,07,i =0,...,d;¢5,0;,7 = 1,...,d) denote the corresponding parameter

array. Let the scalars x; be as in Definition 2.3. Then with reference to Defi-
nition 5.0,

T = i Tz’*ﬂ(@ﬂﬁn;ﬁ(@f)
' ' Z%*(@)ﬁé_iﬂ(f);‘_l)

Proof. Use x; = b;_1¢; and Theorem 5.6. O

(1<i<d). (5.27)

Theorem 5.9. Let ¢ denote the Leonard system from Definition 1.2 and let
(0;,07,i =0,...,d;¢5,0;,7 = 1,...,d) denote the corresponding parameter

array. Let the scalar v be as in Definition 2.6. Then with reference to Defini-
tion 5.6,

_ na(fo)n;(65)
C P1de - da (5.28)

Proof. Evaluate (3.6) using Theorem 5.6(ii). O

Theorem 5.10. Let ¢ denote the Leonard system from Definition 1.2 and
let (0;,07,1=0,...,d;¢;,0;,j =1,...,d) denote the corresponding parame-
ter array. Let the scalars k; be as in Definition 3.4. Then with reference to

Definition 5.6,

_ p1pe-- i n:(65)
P12~ i T (07 )0 (0F)

Proof. Evaluate (3.10) using Theorem 5.6. O

k; (0<i<d). (5.29)

Theorem 5.11. Let & denote the Leonard system from Definition 1.2 and
let (0;,67,1=0,...,d;9;,¢;,7 =1,...,d) denote the corresponding parame-
ter array. Let the scalars m; be as in Definition 2.5. Then with reference to
Definition 5.6,

e — P1P2 QP12 - - Pa—;
n5(05)7i(0:)na—i(6;)

Proof. Applying Definition 3.4 to &* we find m; = kfv~!. We compute k}
using Theorem 5.10 and Theorem 5.3(i). We compute v using Theorem 5.9.
The result follows. O

(0 <i<d). (5.30)

6 The Terminating Branch of the Askey Scheme

Let @ denote the Leonard system from Definition 1.2 and let the polynomi-
als u; be as in Definition 3.6. In this section we discuss how the u; fit into
the Askey scheme [53], [11, p. 260]. Our argument is summarized as follows.
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In the appendix to these notes we display all the parameter arrays over K.
These parameter arrays fall into 13 families. In (5.21) the u; are expressed
as a sum involving the parameter array of @. For each of the 13 families of
parameter arrays we evaluate this sum. We find the corresponding u; form
a class consisting of the ¢g-Racah, ¢-Hahn, dual g-Hahn, ¢g-Krawtchouk, dual
g-Krawtchouk, quantum ¢-Krawtchouk, affine ¢g-Krawtchouk, Racah, Hahn,
dual Hahn, Krawtchouk, Bannai/Ito, and orphan polynomials. This class co-
incides with the terminating branch of the Askey scheme. See the appendix
for the details. We remark the Bannai/Ito polynomials can be obtained from
the ¢g-Racah polynomials by letting ¢ tend to —1 [11, p. 260]. The orphan
polynomials exist for diameter d = 3 and Char(K) = 2 only.

In this section we illustrate what is going on with some examples. We will con-
sider two families of parameter arrays. For the first family the corresponding
u; will turn out to be some Krawtchouk polynomials. For the second family
the corresponding u,; will turn out to be the ¢-Racah polynomials.

Our first example is associated with the Leonard pair (1.2). Let d denote a
nonnegative integer and consider the following elements of K.

0;=d—2i, 6F=d—2i (0<i<d), (6.1)

i =—2i(d—i+1), ¢;=2(d—i+1) (1<i<d). (62)

In order to avoid degenerate situations we assume the characteristic of K is
zero or an odd prime greater than d. It is routine to show (6.1), (6.2) satisfy
the conditions PA1-PA5 of Definition 5.4, so (0;,0F,i = 0,...,d;¢j,¢;,j =
1,...,d) is a parameter array over K. By Theorem 5.2 there exists a Leonard
system @ over K with this parameter array. Let the scalars a; for @ be as in
(2.8). Applying Theorem 5.7 to ¢ we find

a;=0 (0<i<d). (6.3)

Let the scalars b;, ¢; for @ be as in Definition 3.3. Applying Theorem 5.6 to ¢
we find
bij=d—1i, c¢; =1 (0<i<d). (6.4)

Pick any integers 4,7 (0 < 4,5 < d). Applying Theorem 5.4 to & we find

d . .
S (D)2
where

(@) :=ala+1)(a+2)---(a+n—1) n=0,1,2,...

Hypergeometric series are defined in [28, p. 3]. From this definition we find
the sum on the right in (6.5) is the hypergeometric series
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o F (i_’dj 2) : (6.6)

A definition of the Krawtchouk polynomials can be found in [4] or [53]. Com-
paring this definition with (6.5), (6.6) we find the u; are Krawtchouk polyno-
mials but not the most general ones. Let the scalar v for @ be as in Definition
2.6. Applying Theorem 5.9 to @ we find v = 2. Let the scalars k; for & be as
in Definition 3.4. Applying Theorem 5.10 to ¢ we obtain a binomial coefficient

m:(g (0<i<d). (6.7)

Let the scalars m; for @ be as in Definition 2.5. Applying Theorem 5.11 to @
we find y
m; = <‘>2—d (0 <i<d). (6.8)
i
We now give our second example. For this example the polynomials w; will
turn out to be the g-Racah polynomials. To begin, let d denote a nonnegative
integer and consider the following elements in K.

0; = 00+ h(1—¢")(1—sq"")/d", (6.9)
0; =05 +h"(1-¢)1-s¢")/q (6.10)

for 0 <i<d, and

p; = hh*q1_2i(1 — qi)(l — qi_d_l)(l — g (1- ’I”qu), (6.11
¢i = hh*q" 2 (1= g") (L — ¢ 1) (r — 57¢") (ra — s°¢") /" (6.12)

for 1 < ¢ < d. We assume q,h,h*,s,s* r1,ry are nonzero scalars in the
algebraic closure of K, and that riro = ss*qurl To avoid degenerate sit-
uations we assume none of ¢°,r1¢%,roqt, s*¢"/r1,5%¢"/ro is equal to 1 for
1 < 4 < d and neither of s¢?,s*q" is equal to 1 for 2 < i < 2d. It is rou-
tine to show (6.9)—(6.12) satisfy the conditions PA1-PA5 of Definition 5.4, so
(0;,07,i=0,...,d;0j,¢;,j =1,...,d) is a parameter array over K. By The-
orem 5.2 there exists a Leonard system @ over K with this parameter array.
Let the scalars b;, ¢; for @ be as in Definition 3.3. Applying Theorem 5.6 to ¢
we find

h(1—q ) (1 —r1q)(1 — r2q)

b =
0 1— s*q2 ’
_ gi—d)(1 — H—l _ i+1 — i+l
m:hﬂ 7~ ) ) = g™ )1~ 72¢"") (1<i<d-1),
(1 P qQH'l)(l _ 5*q21+2)
1— i 1— Z+d+1 _ ¥t — s*q*

¢ = M=) )(r1 = s7q")(r2 = 57¢') (1<i<d-1),

s*q (1 g q2’)(1 _ S*q21+1)
oy M= =52 — 57q)

S*qd(l _ s*q2d)
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Pick integers 7,5 (0 < ,j < d). Applying Theorem 5.4 to ¢ we find
d , _ . . . ,
o @O On(a e (567 @) g
wi(f) = —d
= (MEGO)a(r2a0n(a S )G a)n

, (6.13)

where
(@:q)n = (1—a)(1 —aq)(1 —ag®)---(1—ag"™") n=0,1,2,...

Basic hypergeometric series are defined in [28, p. 4]. From that definition we
find the sum on the right in (6.13) is the basic hypergeometric series

s gt s*qth g7, sgd Tt
s riq, Toq, q ¢

q, q). (6.14)

A definition of the g-Racah polynomials can be found in [5] or [53]. Comparing
this definition with (6.13), (6.14) and recalling 7175 = ss*¢%*!, we find the u;
are the g-Racah polynomials. Let the scalar v for @ be as in Definition 2.6.
Applying Theorem 5.9 to @ we find

_ (5¢*9)a(s* 0)a
riqd(sq/r1; q)a(s*q/715q)a

Let the scalars k; for @ be as in Definition 3.4. Applying Theorem 5.10 to &

we obtain
(r1a;9)i(r2¢;0)i (™% @)i(s*q; )i (1 — s*¢* 1)

- 0<1<d).
P P N Py e ey e pe e W sppe SR SR

Let the scalars m; for @ be as in Definition 2.5. Applying Theorem 5.11 to &
we find

(r4;9)i(r24:9)i(a” % @)i(sq: @)i (1 — sg*+1)
s*q'(q; q)i(sq/r15@)i(sq/r2; )i (5442 ¢)i (1 — sq)v

P =

(0<i<d).

7 Applications and Related Topics

We are done describing the correspondence between Leonard pairs and the
terminating branch of the Askey scheme. For the remainder of these notes we
discuss applications and related topics. We begin with a characterization of
Leonard systems.

7.1 A Characterization of Leonard Systems

We recall some results from earlier in the paper. Let @ denote the Leonard
system from Definition 1.2. Let the polynomials pg, p1,...,p4+1 be as in Def-
inition 2.4 and recall p,p7, ...,pj,, are the corresponding polynomials for
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@*. For the purpose of this section, we call pg,p1, ..., pa+1 the monic polyno-
mial sequence (or MPS) of . We call pg, pi,...,pj,, the dual MPS of . By
Definition 2.4 we have

po = 17 pg = 1, (7'1)
ADi = Pit1 + aipi + Tipi—1 (0<i<d), (7:2)
Apj = pig +aip; +xip;_y (0<i<ad), (7.3

where z9, x, p—1, p*; are all zero, and where

a = te(EfA), o} =t(EAY)  (0<i<d),
€Xr; = tI‘(E:AE:LlA), x: = tI‘(EiA*Ei_lA*) (1 S Z S d)

By Lemma 2.7(iii) we have

2 £0, zr£0  (1<i<d). (7.4)
Let 89,61, ..,0q (resp. 65,05,...,0%) denote the eigenvalue sequence (resp.
dual eigenvalue sequence) of @, and recall
0; #0;, 07 #067 if i#j, (0<4,j<d). (7.5)
By Theorem 2.7(ii) we have
Pa+1(0:) =0, py.(07)=0 (0<i<d). (7.6)
By Theorem 3.1 we have
pi(bo) #0, pi () #0  (0<i<d). (7.7)

By Theorem 4.3 we have
pi0;) _ p; (67)
pi(6o)  p;(05)

In the following theorem we show the equations (7.1)—(7.8) characterize the
Leonard systems.

(0<i,j<d). (7.8)

Theorem 7.1. Let d denote a nonnegative integer. Given polynomials

P0,P1, -+ Pd+1, (7.9)
P0sP1s- -2 Pay1 (7.10)
in K[\ satisfying (7.1)-(7.4) and given scalars
00,61,...,04, (7.11)
05,61,....0; (7.12)

in K satisfying (7.5)—-(7.8), there exists a Leonard system @ over K that has
MPS (7.9), dual MPS (7.10), eigenvalue sequence (7.11) and dual eigenvalue
sequence (7.12). The system P is unique up to isomorphism of Leonard sys-
tems.
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Proof. We abbreviate V = K91, Let A and A* denote the following matrices
in Matgy1(K):

apg T 0
1 ay o
A 1 . A= diag(65, 0, ..., 00).
.. xd
0 1 Qq

We show the pair A, A* is a Leonard pair on V. To do this we apply Definition
1.1. Observe that A is irreducible tridiagonal and A* is diagonal. Therefore
condition (i) of Definition 1.1 is satisfied by the basis for V' consisting of the
columns of I, where I denotes the identity matrix in Matgy1(K). To verify
condition (ii) of Definition 1.1, we display an invertible matrix X such that
X1AX is diagonal and X ~*A* X is irreducible tridiagonal. Let X denote the
matrix in Matgy1(K) that has entries

_ pi(6;)p;(65)

X, = 20l 1
I T i (7.13)
_ Pj(ef)Pi(eo) (7.14)
T1T e T '

0 <14, <d. The matrix X is invertible since it is essentially Vandermonde.
Using (7.2) and (7.13) we find AX = XH where H = diag(fo,61,...,04).
Apparently X "1 AX is equal to H and is therefore diagonal. Using (7.3) and
(7.14) we find A*X = X H* where

ay T3] 0

* *

1 a] x5

H* = 1

k
. . md
*
0 1aj

Apparently X' A*X is equal to H* and is therefore irreducible tridiagonal.
Now condition (ii) of Definition 1.1 is satisfied by the basis for V' consisting
of the columns of X. We have now shown the pair A, A* is a Leonard pair
on V. Pick an integer j (0 < j < d). Using X 'AX = H we find 6; is
the eigenvalue of A associated with column j of X. From the definition of
A* we find 67 is the eigenvalue of A* associated with column j of I. Let
Ej (resp. EY) denote the primitive idempotent of A (resp. A*) for 0; (resp.
¢7). From our above comments the sequence @ := (A4; A*; (B3 i {E L)
is a Leonard system. From the construction @ is over K. We show (7.9) is
the MPS of @. To do this is suffices to show a; = tr(E;A) for 0 < ¢ < d
and x; = tr(EfAE | A) for 1 < i < d. Applying Lemma 2.7(i),(ii) to &
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(with v; = column ¢ of I, B = A) we find a; = tr(EfA) for 0 < i < d and
x; = tr(EfAEF ;A) for 1 < ¢ < d. Therefore (7.9) is the MPS of &. We
show (7.10) is the dual M PS of @. Applying Lemma 2.7(i),(ii) to $* (with
v; = column ¢ of X, B = H*) we find a} = tr(E;A*) for 0 < i < d and z] =
tr(E;A*E;_1 A*) for 1 < i < d. Therefore (7.10) is the dual M PS of ¢. From
the construction we find (7.11) (resp. (7.12)) is the eigenvalue sequence (resp.
dual eigenvalue sequence) of @. We show @ is uniquely determined by (7.9)—
(7.12) up to isomorphism of Leonard systems. Recall that @ is determined
up to isomorphism of Leonard systems by its own parameter array. We show
the parameter array of ¢ is determined by (7.9)—(7.12). Recall the parameter
array consists of the eigenvalue sequence, the dual eigenvalue sequence, the
first split sequence and the second split sequence. We mentioned earlier that
the eigenvalue sequence of @ is (7.11) and the dual eigenvalue sequence of ¢
is (7.12). By Lemma 5.5 the first split sequence of @ is determined by (7.9)—
(7.12). By this and Theorem 5.8 we find the second split sequence of @ is
determined by (7.9)—(7.12). We have now shown the parameter array of ¢
is determined by (7.9)—(7.12). We now see that @ is uniquely determined by
(7.9)—(7.12) up to isomorphism of Leonard systems. O

7.2 Leonard Pairs A, A* with A Lower Bidiagonal and A* Upper
Bidiagonal

Let A, A* denote matrices in Maty11(K). Let us assume A is lower bidiagonal
and A* is upper bidiagonal. We cite a necessary and sufficient condition for
A, A* to be a Leonard pair.

Theorem 7.2. [82, Theorem 17.1] Let d denote a nonnegative integer and let
A, A* denote matrices in Matgyq(K). Assume A lower bidiagonal and A* is
upper bidiagonal. Then the following (i), (i) are equivalent.

(i) The pair A, A* is a Leonard pair.
(11) There exists a parameter array (6;,60F,i = 0,...,d;0j,¢;,5 = 1,...,d)
over K such that

Ay =0;, AL =07 (0<i<d),
Aii1 Ay =i (1<i<d).

7.3 Leonard Pairs A, A* with A Tridiagonal and A* Diagonal

Let A, A* denote matrices in Matg11(K). Let us assume A is tridiagonal and
A* is diagonal. We cite a necessary and sufficient condition for A, A* to be a
Leonard pair.

Theorem 7.3. [82, Theorem 25.1] Let d denote a nonnegative integer and
let A, A* denote matrices in Matgy1(K). Assume A is tridiagonal and A* is
diagonal. Then the following (i), (ii) are equivalent.
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(i) The pair A, A* is a Leonard pair.
(11) There exists a parameter array (6;,6F,i = 0,...,d;¢j,¢;,5 = 1,...,d)
over K such that

Pi Pit1 .
Ay =6; <i<d),
; 9+9j—9;“_1+9f—9;‘+1 (0<i<d)

i—2 [ o TTd v
Avir A1 = pith hiol(@q - 0;) HZ:Z’+1(91‘ —0)
=007 =05) Ilhi(05_1 — 05)

Al =06 (0<i<d).

(1<i<d),

7.4 Characterizations of the Parameter Arrays

In this section we cite a characterization of the parameter arrays in terms of
bidiagonal matrices. We will refer to the following set-up.

Definition 7.1. Let d denote a nonnegative integer and let (6;,0F,i=0,...,d;
;05,7 = 1,...,d) denote a sequence of scalars taken from K. We assume
this sequence satisfies PA1 and PA2.

Theorem 7.4. [86, Theorem 3.2] With reference to Definition 7.1, the fol-
lowing (i), (i) are equivalent.

(i) The sequence (0;,0;,1=0,...,d;¢;,¢;,j =1,...,d) satisfies PA3-PAS5.

K2

(11) There exists an invertible matriz G € Matq11(K) such that both

0o 0 04 0
16, 1 6041
G_l 1 92 G — 1 ad_Q
0 104 0 16y
05 1 0 05 1 0
07 2 07 o2
G 9; : G = 95
pd 0¥
0 0 0 0

Next we cite a characterization of the parameter arrays in terms of polyno-
mials.

Theorem 7.5. [86, Theorem 4.1] With reference to Definition 7.1, the fol-
lowing (i), (i) are equivalent.

(i) The sequence (0;,0;,1=0,...,d;¢;,¢;,j =1,...,d) satisfies PA3-PAS5.

17
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(i1) For 0 < i < d the polynomial

(A= 00)(A = 01) -+ (A= 0,-1) (0 — 05)(6; —67) -~ (67 — 05 _)
Z Y192 Pn

n=0
(7.15)
s a scalar multiple of the polynomial

2”: A= 00)A=04-1) - (A = Oany1) (0 — 03)(0; — 67)--- (07 —07_1)
D102 - P, '

n=0

8 The Askey-Wilson Relations

We turn our attention to the representation theoretic aspects of Leonard pairs.

Theorem 8.1. [88, Theorem 1.5] Let V' denote a vector space over K with
finite positive dimension. Let A, A* denote a Leonard pair on V. Then there
exists a sequence of scalars B,v,v*, 0, 0%, w,n,n* taken from K such that both

A2A" — BAA™A + A'A% — 4 (AA*+A*A) — 0 A" = v A2 + wA + I, (8.1)
A*2A — BATAA + AA*2 — 4 (A"A+AA") — 0"A = yA*2 + wA* + 7. (8.2)

The sequence is uniquely determined by the pair A, A* provided the diameter
d>3.

We refer to (8.1), (8.2) as the Askey- Wilson relations. As far as we know these
relations first appeared in [90].

Our next result is a kind of converse to Theorem 8.1.

Theorem 8.2. [88, Theorem 6.2] Given a sequence of scalars (3,7,v*, 0, 0,
w,n,n* taken from K, we let A,, denote the unital associative K-algebra gen-
erated by two symbols A, A* subject to the relations (8.1), (8.2). Let V de-
note a finite dimensional irreducible A,,-module and assume each of A, A* is
multiplicity-free on V. Then A, A* act on 'V as a Leonard pair provided q is
not a root of unity, where ¢ +q~ ' = 3.

The algebra A,, in Theorem 8.2 is called the Askey-Wilson algebra [90].

We finish this section with an open problem.

Problem 8.1. Let A,, denote the Askey-Wilson algebra from Theorem 8.2.
Let V' denote an irreducible A,-module with either finite or countably infi-
nite dimension. We say V has polynomial type whenever there exists a basis
Vg, V1, - . . for V with respect to which the matrix representing A is irreducible
tridiagonal and the matrix representing A* is diagonal. Determine up to iso-
morphism the irreducible A,,-modules of polynomial type. We expect that the
solutions correspond to the entire Askey scheme of orthogonal polynomials.
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Remark 8.1. The papers [31], [32], [33], [34], [35], [80], [90], [91], [92] contain
some results related to Problem 8.1, but a complete and rigorous treatment
has yet to be carried out. See also the work of Griinbaum and Haine on the
“bispectral problem” [37], [38], [39], [40], [41], [42], [43] as well as [6], [7], [8],
[11, p. 263], [63], [65], [66], [67], [65].

Remark 8.2. Referring to Theorem 8.2, for the special case 3 =g+ ¢!, v =
¥ =0, w = 0,n = n" = 0 the Askey-Wilson algebra is related to the
quantum groups Ug(suz), Uy(sos) [16, Theorem 8.10], [27], [44], [69] as well
as the bipartite 2-homogeneous distance-regular graphs [17, Lemma 3.3], [18],
(30, p. 427].

8.1 Leonard Pairs and the Lie Algebra sli,

In this section we assume the field K is algebraically closed with characteristic
Z€ero.

We recall the Lie algebra sly = sly(K). This algebra has a basis e, f, h satis-
fying
[h,e]=2e, [h?f]:_Qfa [eaf]:ha
where [, ] denotes the Lie bracket.
We recall the irreducible finite dimensional modules for sis.

Lemma 8.1. [49, p. 102] There exists a family
Vi d=0,1,2,... (8.3)

of irreducible finite dimensional sla-modules with the following properties. The
module Vg has a basis vo,v1,...,vq satisfying hv; = (d — 2i)v; for 0 <1i <d,
foi=(4+ Dy for0<i<d—1, fug=0, ev; = (d—1i+ 1)vi—1 for 1 <
1 < d, evg = 0. Fvery irreducible finite dimensional sly-module is isomorphic
to exactly one of the modules in line (8.3).

Ezxample 8.1. Let A and A* denote the following elements of sls.
A=ce+ f, A* = h.

Let d denote a nonnegative integer and consider the action of A, A* on the
module V. With respect to the basis vg, vy, ...,vqs from Lemma 8.1, the ma-
trices representing A and A* are

0d 0
10d—-1
4.1 2 . AT diag(d,d—2,d—4,...,—d).
1
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The pair A, A* acts on V; as a Leonard pair. The resulting Leonard pair is
isomorphic to the one in (1.2).

The Leonard pairs in Example 8.1 are not the only ones associated with sls.
To get more Leonard pairs we replace A and A* by more general elements in
sly. Our result is the following.

Theorem 8.3. [45, Ex. 1.5] Let A and A* denote semi-simple elements in sls
and assume sly 1s generated by these elements. Let V' denote an irreducible
finite dimensional module for sla. Then the pair A, A* acts on'V as a Leonard
pair.

We remark the Leonard pairs in Theorem 8.3 correspond to the Krawtchouk
polynomials [53].

8.2 Leonard Pairs and the Quantum Algebra U,(sl2)

In this section we assume K is algebraically closed. We fix a nonzero scalar
g € K that is not a root of unity. We recall the quantum algebra U, (slz).

Definition 8.1. [49, p. 122] Let U,(sl2) denote the unital associative K-
algebra with generators e, f, k, k™' and relations

Kkl =k~ k =1,
ke =q’ck,  kf=q *fk,

E—Ek~t
of — fe=~——".
q—dq

We recall the irreducible finite dimensional modules for U,(slz). We use the
following notation.

qn o qfn
q—q*

Lemma 8.2. [49, p. 128] With reference to Definition 8.1, there exists a fam-
ily

[n]y = n € Z.

Vea ee{1,-1}, d=0,1,2,... (8.4)

of irreducible finite dimensional Uy(sly)-modules with the following properties.
The module V. q has a basis ug,u1,...,uq satisfying ku; = 5qd_2iui for 0 <
i <d, fu; =i+ 1quis1 for 0<i<d—1, fug =0, eu; = ¢[d — i + 1]qu;—1
for1 <i<d, eup =0. Every irreducible finite dimensional Uy(slz)-module is
isomorphic to exactly one of the modules V. q. (Referring to line (8.4), if K
has characteristic 2 we interpret the set {1,—1} as having a single element.)
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Theorem 8.4. [56], [57], [84] Referring to Definition 8.1 and Lemma 8.2, let
a, B denote nonzero scalars in K and define A, A* as follows.

-1
A=af +

A" = pe+

—1 —1

qa—q qg—4q
Let d denote a nonnegative integer and choose ¢ € {1,—1}. Then the pair

A, A* acts on V. 4 as a Leonard pair provided eaf3 is not among ¢@~ 1, 473,
1—d
q .

cey

We remark the Leonard pairs in Theorem 8.4 correspond to the quantum
g-Krawtchouk polynomials [53], [55].

8.3 Leonard Pairs in Combinatorics

Leonard pairs arise in many branches of combinatorics. For instance they arise
in the theory of partially ordered sets (posets). We illustrate this with a poset
called the subspace lattice L, (q).

In this section we assume our field K is the field C of complex numbers.

To define the subspace lattice we introduce a second field. Let GF(q) denote
a finite field of order ¢. Let n denote a positive integer and let W denote an
n-dimensional vector space over GF(q). Let P denote the set consisting of all
subspaces of W. The set P, together with the containment relation, is a poset
called L, (q).

Using L, (q) we obtain a family of Leonard pairs as follows. Let CP denote the
vector space over C consisting of all formal C-linear combinations of elements
of P. We observe P is a basis for CP so the dimension of CP is equal to the
cardinality of P.

We define three linear transformations on CP. We call these K, R (for “rais-
ing”), L (for “lowering”).

We begin with K. For all x € P,
Kz = qn/2—dimmx.

Apparently each element of P is an eigenvector for K.

To define R and L we use the following notation. For x,y € P we say y covers
x whenever (i) z C y and (ii) dimy = 1 + dim «.

The maps R and L are defined as follows. For all x € P,

Rz = Z Y.

Yy covers T

Similarly
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La = q(0—m/2 Z v.

T covers Yy

(The scalar ¢! =™)/2 is included for aesthetic reasons.)

We consider the properties of K, R, L. From the construction we find K !
exists. By combinatorial counting we verify

KL =qLK, KR = ¢ 'RK,
K—-K!

We recognize these equations. They are the defining relations for Ui,z (slz).
Apparently K, R, L turn CP into a module for Ui/2(sl2).

We now see how to get Leonard pairs from L, (g). Let «, 3 denote nonzero
complex scalars and define A, A* as follows.

K K1

2 — g2 A =pL+ g

A=alty PEE e

To avoid degenerate situations we assume a3 is not among ¢("~1/2_¢(n=3)/2,
(1—-n)/2
cesq .

The U,1/2(slz)-module CP is completely reducible [49, p. 144]. In other words
CP is a direct sum of irreducible Uj/2(slz)-modules. On each irreducible
module in this sum the pair A, A* acts as a Leonard pair. This follows from
Theorem 8.4.

We just saw how the subspace lattice gives Leonard pairs. We expect that
some other classical posets, such as the polar spaces and attenuated spaces
[76], give Leonard pairs in a similar fashion. However the details remain to be
worked out. See [76] for more information on this topic.

Another combinatorial object that gives Leonard pairs is a P- and Q-
polynomial association scheme [11], [13], [77]. Leonard pairs have been used
to describe certain irreducible modules for the subconstituent algebra of these
schemes [14], [18], [19], [45], [77].

9 Tridiagonal Pairs

There is a mild generalization of a Leonard pair called a tridiagonal pair [45],
[46], [47], [80]. In order to define this, we use the following terms. Let V denote
a vector space over K with finite positive dimension. Let A : V — V denote
a linear transformation and let W denote a subspace of V. We call W an
eigenspace of A whenever W #£ 0 and there exists 6 € K such that

W={veV|Av=6v}.

We say A is diagonalizable whenever V' is spanned by the eigenspaces of A.
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Definition 9.1. [45, Definition 1.1] Let V' denote a vector space over K with
finite positive dimension. By a tridiagonal pair on V', we mean an ordered
pair of linear transformations A :' V. — V and A* : V — V that satisfy the
following four conditions.

(i) Each of A, A* is diagonalizable.
(ii) There exists an ordering Vo, Vi,...,Vy of the eigenspaces of A such that

AV, CVia+Vi+ Vi (0 <i<d), (9.1)

where V_1 =0, Vg41 =0.
1i) There exists an ordering Vi, Vi*, ..., V¥ of the eigenspaces of A* such that
0-"1 §

AVF CVE L+ Vi + VA (0<i<9), (9.2)

where V) =0, Vi, | =0.
(iv) There does not exist a subspace W of V' such that AW C W, A*W C W,
W0, W#£V.

The following problem is open.
Problem 9.1. Classify the tridiagonal pairs.

For the rest of this section we discuss what is known about tridiagonal pairs,
and give some conjectures.

Let A, A* denote a tridiagonal pair on V' and let the integers d,  be as in
Definition 9.1(ii), (iii) respectively. By [45, Lemma 4.5] we have d = d; we call
this common value the diameter of the pair. An ordering of the eigenspaces of
A (resp. A*) will be called standard whenever it satisfies (9.1) (resp. (9.2)). We
comment on the uniqueness of the standard ordering. Let Vg, V1, ..., V; denote
a standard ordering of the eigenspaces of A. Then the ordering Vg, Vy_1,..., Vo
is standard and no other ordering is standard. A similar result holds for the
eigenspaces of A*. Let Vo, V1,..., Vg (vesp. V55, Vi, ..., V) denote a standard
ordering of the eigenspaces of A (resp. A*). By [45, Corollary 5.7], for 0 < i < d
the spaces V;, V;* have the same dimension; we denote this common dimension
by p;. By the construction p; # 0. By [45, Corollary 5.7] and [45, Corollary
6.6], the sequence pg, p1, ..., pq is symmetric and unimodal; that is p; = pg—;
for 0 < i < dand p;—1 < p; for 1 < i < d/2. We refer to the sequence
(po, P1,- -, pd) as the shape vector of A, A*. A Leonard pair is the same thing
as a tridiagonal pair that has shape vector (1,1,...,1).

Conjecture 9.1. [45, Conjecture 13.5] Referring to Definition 9.1, assume K is
algebraically closed and let (pg, p1,- .-, pa) denote the shape vector for A, A*.
Then the entries in this shape vector are bounded above by binomial coeffi-

cients as follows:
d
< ) (0<i<d).
)

IN

Pi



306 Paul Terwilliger

See [46] for some partial results on Conjecture 9.1. We now give some examples
of tridiagonal pairs.

Ezample 9.1. [45, Example 1.6] Assume K is algebraically closed with charac-
teristic 0. Let b, b* denote nonzero scalars in K. Let O denote the Lie algebra
over K generated by symbols A, A* subject to the relations

4, [A, [A, A]] = b*[A, A7), (9-3)
(A", [A", [A", A]|] = b°2[A%, A]. (9.4)

Let V denote a finite dimensional irreducible O-module. Then A, A* act on
V' as a tridiagonal pair.

Remark 9.1. The algebra O from Example 9.1 is called the Onsager algebra.
It first appeared in the seminal paper by Onsager [70] in which the free energy
of the two dimensional Ising model was computed exactly. Onsager presented
his algebra by displaying a basis; the above presentation using generators and
relations (9.3), (9.4) was established by Perk [71]. The relations themselves
first appeared in work of Dolan and Grady [26]. A few years later they were
used by von Gehlen and Rittenberg [29] to describe the superintegrable chiral
Potts model. In [72] Roan observed that O is isomorphic to the invariant
subalgebra of the loop algebra K[t,t~!] ® sl by an involution. Of course
this last result was not available to Onsager since his discovery predates the
invention of Kac-Moody algebras by some 25 years. See [1], [2], [3], [9], [10],
[12], [23], [25], [64], [89] for recent work involving the Onsager algebra and
integrable lattice models. The equations (9.3), (9.4) are called the Dolan-
Grady relations [22], [24], [50], [51], [52], [61].

Ezample 9.2. [45, Example 1.7] Assume K is algebraically closed, and let ¢
denote a nonzero scalar in K that is not a root of unity. Let Uq(;\lg)> Y denote
the unital associative K-algebra generated by symbols A, A* subject to the
relations

0= AA* — [3],A?A* A + [3],AA" A% — A* A3, (9.5)
0=A"A—[3],A2AA* 4 [3],A*AA*? — AA*3, (9.6)

Let V denote a finite dimensional irreducible Uq(;lg)>0—m0dule and assume
neither of A, A* is nilpotent on V. Then A, A* act on V as a tridiagonal pair.

Remark 9.2. The equations (9.5), (9.6) are known as the g-Serre relations,
and are among the defining relations for the quantum affine algebra Uy (sls)

[15], [48]. The algebra Uq(;\l2)>0 is called the positive part of Ug(slz). The
tridiagonal pairs from Example 9.2 are said to have g-geometric type.

In order to get the most general tridiagonal pairs, we consider a pair of rela-
tions that generalize both the Dolan-Grady relations and the g-Serre relations.
We call these the tridiagonal relations. These relations are given as follows.
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Theorem 9.1. [45, Theorem 10.1] Let V' denote a vector space over K with
finite positive dimension and let A, A* denote a tridiagonal pair on V. Then
there exists a sequence of scalars 3,7,v*, 0, 0" taken from K such that both

0=[A A%A* — BAA*A + A*A? — y(AA* + A*A) — pA*] (9.7)
0=[A* A2A - BA*AA* + AA™ — *(AA* + A*A) — 0" A],  (9.8)
where [r, s] means rs — sr. The sequence is unique if the diameter d > 3.

We call (9.7), (9.8) the tridiagonal relations [80]. As far as we know these
relations first appeared in [78, Lemma 5.4].

Remark 9.3. The Dolan-Grady relations (9.3), (9.4) are the tridiagonal rela-
tions with parameters 8 = 2, v = v* = 0, o = b?, o* = b*2, if we interpret
the bracket in (9.3), (9.4) as [r, s] = rs — sr. The ¢-Serre relations (9.5), (9.6)
are the tridiagonal relations with parameters 3 = ¢> + ¢ 2, v = v* = 0,
o=0"=0.

Our next result is a kind of converse to Theorem 9.1.

Theorem 9.2. [80, Theorem 3.10] Let ,7v,~v*, 0,0" denote a sequence of
scalars taken from K. Let T denote the unital associative K-algebra gener-
ated by symbols A, A* subject to the tridiagonal relations (9.7), (9.8). Let V
denote an irreducible finite dimensional T-module and assume each of A, A*
18 diagonalizable on V. Then A, A* act on V as a tridiagonal pair provided q
is not a root of unity, where ¢+ ¢~ ' = .

Remark 9.4. The algebra T in Theorem 9.2 is called the tridiagonal algebra
(45], [79], [80].

So far in our research on tridiagonal pairs, our strongest result concerns the
case of g-geometric type. In order to describe this result we define one more
algebra.

Definition 9.2. Assume K is algebraically closed. Let q denote a monzero
scalar in K that is not a root of unity. We let O, denote the unital associative
K-algebra with generators x;, k; (i =0,1,2,3) and relations

quiki — q ki, 1 qTiTit1 — ¢ w1
q—qt ’ q—qt

:17

-1
qkiv1zi — ¢ wikipa
— =1, kikito =1,
q—q
23w 40 — [3]qa:?xi+2xi + [3]qxixi+2x§ — Zioxs =0

for 0 <1 < 3, where all subscripts are computed modulo 4.
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Remark 9.5. The algebra O, is closely related to the quantum affine algebra

Uq(;lg). Indeed there exists a homomorphism of K-algebras from Uq(sAl2) into
Oy [47, Theorem 2.1]. This homomorphism induces on each Og-module the

structure of a Uq(sAlg)—module. The Og-module structure is irreducible if and
only if the Ug(slz)-module structure is irreducible.

Theorem 9.3. [47, Theorem 3.3] Assume K is algebraically closed. Let q de-
note a nonzero scalar in K that is not a root of unity. Let V' denote a vector
space over K with finite positive dimension. Let A, A* denote a tridiagonal pair
on V that has g-geometric type. Then there exists an irreducible O4-module
structure on V' such that A acts as a scalar multiple of xo and A* acts as
a scalar multiple of xo. Conversely, let V denote a finite dimensional irre-
ducible Og-module. Then the elements xg,z2 act on V as a tridiagonal pair
of q-geometric type.

Problem 9.2. Determine up to isomorphism the tridiagonal pairs of ¢-
geometric type. This can probably be done by using Remark 9.5 and the
classification of finite dimensional irreducible U, (sl2)-modules [15].

We end this section with a conjecture.

Conjecture 9.2. Assume K is algebraically closed. Let V' denote a vector space
over K with finite positive dimension and let A, A* denote a tridiagonal pair
on V. To avoid degenerate situations we assume g is not a root of unity, where
B =¢q*>+ q~2, and where (3 is from Theorem 9.1. Then referring to Definition
9.2, there exists an irreducible Os,-module structure on V' such that A acts
as a linear combination of xg,x1,] and A* acts as a linear combination of
ZTo, T3, 1.

10 Appendix: List of Parameter Arrays

In this section we display all the parameter arrays over K. We will use the
following notation.

Definition 10.1. Let p = (6;,60},i = 0,...,d;¢;,¢;,7 = 1,...,d) denote a
parameter array over K. For 0 < i < d we let u; denote the following polyno-
mial in K[A].

w3 A O )6 ) O = Oi)

10.1)
P1P2 " Pn (

n=0
We call ug,uq, . ..,uq the polynomials that correspond to p.

We now display all the parameter arrays over K. For each displayed array
(0;,07,i =0,...,d;0;,6;,7 = 1,...,d) we present u;(0;) for 0 < i,j < d,

7
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where ug, u1,...,uq are the corresponding polynomials. Our presentation is
organized as follows. In each of Example 10.1-10.13 below we give a family
of parameter arrays over K. In Theorem 10.1 we show every parameter array
over K is contained in at least one of these families.

In each of Example 10.1-10.13 below the following implicit assumptions apply:
d denotes a nonnegative integer, the scalars (6;,607,i = 0,...,d;¢;,¢;,j =
1,...,d) are contained in K, and the scalars ¢, h, h*,... are contained in the
algebraic closure of K.

Ezample 10.1. (¢-Racah) Assume

0; = 00+ h(1 — ¢")(1 — sq" )g™", (10.2)
0 =05 +h*(1—¢')(1 —s*¢" 1 )g ™" (10.3)
for 0 <i<dand
po= AN )1~ g ), (104)
$; = hh* ¢ 721 — (A — ¢ N (ry — 5%¢") (e — s*¢") /s* (10.5)

for 1 < i < d. Assume h,h*,q,s,s*, 71,79 are nonzero and riry = ss*¢?t1.

Assume none of q', 714", 72¢, s*¢*/r1, s*¢*/ra is equal to 1 for 1 < i < d
and that neither of sq¢’,s*q" is equal to 1 for 2 < ¢ < 2d. Then (0;,0F,i =
0,....d;¢,¢j,7 =1,...,d) is a parameter array over K. The corresponding
polynomials u; satisfy

q, Q>

* 1+1

qa " s g g st
u;(0;) = T
l( ]) 4¢3< r14q, T24, q d

for 0 <i,j < d. These u; are the g-Racah polynomials.
Ezample 10.2. (¢-Hahn) Assume
0; =00+ h(1—q")g ",
0; =05 +h*(1—¢")(1 -5 ¢ )g™
for 0 <i<dand
i =hh*q" (1 —¢") 1 — ¢~ (1 —rg),
¢ = —hh*q'"i(1 — ¢))(1 — ¢ =91 (r — s*¢P)
for 1 <i < d. Assume h, h*, q, s*,r are nonzero. Assume none of ¢*, r¢*, s*q*/r

is equal to 1 for 1 < i < d and that s*¢’ # 1 for 2 < i < 2d. Then the
sequence (0;,07,i=0,...,d;¢;j,¢;,j =1,...,d) is a parameter array over K.

7
The corresponding polynomials u; satisfy
x i+1
q, q9
for 0 <i,j < d. These u; are the ¢-Hahn polynomials.

P q ", st gt g
u;(6;) = 3¢2< rq, g4
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Ezample 10.3. (Dual ¢-Hahn) Assume

0; = 0o+ h(1 —q")(1 —sq" g,
0 =00+h"(1—q")q"

for 0 <i<dand

@i =hh*g" (1= ¢)(1— ¢~ N1 —rq"),
¢i — hh*qd+2—2i(1 _ qi)(l _ qi—d—l)(s _ Tqi—d—l)

for 1 <4 < d. Assume h, h*,q,r, s are nonzero. Assume none of ¢*,rq’, sq'/r
is equal to 1 for 1 < i < d and that sq* # 1 for 2 < ¢ < 2d. Then the
sequence (0;,07,i=0,...,d;¢;,¢;,j =1,...,d) is a parameter array over K.

7
The corresponding polynomials u; satisfy
q " g7, sg/t
q, q
for 0 <i,j < d. These u; are the dual ¢-Hahn polynomials.

u;(6;) = 3¢2< —d

rq, q

Ezample 10.4. (Quantum g¢-Krawtchouk) Assume

0; = 0o — sq(1 —q"),
0; =05 +h"(1—q")g "

for 0 <i<dand

0; = _rh*ql—i(l _ qi)(l _ qi—d—l)’
¢i — h*qd+2—2i(1 _ qz)(l _ qi—d—l)(s _ Tqi_d_l)

for 1 < i < d. Assume h*,q,r, s are nonzero. Assume neither of ¢, sq’/r is
equal to 1 for 1 < 4 < d. Then the sequence (6;,67,i = 0,...,d;p;,0;,j =
1,...,d) is a parameter array over K. The corresponding polynomials u; satisfy

i =] .
ui(0;) = 201 (q qlg q ST_lqurl)

for 0 <i,j < d. These u; are the quantum g-Krawtchouk polynomials.

Ezample 10.5. (¢-Krawtchouk) Assume

0; = 6o+ h(1—q')q ",

0; =05 +h*(1—q")(1—s"qg" )™
for 0 <i<dand

@; = hh*q" 7?1 —g")(1— ¢~ %),
¢i = hh*s*q(1 — ¢")(1 — g% 1)
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for 1 < i < d. Assume h, h*, ¢, s* are nonzero. Assume ¢° # 1 for 1 < i < d and

that s*¢’ # 1 for 2 < i < 2d. Then the sequence (0;,6;,i =0,...,d;p;, ¢;,j =

1,...,d) is a parameter array over K. The corresponding polynomials u; satisfy

q, Q>

for 0 <1i4,j < d. These u; are the ¢-Krawtchouk polynomials.

—i gttt i
u;(0;) 3¢2<q 0 qqfd 1

Ezample 10.6. (Affine ¢-Krawtchouk) Assume
0: =00+ h(1—q")g",
07 =05+ b (1— )
for 0 <i<dand
;i = hh*ql—Zi(l _ qi)(l _ qi—d—l)(l _ Tqi),
¢i = —hh'rg'"'(1=q')(1 - ¢

for 1 < i < d. Assume h, h*, ¢, r are nonzero. Assume neither of ¢*, r¢* is equal
to 1 for 1 < i < d. Then the sequence (0;,6;,i=0,...,d;¢;,¢;,7=1,...,d)
is a parameter array over K. The corresponding polynomials u; satisfy

q, Q>

for 0 <4,5 < d. These u; are the affine ¢g-Krawtchouk polynomials.

_i, 07 _]
u;(0;) = 302 (qrq qu

Ezample 10.7. (Dual ¢-Krawtchouk) Assume

0; =0+ h(1—q")(1—sq" ")g™",
0 = 34 (1 )

for 0 <i<dand

0 = hh*ql—Qi(l _ ql)(l _ qi—d—l)7
(bi _ hh*sqd+2—2i(1 _ qz)(l _ qi—d—l)

for 1 < i < d. Assume h,h*,q,s are nonzero. Assume ¢* # 1 for 1 <3 < d
and sq' # 1 for 2 < i < 2d. Then the sequence (0;,0F,i =0,...,d;p;,¢j,j =
1,...,d) is a parameter array over K. The corresponding polynomials u; satisfy

q, Q>

for 0 <i4,5 < d. These u; are the dual ¢g-Krawtchouk polynomials.

Loqsg?t

ui(9j)=3¢2<q 0, ¢¢
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Ezample 10.8. (Racah) Assume

0; =00+ hi(i + 1+ s), (10.6)
0F =05 +h*i(i +1+4s") (10.7)
for 0 <i<dand
w; =hh*i(i —d—1)(i 4+ r1)(@ +r2), (10.8)
¢ =hh*i(i—d—1D)(i+s" —r)(i+s" —ra) (10.9)

for 1 < i < d. Assume h, h* are nonzero and that vy +7r, = s+ s* +d + 1.
Assume the characteristic of K is 0 or a prime greater than d. Assume none
of ri,re, 8" —71, s* —rg is equal to —i for 1 <1 < d and that neither of s, s* is
equal to —i for 2 <14 < 2d. Then the sequence (6;,6;,i=0,...,d;p;,0;,j =
1,...,d) is a parameter array over K. The corresponding polynomials u; satisfy

)

_ -, i+ 1+ —j4, j+1+s
“2(9-7)—4F3< m+l, ra 1, —d

for 0 <i,j < d. These u; are the Racah polynomials.

Ezample 10.9. (Hahn) Assume

0; = 0y + st,
67 — 0 + Wi+ 1+ 57)

for 0 <i<dand

h*si(i —d—1)(i+r),
—h*si(i —d—1)(i+s* =)

Pi
bi

for 1 < i < d. Assume h*,s are nonzero. Assume the characteristic of K is
0 or a prime greater than d. Assume neither of r, s* — r is equal to —i for
1 < i < d and that s* # —i for 2 < ¢ < 2d. Then the sequence (6;,07,i =
0,....d;¢j,¢5,7 =1,...,d) is a parameter array over K. The corresponding
polynomials u; satisfy

)

i, i+ 148" —j

for 0 <i4,j < d. These u; are the Hahn polynomials.

Ezample 10.10. (Dual Hahn) Assume

0; = 0 + hi(i + 1+ s),
0F = 05+ s
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for 0 <i<dand
wi =hs"i(i—d—1)(i+r),
¢;i =hs"i(i—d—1)(i+r—s—d—1)

for 1 < i < d. Assume h, s* are nonzero. Assume the characteristic of K is
0 or a prime greater than d. Assume neither of r,s — r is equal to —i for
1 <4 < d and that s # —i for 2 < ¢ < 2d. Then the sequence (6;,0;,i =
0,....d;¢j,¢5,7 =1,...,d) is a parameter array over K. The corresponding
polynomials u; satisfy

)

for 0 <i,j < d. These u; are the dual Hahn polynomials.

_7;’ _j7 .]+ 1 +s
u;(0;) = 3%

r+1, —d

Ezample 10.11. (Krawtchouk) Assume
0; = 0y + st,
07 =65 + s*i
for 0 <i<dand
pi=ri(i—d—1)
¢i = (r—ss")i(i—d—1)

for 1 < i < d. Assume r, s, s* are nonzero. Assume the characteristic of K is
0 or a prime greater than d. Assume r # ss*. Then the sequence (6,0}, =
0,....d;¢j,¢5,7 =1,...,d) is a parameter array over K. The corresponding
polynomials u; satisfy

7‘155*>

for 0 <i4,j < d. These u; are the Krawtchouk polynomials.

_i7 _.]

u;(05) —2F1<
—d

Ezample 10.12. (Bannai/Ito) Assume
0; =00+ h(s — 1+ (1 —s+2i)(—1)"), (10.10)
0F =05+ h*(s* — 1+ (1 — s* +2i)(—1)") (10.11)

for 0 <i<d and
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—4hh*i(i 4 r1), if ¢ even, d even,
—Ahh* (i — d — 1)(i if ;

i = hh (z' d—1)(i +7r2), 1 z odd, d even, (10.12)
—4hh*i(i —d — 1), if ¢ even, d odd,
—4hh*(i +11)(i + 72), if i odd, d odd,
dhh*i(i — s* —1r1), if 7 even, d even,

b = 4hh* (i '—.d -1 —s*—rq), 1fz odd, d even, (10.13)
—4hh*i(i —d — 1), if 7 even, d odd,

—4hh* (i — s* —r1)(i — s* —rg), if 4 odd, d odd,

for 1 < i < d. Assume h,h* are nonzero and that ry + 7o = —s —s* +d + 1.
Assume the characteristic of K is either 0 or an odd prime greater than d/2.
Assume neither of r1, —s* —ry is equal to —i for 1 < ¢ < d, d—1i even. Assume
neither of o, —s*—7rs isequal to —i for 1 < i < d, 7 odd. Assume neither of s, s*
is equal to 2i for 1 < i < d. Then the sequence (6;,6;,i=0,...,d;¢;,¢;,] =
1,...,d) is a parameter array over K. We call the corresponding polynomials
from Definition 10.1 the Bannai/Ito polynomials [11, p. 260].

Ezample 10.13. (Orphan) For this example assume K has characteristic 2. For
notational convenience we define some scalars g, v1,7v2,73 in K. We define
v =0 for i € {0,3} and ; =1 for i € {1,2}. Assume

0; =0+ h(si+ ’Yi), (10.14)
67 — 65 + b (s%i + 1) (10.15)

for 0 < i < 3. Assume @1 = hh*r, oo = hh*, p3 = hh*(r + s + s*) and
¢1 = hh*(r + s(1 + s%)), ¢2 = hh*, ¢3 = hh*(r + s*(1 + s)). Assume each
of h,h*,s,s*, r is nonzero. Assume neither of s, s* is equal to 1 and that r is
equal to none of s+ s*, s(1 4+ s*), s*(1 4+ s). Then the sequence (0;,6;,i =
0,...,3;¢5,¢;,j = 1,...,3) is a parameter array over K which has diameter
3. We call the corresponding polynomials from Definition 10.1 the orphan
polynomials.

Theorem 10.1. Every parameter array over K is listed in at least one of the
Ezxzamples 10.1-10.18.

Proof. Let p := (0;,0,i =0,...,d;¢;5,¢;,j =1,...,d) denote a parameter
array over K. We show this array is given in at least one of the Examples
10.1-10.13. We assume d > 1; otherwise the result is trivial. For notational
convenience let K denote the algebraic closure of K. We define a scalar ¢ € K
as follows. For d > 3, we let ¢ denote a nonzero scalar in K such that g+q ' +1
is equal to the common value of (5.18). For d < 3 we let ¢ denote a nonzero

scalar in K such that ¢ # 1 and ¢ # —1. By PA5, both

iz —&0i1 +§0; — 0341 = 0, (10.16)
o — 807 +807 — 07, =0 (10.17)
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for 2 < i <d—1, where £ = ¢+ ¢~ + 1. We divide the argument into the
following four cases. (I) ¢ # 1, ¢ # —1; (II) ¢ = 1 and char(K) # 2; (III)
q = —1 and char(K) # 2; (IV) ¢ =1 and char(K) = 2.

Case I: ¢ # 1, g # —1. y
By (10.16) there exist scalars 7, 1, h in K such that

0; =1+ ug' + hg? (0<i<d). (10.18)
By (10.17) there exist scalars n*, u*, h* in K such that
0 =n*+p*q +hq”" (0<i<d). (10.19)

Observe p, h are not both 0; otherwise 6; = 6y by (10.18). Similarly p*, h*
are not both 0. For 1 < i < d we have ¢* # 1; otherwise §; = fp by (10.18).
Setting ¢ = 0 in (10.18), (10.19) we obtain

o =n+pu+h, (10.20)
05 =n"+u"+h". (10.21)

We claim there exists 7 € K such that both

vi= (¢ =D =D —pp*q' ™ —hh*qTTY), (10.22)
¢i = (¢' = V(¢ = 1)(r — hp* ¢~ = ph*q ) (10.23)

for 1 < i < d. Since ¢ # 1 and ¢% # 1 there exists 7 € K such that (10.22)
holds for ¢ = 1. In the equation of PA4, we eliminate ¢ using (10.22) at i = 1,
and evaluate the result using (10.18), (10.19) in order to obtain (10.23) for
1 < i < d. In the equation of PA3, we eliminate ¢; using (10.23) at ¢ = 1,
and evaluate the result using (10.18), (10.19) in order to obtain (10.22) for
1 <17 < d. We have now proved the claim. We now break the argument into
subcases. For each subcase our argument is similar. We will discuss the first
subcase in detail in order to give the idea; for the remaining subcases we give
the essentials only.

Subcase ¢g-Racah: p # 0, u* # 0, h #£ 0, h* # 0. We show p is listed in Example
10.1. Define

s:=ph g7, §* =t gt (10.24)

Eliminating 7 in (10.18) using (10.20) and eliminating g in the result using
the equation on the left in (10.24), we obtain (10.2) for 0 < ¢ < d. Similarly
we obtain (10.3) for 0 < i < d. Since K is algebraically closed it contains
scalars r1, 7y such that both

riry = ss*q" r1 41y =Th th* gl (10.25)

Eliminating u, *, 7 in (10.22), (10.23) using (10.24) and the equation on the
right in (10.25), and evaluating the result using the equation on the left in
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(10.25), we obtain (10.4), (10.5) for 1 < 4 < d. By the construction each of
h,h*,q,s,s* is nonzero. Each of rq, ry is nonzero by the equation on the left in
(10.25). The remaining inequalities mentioned below (10.5) follow from PA1,
PA2 and (10.2)—(10.5). We have now shown p is listed in Example 10.1.

We now give the remaining subcases of Case I. We list the essentials only.
Subcase ¢-Hahn: p = 0, u* # 0,h # 0, h* # 0,7 # 0. Definitions:
R e ro=rh g,
Subcase dual ¢-Hahn: p # 0, u* = 0,h # 0, h* # 0,7 # 0. Definitions:
s:=ph ¢, r=rh th* ¢l

Subcase quantum ¢-Krawtchouk: p # 0, u* = 0,h = 0,h* # 0,7 # 0. Defini-
tions:

5= pq*, r=Th*"1¢?.

Subcase ¢-Krawtchouk: p = 0, u* # 0, h # 0, h* # 0,7 = 0. Definition:
s = th* gL
Subcase affine g-Krawtchouk: p = 0, u* = 0,h # 0, h* # 0,7 # 0. Definition:
ri=T1h 'R 1¢%
Subcase dual g-Krawtchouk: p # 0, u* = 0,h # 0, h* # 0,7 = 0. Definition:
s:=ph~1qt

We have a few more comments concerning Case 1. Earlier we mentioned that
i, h are not both 0 and that u*, h* are not both 0. Suppose one of p, h is 0
and one of p*, h* is 0. Then 7 # 0; otherwise ¢ = 0 by (10.22) or ¢1 = 0
by (10.23). Suppose p* # 0, h* = 0. Replacing ¢ by ¢~! we obtain p* = 0,
h* # 0. Suppose u* # 0, h* # 0, u # 0, h = 0. Replacing ¢ by ¢! we obtain
pw*#£0,h* #£0, p=0, h# 0. By these comments we find that after replacing
g by ¢! if necessary, one of the above subcases holds. This completes our
argument for Case I.

Case II: ¢ = 1 and char(K) # 2. .
By (10.16) and since char(K) # 2, there exist scalars 7, y, b in K such that

0; =n+ (u+h)i+ hi® (0 <i<d). (10.26)
Similarly there exist scalars n*, u*, h* in K such that

0F =n" + (u* +h*)i+ h*i? (0<i<d). (10.27)
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Observe p, h are not both 0; otherwise 61 = 6y. Similarly p*, h* are not both
0. For any prime ¢ such that ¢ < d we have char(K) # i; otherwise 6; = g
by (10.26). Therefore char(K) is 0 or a prime greater than d. Setting ¢ = 0 in
(10.26), (10.27) we obtain

0o =, 05 =n". (10.28)
We claim there exists 7 € K such that both

0; =i(d—1i4+1)(7 — (ph™ + hp*)i — hh*i(i + d + 1)), (10.29)
¢ =i(d—i+ 1)(7 4+ pp* + hp* (1 +d) + (ph* — hp)i
+ hh*i(d —i+ 1)) (10.30)

for 1 < i < d. There exists 7 € K such that (10.29) holds for ¢ = 1. In the
equation of PA4, we eliminate ¢ using (10.29) at ¢ = 1, and evaluate the
result using (10.26), (10.27) in order to obtain (10.30) for 1 < ¢ < d. In
the equation of PA3, we eliminate ¢; using (10.30) at ¢ = 1, and evaluate the
result using (10.26), (10.27) in order to obtain (10.29) for 1 < i < d. We have
now proved the claim. We now break the argument into subcases.

Subcase Racah: h #£ 0, h* # 0. We show p is listed in Example 10.8. Define
s:=ph™t, s* = p*h* L (10.31)

Eliminating 7, 1 in (10.26) using (10.28), (10.31) we obtain (10.6) for 0 <
i < d. Eliminating n*, u* in (10.27) using (10.28), (10.31) we obtain (10.7) for
0 < i < d. Since K is algebraically closed it contains scalars r1, 72 such that
both

rirg = —th~'h*7 1, ATy =s+s +d+1. (1032

Eliminating p, p*, 7 in (10.29), (10.30) using (10.31) and the equation on the
left in (10.32) we obtain (10.8), (10.9) for 1 < i < d. By the construction each
of h, h* is nonzero. The remaining inequalities mentioned below (10.9) follow
from PA1, PA2 and (10.6)—(10.9). We have now shown p is listed in Example
10.8.

We now give the remaining subcases of Case II. We list the essentials only.

Subcase Hahn: h = 0, h* # 0. Definitions:

s =p, s* = p*h* 7= —7p th*h
Subcase dual Hahn: h # 0, h* = 0. Definitions:
s:=pht, st =pu, ri=—rh lp*h

Subcase Krawtchouk: h = 0, h* = 0. Definitions:
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5= U, " =", = —T.

Case IIT: ¢ = —1 and char(K) # 2.
We show p is listed in Example 10.12. By (10.16) and since char(K) # 2, there
exist scalars 7, u, h in K such that

0; = 1+ p(—1)" 4 2hi(—1)" (0 <i<d). (10.33)
Similarly there exist scalars n*, u*, h* in K such that
0F =n* + p*(—=1)" + 2h%i(—1)" (0<i<d). (10.34)

Observe h # 0; otherwise 03 = 0y by (10.33). Similarly h* # 0. For any prime
i such that ¢ < d/2 we have char(K) # 4; otherwise 63; = 6y by (10.33). By
this and since char(K) # 2 we find char(K) is either 0 or an odd prime greater
than d/2. Setting 7 = 0 in (10.33), (10.34) we obtain

0o =1+ u, 05 =n"+p*. (10.35)
We define
s:=1—ph™ !, s*=1—p*h* L (10.36)

Eliminating 7 in (10.33) using (10.35) and eliminating x in the result using
(10.36) we find (10.10) holds for 0 < ¢ < d. Similarly we find (10.11) holds for

0 < i < d. We now define r1, 9. First assume d is odd. Since K is algebraically
closed it contains rq,r2 such that

rM+ro=—-5s—s+d+1 (1037)
and such that
4hh* (1 4+ r1)(1 4+ 1r2) = — 1. (10.38)
Next assume d is even. Define
P1
=1 10.
9 + hhd (10.39)

and define 71 so that (10.37) holds. We have now defined 71,7y for either
parity of d. In the equation of PA4, we eliminate ¢; using (10.38) or (10.39),
and evaluate the result using (10.10), (10.11) in order to obtain (10.13) for
1 < i < d. In the equation of PA3, we eliminate ¢, using (10.13) at ¢ = 1,
and evaluate the result using (10.10), (10.11) in order to obtain (10.12) for
1 <4 < d. We mentioned each of i, h* is nonzero. The remaining inequalities
mentioned below (10.13) follow from PA1, PA2 and (10.10)—(10.13). We have
now shown p is listed in Example 10.12.

Case IV: ¢ = 1 and char(K) = 2.
We show p is listed in Example 10.13. We first show d = 3. Recall d > 3 since
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g = 1. Suppose d > 4. By (10.16) we have ijo 6; = 0 and Z?:l 6; = 0.
Adding these sums we find 6§y = 6, which contradicts PA1. Therefore d = 3.
We claim there exist nonzero scalars h,s in K such that (10.14) holds for
0 < i < 3. Define h = 6y + 05. Observe h # 0; otherwise 6y = 6. Define
s = (0 + 03)h~L. Observe s # 0; otherwise fy = 65. Using these values for
h,s we find (10.14) holds for ¢ = 0,2,3. By this and Z?:o 6; = 0 we find
(10.14) holds for 4 = 1. We have now proved our claim. Similarly there exist
nonzero scalars h*,s* in K such that (10.15) holds for 0 < ¢ < 3. Define
r = p1h 1h*~1. Observe r # 0 and that ¢; = hh*r. In the equation of PA4,
we eliminate ¢ using ¢ = hh*r and evaluate the result using (10.14), (10.15)
in order to obtain ¢ = hh*(r +s(1+5%)), ¢2 = hh*, g3 = hh*(r +s*(1+3)).
In the equation of PA3, we eliminate ¢; using ¢ = hh*(r + s(1 + s*)) and
evaluate the result using (10.14), (10.15) in order to obtain 3 = hh*, @3 =
hh*(r+ s+ s*). We mentioned each of h, h*, s, s*, r is nonzero. Observe s # 1;
otherwise 6; = 6. Similarly s* # 1. Observe r # s + s*; otherwise 3 = 0.
Observe r # s(1 + s*); otherwise ¢1 = 0. Observe r # s*(1 + s); otherwise
¢3 = 0. We have now shown p is listed in Example 10.13. We are done with
Case IV and the proof is complete. 0O

11 Suggestions for Further Research

In this section we give some suggestions for further research.

Problem 11.1. Let & = (A; A*; {E;}¢_,; {E;}L ) denote a Leonard system
in A. Let o, o*, 3, 8* denote scalars in K such that o # 0 and o* # 0. We men-
tioned in Section 4 that the sequence (a A+ BI; a* A*+3*[; { B} ; {Ef YL ,)
is a Leonard system in 4. In some cases this system is isomorphic to a relative
of &; determine all the cases where this occurs.

Problem 11.2. Assume K = R. With reference to Definition 3.7, find a nec-
essary and sufficient condition on the parameter array of @, for the bilinear
form (-, -) to be positive definite. By definition the form (-, -) is positive definite
whenever ||ul|? > 0 for all nonzero u € V.

Problem 11.3. Assume K = R and let & denote the Leonard system from
Definition 1.2. For 0 < ¢ < d we define A; = v;(A), where the polynomial v; is
from Definition 3.5. Observe there exist real scalars p?j (0 < h,i,j <d) such
that

d
A A=) plhA, (0<i,j<d).
h=0

Determine those ¢ for which P?j >0for 0 < h,i,j <d.
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Problem 11.4. Assume K = R. Let @ denote the Leonard system from Defi-
nition 1.2 and let 0y, 64, ..., 04 denote the corresponding eigenvalue sequence.
Consider the permutation o of 0,1, ..., d such that 0,y > 0,1) > -+ > 05(q)-
What are the possibilities for o?

Problem 11.5. Assume K = R. Let @ denote the Leonard system from Defi-
nition 1.2 and let 0y, 64, ..., 0y denote the corresponding eigenvalue sequence.
Let the polynomials u; be as in Definition 3.6. Find a necessary and sufficient
condition on the parameter array of @, so that the absolute value |u;(6;)] <1
for 0 <4,j < d. See [60, Conjecture 2] for an application.

Conjecture 11.1. Let @ denote the Leonard system from Definition 1.2 and let
the scalars a; be as in Definition 2.3. Then for 0 < ¢ < d the following are
equivalent:

(i) ap, = ag—p for 0 < h < 4

(i) af = a}_,, for 0 < h <.

Problem 11.6. Let @ denote the Leonard system from Definition 1.2 and let

©1,92,--.,9q denote the corresponding first split sequence. Let the scalar v
be as in Definition 2.6. For 0 < ¢,j < d we consider the expression
vri(A)ES Egrt (A*
1( ) 0 0]( ), (111)
P12 Pj

where the 7;, 77" are from Definition 5.6. Show that with respect to a @-split

basis the matrix representing (11.1) has ij entry 1 and all other entries 0.

Problem 11.7. Let @ denote the Leonard system from Definition 1.2. De-
fine G = ug(A) where the polynomial ug is from Definition 3.6. Show G~!
exists and is equal to G'. Show that with respect to a @-split basis the ma-
trix representing G*G~'G*~1( is diagonal. Find the diagonal entries of this
matrix.

Problem 11.8. Let (A; A*; {E;}L; {E7}% ) denote a Leonard system and
let (6;,07,i=0,...,d;¢j,¢;,7 =1,...,d) denote the corresponding parame-

ter array. Show that

tr(7i(A) Eg)

@i:(eé—ef)m (1<i<d),

where tr means trace and the 7; are from (5.19).

Problem 11.9. Find a short direct proof of Theorem 7.5. Such a proof is
likely to lead to an improved proof of Theorem 5.2. The current proof of
Theorem 5.2 is in [79].
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Problem 11.10. Let @ denote the Leonard system from Definition 1.2 and
let V' denote an irreducible A-module. Let (-, -) denote the bilinear form on V/
from Definition 3.7. We recall (-, -) is nondegenerate. What is the Witt index
of (-,-)? The definition of the Witt index is given in [36].

Problem 11.11. Let A,, denote the Askey-Wilson algebra from Theorem 8.2.
An element of A,, is called central whenever it commutes with every element
of A,,. By definition the center of A,, is the K-subalgebra of A,, consisting of
the central elements of A,,. Describe the center of A,,. Find a generating set
for this center. By [32, p. 6] the following element of A, is central:

AA*AA" — BAA™2A + A*AA*A — v AA*A — (1 + B)A* AA™ — BoA™
—(W+ )AL+ A A) — (0" +70) A~ (n(1+ B8) + 7 0)A™.

This can be verified using the Askey-Wilson relations. Does this element gen-
erate the center of 4,7

Problem 11.12. Let d denote a nonnegative integer. Find all Leonard pairs
A, A* in Matyy1(K) that satisfy the following two conditions:

(i) A is irreducible tridiagonal;
(ii) A* is lower bidiagonal with A;‘,i_l =1forl<i<d.

Problem 11.13. Let d denote a nonnegative integer. Find all Leonard pairs
A, A* in Matg41(K) such that each of A, A* is irreducible tridiagonal.

Problem 11.14. Let V' denote a vector space over K with finite positive

dimension. By a Leonard triple on V| we mean a three-tuple of linear trans-

formations A : V — V, A* : V. — V  A® : V — V that satisfy conditions

(i)—(iii) below.

(i) There exists a basis for V' with respect to which the matrix representing A
is diagonal and the matrices representing A* and A are each irreducible
tridiagonal.

(ii) There exists a basis for V' with respect to which the matrix representing
A* is diagonal and the matrices representing A° and A are each irreducible
tridiagonal.

(iii) There exists a basis for V with respect to which the matrix representing
A€ is diagonal and the matrices representing A and A* are each irreducible
tridiagonal.

Find all the Leonard triples. See [20] for a connection between Leonard triples
and spin models.

Problem 11.15. Let V denote a vector space over K with finite positive
dimension. Let End(V') denote the K-algebra consisting of all linear transfor-
mations from V to V. Let A, A*, A denote a Leonard triple on V. Each of
the pairs A, A*; A, A%; A*, A® is a Leonard pair on V; let r,s,¢ denote the
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corresponding antiautomorphisms of End(V') from Definition 2.2. Determine
the subgroup of GL(End(V)) generated by 7, s,t. Since 7% = s2 =t = 1, it is
conceivable that this subgroup is a Coxeter group. For which Leonard triples
is this the case?

Problem 11.16. Let V' denote a vector space over K with finite positive
dimension and let A, A*, A° denote a Leonard triple on V. Show that for any
permutation x, y, z of A, A*  A® there exists an antiautomorphism o of End (V")
such that 7 = x and each of [z,y]?, [z, 2]? is a scalar multiple of the other.
Here [r, s] means rs — sr.

Problem 11.17. Assume K is algebraically closed with characteristic 0. Let
d denote a nonnegative integer and let A, A* denote the Leonard pair on K4+!
given in (1.2). Find all the matrices A° such that A, A*, A® is a Leonard triple
on K1, Given a solution A%, show that each of

(4,47, [A% A7), [A% 4]

is contained in the K-linear span of I, A, A*  A®. Here [r, s] means rs — sr.

Problem 11.18. Let V denote a vector space over K with finite positive
dimension and let A, A*, A® denote a Leonard triple on V. Show that there
exists a nonzero scalar ¢ € K such that each of

AA* — gA* A, A*A® — qATA*, A®A — qAA®
is contained in the K-linear span of I, A, A*, A®.

Problem 11.19. Assume K is algebraically closed. Let ¢ denote a nonzero
scalar in K that is not a root of unity. Let B denote the unital associative
K-algebra with generators x, y, z and the following relations. The relations are
that each of

¢ ry—qyr ¢ yz-azy q ‘2z —quz Ly

@ —q2 ) 2 —q2 ) 2 —q2
is central in B. Let V denote a finite dimensional irreducible B-module on
which each of z, y, z is multiplicity-free. Show that x, y, z act on V" as a Leonard

triple. Determine all the B-modules of this type, up to isomorphism.

Problem 11.20. Classify up to isomorphism the finite dimensional irre-
ducible B-modules, where the algebra B is from Problem 11.19. This problem
is closely related to Problem 8.1.

Conjecture 11.2. Let @ denote the Leonard system from Definition 1.2 and
let I denote the identity element of A. Then for all X € A the following are
equivalent:
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(i) both

EXE; =0 if |i—j]>1, (0<ij<d),
EIXE; =0 if |i—jl>1, (0<i,j <d);

(ii) X is a K-linear combination of I, A, A*; AA* A*A.

Conjecture 11.3. Let & denote the Leonard system from Definition 1.2. Then
for 0 < r < d the elements

EngT7' "aE:7E7‘aET+17"~7Ed
together generate A.

Remark 11.1. Conjecture 11.3 holds for r = 0 by Corollary 2.1, and since A
is a linear combination of Ey, E1, ..., Eyq. Similarly Conjecture 11.3 holds for
r=d.

Problem 11.21. Recall the algebra Uq(g\lz)>0 from Example 9.2. Describe
the center of U,(sl2)>°. Find a generating set for this center. We remark that

Uq(sAlg)>O has infinite dimension as a vector space over K. A basis for this
vector space is given in [46, Theorem 2.29].

Problem 11.22. Assume K is algebraically closed. Let V' denote a vector
space over K with finite positive dimension and let A, A* denote a tridiagonal
pair on V. Compute the Jordan canonical form for ¢~ AA* — qA* A, where
¢*> +q? =3 and 3 is from Theorem 9.1.

Conjecture 11.4. Let & = (A; A*; {E;}L o; {E;}L_,) denote a Leonard system
and let (0;,67,i=0,...,d;¢;,¢;,j =1,...,d) denote the corresponding pa-
rameter array. Assume ¢ # 1, ¢ # —1, where ¢+ ¢~ ' + 1 is the common value

of (5.18). For d odd,

¢g—11—q!
det(AA* — A*A) = O Sl
! ) 1<11_'[<d(p¢17q117q7
i odd

Remark 11.2. Referring to Conjecture 11.4, for d even we have det(AA* —
A*A) = 0. This is because det(XT) = det(X) and X = —X, where X =
AA* — A*A and where 1 is the antiautomorphism from Definition 2.2.

Problem 11.23. Referring to Conjecture 11.4 and Remark 11.2, show that
for d even the null space of AA* — A*A has dimension 1. Find a basis vector
for this null space. Express this basis vector in terms of a ®@-standard basis
and a $*-standard basis.

Problem 11.24. Let V denote a vector space over K with finite positive
dimension. By an inverting pair on V we mean an ordered pair of invertible
linear transformations K : V — V and K* : V — V that satisfy both (i), (ii)
below.
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(i) There exists a basis for V' with respect to which the matrix representing
K has all entries 0 above the superdiagonal, the matrix representing K —*
has all entries 0 below the subdiagonal, and the matrix representing K*
is diagonal.

(ii) There exists a basis for V' with respect to which the matrix representing
K* has all entries 0 above the superdiagonal, the matrix representing
K*~1 has all entries 0 below the subdiagonal, and the matrix representing
K is diagonal.

Find all the inverting pairs. See [47, Section 11] for a connection between
inverting pairs and Leonard pairs of g-geometric type.

Problem 11.25. For an integer d > 0, find all the invertible matrices K €
Matg41(K) such that

(i) K has all entries 0 above the superdiagonal,
(i) K~ has all entries 0 below the subdiagonal.

Problem 11.26. Let d denote a nonnegative integer and let 6y, 61, ...,0, de-
note a sequence of mutually distinct scalars in K. Let A denote an indetermi-
nate and let V' denote the vector space over K consisting of all polynomials in
A that have degree at most d. Define a polynomial 7; = ;;10 (A=0p) for 0 <
1 < d and observe 1y, 71,...,74 is a basis for V. Define p; = 2_:10()\ —04_1)
for 0 < i < d and observe pg, p1,.-.,pq is a basis for V. By a lowering map
on V we mean a linear transformation ¥ : V' — V that satisfies both

Ur; € Span(Ti,l) (1 <1< d)7 Uty =0,
Up; € span(p;—1) (1<i<d), Upy = 0.

Show that there exists a nonzero lowering map on V if and only if (6;_2 —
0;11)(0;i—1 — 0;)~! is independent of i for 2 <i < d — 1.

Problem 11.27. By a generalized Leonard system in A we mean a sequence
(A; A% {0} o; {07 }L ) that satisifies (1)—(v) below.

(i) A, A* € Aand 6;,0; € K for 0<i < d.

(ii) B9, 01, . ..,04 is an ordering of the roots of the characteristic polynomial
of A.

(iii) 65,67, ..., 0} is an ordering of the roots of the characteristic polynomial
of A*.

(iv) For 0 < 4,5 < d,

0, ifi—j>1,
£0, ifi—j=1,

2
=
N
*

3

u

d
=

Il

—N—

0, ifj—i>1,
£0, ifj—i=1.
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(v) For 0 <4,j <d,

ol i A . 0, ifi—j5>1,
7 (A )Andfj(A )= oo
#0, ifi—j=1,
. W A ks s 0, ifj—i>1,
Na—i(A") AT} (A") = e
#0, ifj—i=1.
(We are using the notation (5.19), (5.20)). We are not assuming 6y, 61, . ..,04
are mutually distinct or that 65,07, ..., 0} are mutually distinct. Classify the
generalized Leonard systems. Extend the theory of Leonard systems to the
level of generalized Leonard systems.

Problem 11.28. For an integer d > 0 and for X € Matg41(K), we define X to
be north Vandermonde whenever the entries X;; = Xo; f;(6;) for 0 < ,j <d,
where 0, 01, . .., 04 are mutually distinct scalars in K and f; € K[\] has degree
i for 0 < i <d. Let X' € Matg1(K) denote the matrix obtained by rotating
X counterclockwise 90 degrees. We define X to be east Vandermonde (resp.
south Vandermonde) (resp. west Vandermonde) whenever X’ (resp. X'') (resp.
X"") is north Vandermonde. Find all the matrices in Matgy1(K) that are
simultaneously north, south, east, and west Vandermonde.

Problem 11.29. Let V denote a vector space over K with finite positive
dimension n. By a cyclic Leonard pair on V, we mean an ordered pair of
linear transformations A : V. — V and A* : V. — V that satisfy (i)—(iv)
below.

(i) Each of A, A* is multiplicity free.
(ii) There exists a bijection i — V; from the cyclic group Z/nZ to the set of
eigenspaces of A such that

AV, CVia+Vi+ Vi (Vi € Z/nZ).

(iii) There exists a bijection ¢ — V;* from Z/nZ to the set of eigenspaces of
A* such that

AVF CVE + Vi + Vi (Vi € Z/nZ).
(iv) There does not exist a subspace W of V such that AW C W, A*W C W,
W40, W #£V.

Classify the cyclic Leonard pairs. Extend the theory of Leonard pairs to the
level of cyclic Leonard pairs.

Problem 11.30. Referring to the tridiagonal pair A, A* in Definition 9.1, for
0 < i <dlet 6; (resp. 0) denote the eigenvalue of A (resp. A*) associated
with the eigenspace V; (resp. V;*). Assume V{ has dimension 1. Observe that
for 0 < ¢ < d the space Vj is an eigenspace for
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(A" = G 1)(A" = 031) - (A" — 0 1)(A— 0,1 1) (A — 011)(A — o);

let (; denote the corresponding eigenvalue. Show that the tridiagonal pair
A, A* is determined up to isomorphism by the array {0;,65,(;, i =0,...,d}.

Problem 11.31. Classify the tridiagonal pairs that have shape vector (p, p,
., p), where p is an integer at least 2. See Section 34 for the definition of the
shape vector.
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Summary. The six Painlevé equations (Pi—Pv1) were first discovered around the
beginning of the twentieth century by Painlevé, Gambier and their colleagues in
an investigation of nonlinear second-order ordinary differential equations. Recently
there has been considerable interest in the Painlevé equations primarily due to the
fact that they arise as reductions of the soliton equations which are solvable by in-
verse scattering. Consequently the Painlevé equations can be regarded as completely
integrable equations and possess solutions which can be expressed in terms of solu-
tions of linear integral equations, despite being nonlinear equations. Although first
discovered from strictly mathematical considerations, the Painlevé equations have
arisen in a variety of important physical applications including statistical mechanics,
random matrices, plasma physics, nonlinear waves, quantum gravity, quantum field
theory, general relativity, nonlinear optics and fibre optics.

The Painlevé equations may be thought of as nonlinear analogues of the classical
special functions. They possess hierarchies of rational solutions and one-parameter
families of solutions expressible in terms of the classical special functions, for spe-
cial values of the parameters. Furthermore the Painlevé equations admit symmetries
under affine Weyl groups which are related to the associated Backlund transforma-
tions.

In this paper many of the remarkable properties which the Painlevé equations
possess are reviewed including connection formulae, Backlund transformations asso-
ciated discrete equations, and hierarchies of exact solutions. In particular, the second
Painlevé equation Ppy is primarily used to illustrate these properties and some of
the applications of Pyr are also discussed.
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1 Introduction

In this paper our interest is in the six Painlevé equations (P;—Pyr)
w// _ 6w2 + z, (1.1)
w” = 2w + 2w + a,

2
w”:(w,) _EI_FM

)
+ywd + —, (1.3)
w

w z
N2
3
w” = (1;3 + §w3 + 4zw” 4 2(2? — 2)w + g, (1.4)

7 SR S VAV B Ul Vs 8
v _(2w+w1)(w) Z+ 22 aw+w
yw  dw(w+1)
—_—t 1.
z + w—1 " (15)

O T
+w(w—1)(w—z){ Pz  (z—1) 52(2—1)}, (1.6)

26-12 ‘Tt woe2 T w2y

where ’ = d/dz and «, 3, v and § are arbitrary constants. The solutions of
P1—Pvr are called the Painlevé transcendents. The Painlevé equations P1—Pvyr
were discovered about a hundred years ago by Painlevé, Gambier and their
colleagues whilst studying a problem posed by Picard [190]. Picard asked
which second order ordinary differential equations of the form

+

w” = F (z;w,w'), (1.7)

where I is rational in w’ and w and analytic in z, have the property that the
solutions have no movable branch points, i.e., the locations of multi-valued
singularities of any of the solutions are independent of the particular solution
chosen and so are dependent only on the equation; this is now known as
the Painlevé property. Painlevé, Gambier et al. showed that there were fifty
canonical equations of the form (1.7) with this property, up to a Mdbius
(bilinear rational) transformation

a(z)w + b(z)

W(C) = ma

¢=d(2), (1.8)
where a(z), b(2), ¢(z), d(z) and ¢(z) are locally analytic functions. Further
they showed that of these fifty equations, forty-four are either integrable in
terms of previously known functions (such as elliptic functions or are equiv-
alent to linear equations) or reducible to one of six new nonlinear ordinary
differential equations, which define new transcendental functions (cf. [101]).
Although first discovered from mathematical considerations, the Painlevé
equations have subsequently arisen in a variety of applications including statis-
tical mechanics (correlation functions of the XY model and the Ising model),
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random matrix theory, topological field theory, plasma physics, nonlinear
waves (resonant oscillations in shallow water, convective flows with viscous
dissipation, Gortler vortices in boundary layers and Hele-shaw problems),
quantum gravity, quantum field theory, general relativity, nonlinear and fibre
optics, polyelectrolytes, Bose-Einstein condensation and stimulated Raman
scattering. Further the Painlevé equations have attracted much interest since
they arise in many physical situations and as reductions of the soliton equa-
tions which are solvable by inverse scattering, as discussed in §10.1; see, e.g.,
(2, 8], and the references therein.

The Painlevé equations can be thought of as nonlinear analogues of the
classical special functions (cf. [30, 102]). Iwasaki, Kimura, Shimomura and
Yoshida [109] characterize the Painlevé equations as “the most important
nonlinear ordinary differential equations” and also state that “many specialists
believe that during the twenty-first century the Painlevé functions will become
new members of the community of special functions”. Further Umemura [224]
states that “Kazuo Okamoto and his circle predict that in the 21st century a
new chapter on Painlevé equations will be added to Whittaker and Watson’s
book”.

The general solutions of the Painlevé equations are transcendental, i.e.,
irreducible in the sense that they cannot be expressed in terms of previously
known functions, such as rational functions, elliptic functions or the classi-
cal special functions (cf., [224]). Essentially, generic solutions of the P—Py
are meromorphic functions in the complex plane; solutions of Py are rather
different since the equation has three singular points (cf., [97]). Hinkkanen
and Laine [94, 95, 96], Shimomura [199, 200, 201, 202, 203] and Steinmetz
[205, 206, 207, 208] have rigorously proved the following theorem.

Theorem 1.1. All local solutions of Py, Py1 and Pryv, and all local solutions
of Pur and Py after making the transformation z = €, i.e.,

d2w 1 (dw §e2¢

2
— == 2 ¢ Sy — 1.9
W w d<> +aw’ + fet +yw’ + =, (1.9)

d?w 1 1 dw\? 9 8
i@ = (ao s (&) +ow-0 (o0 y)

se2w(w + 1)

+ 7w+
w—1

, (1.10)
respectively, can be analytically continued to single-valued meromorphic func-
tions in the complex plane.

The Painlevé equations, like other integrable equations such as soliton
equations, have a plethora of interesting properties. In the following sections
we discuss some of these properties.

e The isomonodromy method has been developed for the study of the
Painlevé equations and in this sense they are said to be integrable.
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e The equations Py—Pv1 also possess Backlund transformations which relate
one solution to another solution either of the same equation, with different
values of the parameters, or another equation which are discussed in §4.

e The equations Py;—Pv1 possess many rational solutions, algebraic solutions
and solutions expressible in terms of special functions for certain values
of the parameters, which we discuss in §§5—7, respectively; these special
solutions are called “classical solutions” [223].

e Other properties include that they can be written in Hirota bilinear form,
which we discuss in §8.1 below) and have a coalescence cascade, which we
discuss in §8.2.

2 Inverse Problems for the Painlevé Equations

In this section we discuss inverse problems associated with the Painlevé equa-
tions. There are two approaches in order to develop inverse problems for
the Painlevé equations, either through a Gel’fand-Levitan-Marchenko inte-
gral equation, or through the isomonodromic deformation method which can
be viewed as the nonlinear analog of Laplace transform method.

The Painlevé equations arise as similarity reductions of partial differential
equations solvable by inverse scattering, the so-called soliton equations, as we
discuss in §10.1. We illustrate this in the following example given by Ablowitz
and Segur [7].

Example 2.1. If we make the scaling reduction
u(z, t) = (3t)3w(z), z=ux/(3t)"/3, (2.1)
in the modified Korteweg-de Vries (mKdV) equation
Uy — 6uluy + Ugpe = 0, (2.2)

then after integrating once, w(z) satisfies Pr; with « the arbitrary constant of
integration.

Both the integral equation and isomonodromic deformation method ap-
proaches for the inverse problem for Py can be derived from the inverse scat-
tering method for the mKdV equation (2.2) as we shall illustrate. For details
of the inverse scattering method for the mKdV equation see, for example,
Ablowitz and Clarkson [2, §7.3], Ablowitz, Kaup, Newell and Segur [4].

2.1 Integral Equations

The inverse scattering method for nonlinear partial differential equations ex-
presses the solution in terms of solutions of linear integral equations (cf.
(2, 4, 8]). Hence, due to the relationship between Painlevé and soliton equa-
tions, then certain solutions of the Painlevé equations can be expressed in
terms of solutions of linear integral equations.
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Theorem 2.1. Consider the integral equation

TR /ZOO/ZOOK(z,s) Ai(s‘;t) Ai (”f) dsdt, (2.3)

with Ai(z) the Airy function, then

wi(z) = K(z,2), (2.4)

satisfies (9.16), i.e., Py with a = 0, with the boundary condition
wi(z) ~ k Ai(z), z — o0. (2.5)
Proof. See Ablowitz, Ramani and Segur [5] and Ablowitz and Segur [7]. O

The integral equation (2.3) is derived from the Gel’fand-Levitan-Marchenko
integral equation

K(z.yit) = F <~T+yt)

2 )
+ 1 / K(x,z;t)f(z+8;t>]:<z+y;t> dzds, (2.6)

2 2

where F(x;t) is expressed in terms of the initial data and satisfies the linear
equation

and u(x,t) is obtained through
u(z,t) = K(z, z;t), (2.8)

for solving the mKdV equation (2.2) by inverse scattering [4] through the
scaling reduction

K(z,y;t) = (303K (2.0),  F (”E : y;t) — (3)V3F (Z;C> . (29)
with z = 2/(3t)Y/3, ¢ = y/(3t)/3; see also [2, 5, 7, 8] for further details.
The construction of the one-parameter transcendental solution of Py with
a = 0 satisfying the boundary condition (2.5) by Ablowitz and Segur [7]
through the linear integral equation (2.3) is the first such construction for
a Painlevé equation. Such integral equations associated with Painlevé equa-
tions have been used to prove properties such as existence and uniqueness of
solutions and connection formulae; see, for example, §9 and [5, 18, 40, 41, 91]).
We remark that the method of studying the Painlevé equations using in-
tegral equations has now been superseded by the isomonodromy method (cf.,
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[49, 53, 55, 60, 103, 104, 105, 106, 107]), which is introduced in §2.2 below.
Indeed, the integral equations discussed here represent a reduction of the
Riemann-Hilbert approach for a specific, quasilinear family of the solutions
of Painlevé equations. For example, Theorem 9.3 was derived in [104] and
proved in [49, 103], using the isomonodromy method; the integral equations
given above do not apply in this case.

2.2 Isomonodromy Problems

Each of the Painlevé equations P1—Py1 can be expressed as the compatibility
condition of the linear system

ow ov

— = Az \)¥ — = B(z; )W 2.10

8)\ (Z’ ) ? az (Z’ ) ) ( )
where A and B are matrices whose entries depend on the solution w(z) of
the Painlevé equation. The equation

0*w B o*w
020\ 0NDzZ’
is satisfied provided that
0A OB
g—a—&—AB—BA—O, (2.11)

which is the compatibility condition of (2.10). Matrices A and B for P;—Py
satisfying (2.12) are given by Jimbo and Miwa [111], see also [107], though
these are not unique as illustrated below.

Theorem 2.2. Consider the matrices A and B given by
—i(4A2 4 2w? + 2) 4w + 2iw’ + a//\>

A(z; A) = ' '
A w — 2iw’ + a/X i(4N% + 2w? + 2)

(2.12)

—i\ w
B(z;\) = < w i)\>'
Then these satisfy the compatibility condition (2.11) if and only if w(z) sat-
isfies Prp.

Proof. This is easily verified by substituting the matrices (2.12) into (2.11);
see Flaschka and Newell [53], also Fokas and Ablowitz [55], Fokas and Zhou
[60], for further details of the application of the isomonodromy deformation
method to Pr;. O
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The matrices A and B given by (2.12) are derived from the Lax pair of
the mKdV equation (2.2)

[ —4ik? — 2iku? 4k2u + 2iku, — Upy + 2ud "
ot \4dk%u — 2ikuy — Uy + 2uP 4ik3 + 2iku? ’
(2.13)
oY —ik u
o ( u ik) v,
4] through the scaling reduction
[
Yo t) =T(z),  ulz,t) =3 w(2), (2.14)

where z = 2/(3t)'/? and A = k(3t)}/3, and using the fact that w(z) satisfies
Py1; see Ablowitz and Clarkson [2, §7.3], Flaschka and Newell [53] for further
details.

As remarked above, the isomonodromy problem is not unique. Another
isomonodromy problem for Py; given by Jimbo and Miwa [111] arises for the
matrices

M tv+3z u(A —w)
Az, \) = (_2(Av+9—|—wu) —()\Q—I—v—i—%z))’
! (2.15)
Substituting these into (2.11) yields
u = —uw, v = —2vw — 0, w' =v+uw’+ 3z (2.16)

Eliminating u and v yields Pyj, with @ = 1 — 0. Note that eliminating u and
w yields Psy

7\2 62
v = (273 —20?% — 20 — %0 (2.17)

so-called since it is equivalent to equation XXXIV of Chapter 14 in [101],
which itself is equivalent to Py since there is a one-to-one relationship between
solutions of (2.17) and those of Py;. The matrices (2.15) are derived from the
Garnier systems of second-order scalar equations.

3 Hamiltonian Structure

The Hamiltonian structure associated with the Painlevé equations P1—Pv is
Hy = (¢,p,Hy, z), where Hy, the Hamiltonian function associated with Hj
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a polynomial in ¢, p and z. Each of the Painlevé equations P;—Py; can be
written as a Hamiltonian system

Dg _oH, — Dp_ 0Hy (3.1)
Dz dp Dz dq
where the derivative D/Dz is given by
D%E%’ for J=T,11,V,
D% - 2%7 for J=TIL V, (3.2)
DRZ;z(zfl);—Z, for J=VI,

for a suitable Hamiltonian function Hj(g,p, z) (cf. Okamoto [188]). Further
the function o(z) = H;(q, p, ) satisfies a second-order, second-degree ordinary
differential equation, whose solution is expressible in terms of the solution of
the associated Painlevé equation.

Ezxample 3.1. The Hamiltonian for Py is

Hi(g,p,2) = 3p° — 2¢° — zq, (3.3)

and so
¢=p, P =6¢+z (3.4)

Then g = w satisfies Py. The function o = Hy(q, p, z), defined by (3.3) satisfies
(0”)2 +4 (0'/)3 +2z20' —20=0 (3.5)

(Jimbo and Miwa [110], Okamoto [182]). Conversely, if ¢ is a solution of (3.5),
then
q= _U/v p= _U/I7 (36)

are solutions of (3.4).
Ezxample 3.2. The Hamiltonian for Py is
Hii(g,p,2;0) = 59> = (¢ + 32)p — (a + 3)q (3.7)

and so
¢=p-¢—-3%z, p=2pt+ta+} (3.8)

(Jimbo and Miwa [110], Okamoto [184]). Eliminating p in (3.8) then ¢ = w
satisfies Py whilst eliminating ¢ yields

dp 2
=3 <dz> = 1) +2p° — 2p* - J(a+ 3)%, (3.9)



340 Peter A. Clarkson

which is known as P34, since it is equivalent to equation XXXIV of Chapter
14 in [101]. Further if ¢ satisfies Pyy then p = ¢’ + ¢® + 32 satisfies (3.9) and
conversely if p satisfies (3.9) then ¢ = (p' — o — 3)/(2p) satisfies Pyy. Thus
there is a one-to-one correspondence between solutions of Py and those of
P34 (3.9). The function o(z;a) = Hy(q,p, z; ) defined by (3.7) satisfies the
second-order, second-degree equation

(0")? +4(0")? + 20" (20" — o) = L(a+ L)% (3.10)
Conversely if o(z; «) is a solution of (3.10), then

40" (z; ) + 2a0 + 1

Soiza) 0 PEe)=-20(za), (3.11)

q(z0) =

are solutions of (3.8).

We remark that equation (3.10) is equation SD-I.d in the classification
of second-order, second-degree equations which have the Painlevé property
by Cosgrove and Scoufis [45], an equation first derived by Chazy [27]. Fur-
ther frequently in applications it is an associated second-order, second-degree
equation such as (3.10) which arises rather than the Painlevé equation.

For Hamiltonian structure for Prj—Pyr see Jimbo and Miwa [110], Okamoto
[184, 185, 186, 187]; see also Forrester and Witte [61, 62, 63].

Remarks

1. Each Hamiltonian function o = Hj satisfies a second-order second-degree
ordinary differential equation whose solutions are in a 1-1 correspondence
with solutions of the associated Painlevé equation through (3.1) since

q= FJ(Ua 0'/,0'”,2), p= GJ(U7 0_170_/172)’

for suitable functions Fj(o,0’,0”,2) and Gj(o,0’,0"”,2). Thus given ¢
and p one can determine ¢ and conversely, given ¢ one can determine ¢
and p.

2. The ordinary differential equations which the o functions satisfy are part
of the classification of second-order, second-degree equations of Painlevé
type by Cosgrove and Scoufis [45]. They were first derived by Chazy [27]
and subsequently rederived by Bureau [25].

3. The Hamiltonian functions ¢ = Hj frequently arise in applications, e.g,
random matrix theory (Tracy and Widom [214, 215, 216, 217, 218, 219];
see also [61, 62, 63]) and statistical physics (Jimbo, Miwa, Mori and Sato
[112]).

4 Backlund Transformations

The Painlevé equations Py—Pvyy possess Bdcklund transformations which re-
late one solution to another solution either of the same equation, with different
values of the parameters, or another equation, as we illustrate here.
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4.1 Backlund Transformations for Py

Béacklund transformations for Py are given in the following theorem.
Theorem 4.1. Let w = w(z; a) be a solution of Py, then the transformations
S: w(z; —a) = —w, (4.1)
20+ 1

Ti - atl)=—w— T
= w(z o ) v 2w? + 2w’ + 2’

(4.2)

give solutions of Py, provided that o # :F% in (4.2).
Proof. See Gambier [68] and Lukashevich [155]. O

Gambier [68] also discovered the following special transformation of Py;

2-1/3¢z dw
W (G 3¢) = w0 dz &0 (4.32)
2 —1/3 2041 dn 1 1
w?(z0) =27Y {W (C;§€)—5dC (C§2€)+2C}’ (4.3b)

where ¢ = —2'/3z and e = +1; see also [36]. Combined with the Béicklund
transformation (4.2), the transformation (4.3) provides a relation between
two Py equations whose parameters « are either integers or half odd-integers.
Hence this yields a mapping between the rational solutions of Py, which arise
when oo = n for n € Z, see §5.1, and the one-parameter Airy function solutions,
which arise when o = n + % for n € Z, see §7.1.

The classification of solutions of Py are given in Theorem 5.1. Umemura
[225] discusses geometrical aspects of the Béacklund transformations of Py in
terms of affine Weyl groups; see also §4.6.

The solutions w, = w(z; @), we+1 = w(z; @£ 1) also satisfy the nonlinear
three-point recurrence relation

1 1
Oé+§ Oé—i

+2w? 4+ 2 =0, (4.4)
Wat1 + Wa  Wa + Wa—1
a difference equation which is known as an alternative form of discrete Pj
[56]; see also [39]. The difference equation (4.4) is obtained by eliminating
w’ between the transformations 71 given by (4.2). Note that for Py, the
independent variable z varies and the parameter « is fixed, whilst for the
discrete equation (4.4), z is a fixed parameter and « varies. This is analogous
to the situation for classical special functions such as Bessel function J,(z)
which satisfies both a differential equation

2IN2) + 2JL(2) + (22 = v, (2) = 0, (4.5)
in which z varies and v is fixed, and a difference equation
z2Jy41(z) =20, (2) + 2J,-1(2) =0, (4.6)

in which z is fixed and v varies.
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4.2 Backlund Transformations for Piip

The discrete symmetries of Py give rise to the following theorem.

Theorem 4.2. Let w; = w(z; 0, 55,7;,95), 5 = 0,1,2, be solutions of P

with
(a1, B1,71,01) = (=0, — B0, 70, %), (4.7a)
(a2, B2, 72, 02) = (—PBo, —aw0, =60, —70)- (4.7b)

Then
S w, = —wo, Sy : we = 1/wp. (4.8)

Proof. See Fokas and Ablowitz [54]. O

For the generic case of Pyyp with v6 # 0 we may set v = 1 and § = —1,
without loss of generality, by rescaling the variables if necessary. The Backlund
transformations are given by

Theorem 4.3. Let w; = w(z;a;,0;,1,—1), j = 0,1,2,3,4, be solutions of
PIII with

a1 = az = qq + 2, Qs =y = g — 2,
Br=P2= 0o +2, B3 = B4 = Po — 2.
Then

/ 2 _ _
T . w = zwol—i—zw02 Bwoy — wo + 2 , (4.92)
wo (zwh + zw§ + awg + wo + 2)

2wh — zwg — Pwg — wo + 2
T we = — 0 v , (4.9b)
wo (zw)) — zwi — awo + wo + 2)

2wl + zw2 + Bwy — wg — 2
T3 wg = — 9 02 , (4.9¢)
wo (2wl + zwg + aw + wo — 2)

2wh — zw2 + Pwo — wo — 2
Ti: wy = o L . (4.9d)
wo (2wl — zw§ — awy + wo — 2)

Proof. See Fokas and Ablowitz [54], Gromak [72]; also Gromak, Laine and
Shimomura [83, §34], Milne, Clarkson and Bassom [169]. O

The Bécklund transformations for the special cases of Pyy; when either (i),
v =0 and ad # 0, then set « = 1 and 6 = —1, without loss of generality, or
(ii), 6 = 0 and By # 0, then set B = —1 and v = 1, without loss of generality,
are given in the following theorem.
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Theorem 4.4. Let w; = w(z;1,3;,0,—-1), j = 0,5,6, be solutions of P

with
65:BO+27 BGZﬂO—Q.
Then
!
— 1
7;3 : Wy = “Wo tz (2ﬁ0 + )UJ()7 (410&)
wq
/
- -1
To:  wg—-_ 0T FT (fo Jwo. (4.10b)
wy

Similar results hold for Pyp with § = 0 and B~y # 0.

Proof. Gromak [71]; also Gromak, Laine and Shimomura [83, §33], Milne,
Clarkson and Bassom [169]. O

Discrete Painlevé equations arising from the Béacklund transformations of
Pyip given by (4.9) and (4.10) are discussed in [39, 56, 86].

4.3 Backlund Transformations for Pry

Bécklund transformations for Py are given in the following theorem.

Theorem 4.5. Let wy = w(z; g, Bo) and w;t = w(z;ozji,ﬂ;t), j=1,23,4
be solutions of Py with

a%:§<2—2a0i3\/—2ﬁo), gE = —

N

(1 Fag+ %\/—zﬁo)Q,

2
af = -1 (2+2a0i3\/—250), gE = %(1—040:|:%\/—250> ,
2
of =3 — Lao T 4/ =20, g =3 (1-a0tiv=28) .
2
of = -3 - oo ¥ 3v/=200, g5 =4 (-1 a0+ 3v=25 ).
Then
L —w? =2 V=2
TE. pE o W TWo T 2200 F V2 (4.11a)
2’LUO
/ 2 2 )
TE. e o o W wo 2w F VI (4.11b)
2’(1}0
4 n 2(1— a0 F 3v-260) wo
T w3 = wo + — 5 (4.11c¢)
wh £ /=20 + 22wy + wg
2(1+ap+iv=28)w
TE: wE = wy + ( 02 Bo ) wo (4.11d)

0 wh F /=28y — 22w — w3’

valid when the denominators are non-zero, and where the upper signs or the
lower signs are taken throughout each transformation.
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Proof. See Lukashevich [152], Gromak [74, 76]; also Bassom, Clarkson and
Hicks [17], Gromak, Laine and Shimomura [83, §25]. O

Discrete Painlevé equations arising from the Backlund transformations of
Py given by (4.11) are discussed in [39, 56, 86].

4.4 Backlund Transformations for Py
The discrete symmetries of Py give rise to the following theorem.

Theorem 4.6. Let w;(z;) = w(z;; a5, 55,75,05), 7 = 0,1,2 be solutions of Py

with
21 = —20, (a1, B1,71,01) = (a0, Bos =0, 60),
22 = 20, (a2, B2,72,02) = (—=Bo, =0, =0, 0)-
Then
81 : wl(zl) = ’LU(Z())7 SQ : ’LUQ(ZQ) = 1/11)(20) (412)

The Bécklund transformations for the generic case of Py with § # 0, when

we may set § = —%, without loss of generality, by rescaling the variables if

necessary, are given by

Theorem 4.7. Let wy = w(z;ao,ﬁo,'yo,—%) and w; = W(z;aj7ﬂj,'yj,—%),
j=1,2,3, be solutions of Py, where

% [’yo—i—al (1—53@—62%)}2 (4.13a)
B =—% [70—51 (1—€3\/750—52\/E)}2 (4.13b)
v =e1 (63\/760 - 52%) (4.13c)

and € = £1, independently. Also let

D = zw) — g9/ 200 wi +e37/ 2080 + (Egm — e3v/—260 + 512:) wo, (4.14)

and assume @ # 0. Then

aj

T;: w; = (P — 2e12wy) /P, (4.15)

provided that the numerator on the right-hand side does not vanish. For j =
1,2,3, and €; = %1, independently, there are eight distinct transformations of
type T;.

Proof. See Gromak [73]; also Gromak and Filipuk [79, 80, 81], Gromak, Laine
and Shimomura [83, §39]. O
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4.5 Backlund Transformations for Py

The discrete symmetries of Py give rise to the following theorem.

Theorem 4.8. Let w;(z;) = w;(2;;05,065,7;5,95), 7 = 0,1,2,3, be solutions
OfPVI with

21 =1/, 29 =1 — z, z3 = 1/z0,
and
(alaﬂhf}/laal) = (a())ﬁ()a _50 + %a —Y + %)a
(a27 ﬁ27 Y2, 62) = (QO, —"0, _ﬁOa 60)7
(a3, B3,73,63) = (—B0, —0, Y0, 00)-
Then
81 : wl(z1) = 11}0(210)/207 (4163,)
82 : ’11}2(22) =1- ’wo(Z()), (416b)
83 : w3(23) = 1/11.)0(2’0) (416C)

Proof. See Okamoto [185]. O

The transformations S;, for j = 1,2,3, given by (4.16) generate a group
of order 24; see Iwasaki, Kimura, Shimomura and Yoshida [109].

Theorem 4.9. Let w(z; o, 3,7,0) and W(z; A, B,C, D) be solutions of Py1

with
(Oé,ﬂ7’77 6) = (%(900 - 1)2a _%937 %9%’ %(1 - 9%))7 (4'17)
(4,B,C, D) = (5(0s — 1)%, =365, 361, 5(1 — 63)), (4.18)
and
Hj = @j — %0’, (419)
for 7 =0,1, 2,00, where
0=00+014+0.+0c—1=1-(0g+0601+6, +6Ox). (4.20)
Then
g Z(Z — 1)W/ @0 @1 @2 -1
= + =+ +
w—-W WW-1)(W-2) W W-1 W-=z
Z(Z — l)w’ 90 91 92 —1
w(w — 1) (w — 2) R

Proof. See Okamoto [185]; also Conte and Musette [43, 44], Gromak and Fil-
ipuk [82], Gromak, Laine and Shimomura [83, §42]. O
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Py also has quadratic and quartic transformations. Let w = w(z; a, 8,7, 0)
be a solution of Pyy. The quadratic transformation

C-ww-2) _ (1-yE)
ur(G) = O+ v2Pw G = (W) ; (4.21)

transforms Pyy with o = —3 and v = % — 6 to Pyy with (a1, 01,71,01) =

(4o, —4~,0, %) The quartic transformation

(w? — 2)?
UQ(CQ) 4'10('10— 1)(’(1)—2)7 C2 2, ( )
transforms Pyy with a = -8 = v = % — 0§ to Py with (ag, 82,72,02) =

(160, 0,0, 3). Also

1 21/4\* Vw + 214 ? 12"
u3(<3):<1+21/4) (\/6_21/4) ) C3:<1+Zl/4> )
transforms Py; with o = 8 = 0 and 7~ :%—(5t0 Pvyr with a3 = (3 and
1
’7325—53-

4.6 Affine Weyl Groups

The parameter space of Pii—Pv1 can be identified with the Cartan subalgebra
of a simple Lie algebra and the corresponding affine Weyl groups Ay, Cy, Aa,
As, Dy, act on Py—Pvyq, respectively, as a group of Backlund transformations
(cf. [174, 176, 184, 185, 186, 187, 225]). An affine Weyl group is essentially a
group of translations and reflections on a lattice. For the Painlevé equations,
this lattice is in the parameter space.

Ezample 4.1. The Béacklund transformations of Py given by S (4.1) and 71
(4.2) are affine transformations

S(a) = —a, Ti(a) =a+1, (4.23)

for @ € C. Consider the subgroup G of the affine transformation group on C
generated by (S,7,,7_). Then

S2=7, T,T.=T.T. =1, T,=8T.S, (4.24)

with Z the identity transformation, and so (S) & Z/2Z, the Weyl group of
the root system of type Ay, and (7;,7_) = Z. Therefore G = Z/27 % Z, the
Weyl group of the affine root system of type A;. This transformation group
of the parameter space can be lifted to a transformation group on the set of
solutions through the Bécklund transformations for the system (3.8)
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—q,—p+2¢°+2), (4.25)
2
aJrf a+i
q- —p+2<q+ 2) +z|, ifa#-
+(a,p) ( p (426)
(—a, p+2q +2), if a = —3,
a—3 2 1
+——2  p+2¢¥+2), if o £ 1,
"~ (4,p) (q p-2¢2—2 7 ) 72 (4.27)
( q,—p+2¢° —|—z) ifa:é

see [184, 225, 227] for further details.

5 Rational Solutions

The Painlevé equations Pi1—Pvy1 possess sets of rational solutions, often called
hierarchies, for special values of the parameters. These hierarchies can be
generated from “seed solutions”, such as the simple solution w = 0 for Py,
using the Backlund transformations discussed in §4 above and frequently are
expressed in the form of determinants.

5.1 Rational Solutions of Py

According to Erugin [52] and Gromak [75], it was once a widely held view
that all solutions of the Painlevé equations were new transcendents and there
have been a few incorrect proofs that Py admits no elementary solutions or
just the three rational solutions w = 0, when a = 0, and w = £1/z, when
a = F1.

Solutions of Py are classified in the following theorem.

Theorem 5.1.

1. For every a = n € Z there exists a unique rational solution of Pyr.

2. For every a = n + %, with n € 7Z, there exists a unique one-parameter
family of classical solutions of P11, each of which is rationally written in
terms of Airy functions.

3. For all other values of a, the solution of P11 is nonclassical, i.e. transcen-
dental.

Proof. See Umemura and Watanabe [227]; also [11, 13, 53, 77]. O

5.2 The Yablonskii-Vorob’ev Polynomials

There are special polynomials associated with the rational solutions of Py
which are defined in the following theorem.
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Theorem 5.2. Rational solutions of P11 exist if and only if « = n € Z, which
are unique, and have the form

ot = & fn [ )] o

forn > 1, where the polynomials Q. (z) satisfy the differential-difference equa-
tion

Qn+1Qn-—1 = ZQ% —4 [QHQZ - (Q;)Q} ) (5'2)
with Qo(z) = 1 and Q1(2) = z. The other rational solutions are given by
w(z;0) =0, w(z; —n) = —w(z;n). (5.3)

Proof. See Vorob’ev [229] and Yablonskii [232]; also Clarkson and Mansfield
[38], Fukutani, Okamoto and Umemura [66], Taneda [211], Umemura [224],
Umemura and Watanabe [227]. O

The polynomials @, (z) are monic polynomials of degree %n(n + 1) with
integer coefficients, and are called the Yablonskii- Vorob’ev polynomials. The
first few of these polynomials are given in Table 1, and the associated rational
solutions w(z;n) of Py are given in Table 2.

Properties of the roots of the Yablonskii-Vorob’ev polynomials are dis-
cussed in the following theorems.

Theorem 5.3. For every positive integer n, the polynomial Q. (z) has simple
roots. Further the polynomials Qn(z) and Qn41(z) do not have a common
T00%.

Table 1. Yablonskii-Vorob’ev polynomials

Qo(z) =1

Qi(z) =2

Q2(2) = 2° + 4

Qs(z) = 2542023 — 80

Qa(z) = (2° +602° + 11200)2

Qs(2) = 2'° +1402"2 4 28002° + 7840025 — 3136002° — 6272000

Qs (z) = 22 + 28028 4 184802'° + 62720022 — 172480002° +14488320002°

+19317760000z° — 38635520000
Qr(2) = (2% 4 5042%* + 7560022" + 51744002'% + 620928002 4 1303948800022
—8287319040002° — 497239142400002° — 3093932441600000) 2
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Table 2. Rational solutions of Py

1
w(z;1) = — .
1 322
w(z2) = z z3—|—4
(2:3) = 322 _ 62%(2° + 10)
Wiz T 2344 26—}3—2023
w(z: ) = _1 N +10)  92°(z° +40)
T 26 + 2023 — 80 29 + 6026 + 11200
1 928 + 3602°
w(z;5) =

%9 46026 4 11200
B 15z 1416802 + 25200z + 470400z — 9408000z
21 4+ 14022 + 28002° + 784002° — 31360002% — 627200

Proof. See Fukutani, Okamoto and Umemura [66], who also give a purely
algebraic proof of Theorem 5.2. 0O

Theorem 5.4. The polynomial Q,(z) is divisible by z if and only if n
1 mod 3. Further Q,(z) is a polynomial in 2> if n # 1 mod 3 and Q,(2)/z
a polynomial in z* if n = 1 mod 3.

=
Vo)

Proof. See Taneda [211]. O

Remarks

1. The hierarchy of rational solutions for Ppy given by (5.1) can also be
derived using the Bécklund transformation 7, (4.2) of Py, with “seed
solution” wy = w(z;0) =0, i.e.,

2n+1

—_——— 4
2w + 2w!, + 2’ (5-4)

Wp+1 = — Wy —

where w,, = w(z;m), with wg = 0 and w_,,, = —wy,, as is easily verified.
2. Tt is clear from the recurrence relation (5.2) that the @,(z) are ratio-
nal functions, though it is not obvious that in fact they are polynomials
since one is dividing by Q,,—1(z) at every iteration. Indeed it is somewhat
remarkable that the @, (z) defined by (5.2) are polynomials.
3. The recurrence relation (5.2) for the polynomials @, (z) can be rewritten
in the form

(2D2 — 2)Qn e Qn = —Qni1Qn—1, (5.5)
where D, is the Hirota operator defined by
DF()eG() = | (o — = ) Fa)G(e) (56)
2 \E) 0N = dzy  dz R s '
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4. Letting Qn(2) = cnn(2) exp(2®/24), with ¢, = (20)"*+D in (5.2) yields
the Toda equation
TTLT;L/ - (Tr/z)2 = Tn+1Tn—1- (57)
5. The Yablonskii-Vorob’ev polynomials @, (z) possess the discrete symme-
try

Qn(wz) = w"(”+1)/2Qn(z), (5.8)

where w? = 1 and 1n(n + 1) is the degree of Q,(z).
6. From Theorems 5.3 and 5.4, since each polynomial @, (z) has only simple
roots then it can be written as

n(n+1)/2
Qu(z)= [ (2= anw) (5.9)
k=1
where a,, 1, for k=1,..., %n(n + 1), are the roots and thus
n(n+1)/2
Qn(2) 1
= _ 5.10
Qn(z) ]; Z = Gnk ( )

Therefore the rational solution can be written as

Q) QL)
Quoi(2) Qul2)

w(z;n)

n(n—1)/2 1 n(n+1)/2 1
= - - 5.11
k; Z— Qp—1k ; Z — Qpk ( )

and so w(z;n) has n roots, 3n(n— 1) with residue +1 and 1n(n+1) with
residue —1; see also [78].

7. The roots ay, i of the polynomial @, (z) satisfy

n(n+1)/2 1

E — =0 j=1,2,...,in(n+1), (5.12a)
] 3 ) y 4y ) )
k=1,k+#j (a'n,] an,k)

n(n+1)/2n(n+1)/2 1

— =0. 5.12b
(an,j - a'7L,k)2 ( )

Jj=1 k=j+1
These follow from the study of rational solutions of the Korteweg-de Vries

(KdV) equation
U + 66Uy + Ugpr = 0, (5.13)

and a related many-body problem by Airault, McKean and Moser [12];
see also [6, 10, 11, 29].
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. The Yablonskii-Vorob’ev polynomials also satisfy the bilinear equations
D.Qni10Qn_1 = (2n+1)Q2, (5.14a)
D2Qnui10Q, =0. (5.14b)
(D2 — 2D, +n+1)Qni10Q, =0, (5.14c)

where D, is the Hirota operator (5.6). Equations (5.14) can be derived
by taking scaling reductions of bilinear equations in [6, 10] associated
with rational solutions of the KdV equation (5.13); see also [11]. Equation
(5.14a) is proved in [66, 211]; see also [130].

. The Yablonskii-Vorob’ev polynomials are closely related with Schur func-

tions [124, 226] and so it can be proved using (5.14) that the rational
solution of Py can be expressed using determinants as shown in §5.3.
Kametaka [126] has obtained a sharp estimate for the maximum modulus
of the poles of the Yablonskii-Vorob’ev polynomials. It is shown that if
Ap = Maxi<p<n(nti)/21/@n,k|} then n?/3 < Apie < 4n?/3, for n > 0.
In [128] Kametaka studies the irreducibility of the Yablonskii-Vorob’ev
polynomials.

Kaneko and Ochiai [130] derive formulae for the coefficients of the lowest
degree term of the Yablonskii-Vorob’ev polynomials; the other coefficients
remain to be determined, which is an interesting problem.

Clarkson and Mansfield [38] investigated the locations of the roots of the

Yablonskii-Vorob’ev polynomials in the complex plane and showed that these
roots have a very regular, approximately triangular structure. An earlier study
of the distribution of the roots of the Yablonskii-Vorob’ev polynomials is given
by Kametaka, Noda, Fukui and Hirano [129]; see also [109]. A plot of the roots
of Qa5(2) is given in Figure 1; see [38] for plots of other Yablonskii-Vorob’ev
polynomials. From these plots we make the following observations

1.

3.

The roots of the Yablonskii-Vorob’ev polynomials form approximately
equilateral triangles, in fact approximate “Pascal triangles”. The values
of the roots given in [38] show that they actually lie on curves rather than
straight lines.

. The plots are invariant under rotations through %7‘( and reflections in the

real z-axis and the lines arg(z) = nw/3, for n = £1, £2. This is because
P11 admits the finite group of order 6 of scalings and reflections

w — epw, z — uz, a — eq, (5.15)

where p® = 1 and €2 = 1.
The roots of Q,(z) = 0 lie on circles with centre the origin. If we define

o Qn(<1/3)7 if n 21 mod 3,
an\G) = Qn(fl/s)/cl/g’ if n =1 mod 3.
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Fig. 1. Roots of the Yablonskii-Vorob’ev polynomial Q25(2)

Then the radii of the circles are given by the third roots of the absolute
values of the non-zero roots of ¢, (¢) = 0, with three equally spaced roots
of Q. (z) = 0 on circles for the real roots of ¢, (¢) = 0 and six roots, three
complex conjugate pairs, of Q,(z) = 0 on a circles for the complex roots

of Qn(C) =0.

Using the Hamiltonian formalism for Py; described in §3, it can be shown
that the Yablonskii-Vorob’ev polynomials @, (z) satisfy a fourth order bilinear
ordinary differential equation and a fourth order, second degree, hexa-linear
(i.e., homogeneous of degree six) difference equation. It is shown in [33] that
rational solutions of (3.10) have the form

d
Op = —%22 + e nQ,. (5.16)

Differentiating (3.10) with respect to z yields
0" +6(')’ +220 —0 =0, (5.17)

and then substituting (5.16) into (5.17) yields the fourth order, bilinear equa-
tion

W Q= AQLQ +3(QU)° - 2 @@l — (QW)°] - @u@h =0, (5.18)

We remark that substituting (5.16) into (3.10) yields the third order, second
degree, quad-linear (i.e., homogeneous of degree four) equation
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Q2 QU +Qu [4(Q1)” — 6Qu @@ — $@3] + 10 (@)
— (@) [3(@) +2Q2] + 5Qu @, Q0(42Q}, — Qu)
— (@) (2Q1, = Qu) + 32Q0Q), — dn(n + 1)@} = 0. (5.19)

Additionally @,, satisfies the fourth order, second degree, hexa-linear differ-
ence equation

16(2n + 1)*'Q% — 8(2n 4 1)*(Qni2Q Q7 1 +2Q0 11Q) 1 + @n—2Q0Q5 1,
—42Q2 1Q2Q2 1) + (Qui2@2 1 — Q1 1Qn—2)> =0, (5.20)

(see [33] for details). Hence the Yablonskii-Vorob’ev polynomials Q,, satisfy
nonlinear ordinary differential equations (5.18) and (5.19), the difference equa-
tion (5.20) as well as the differential-difference equation (5.2); see [33] for
further differential-difference equations satisfied by the Yablonskii-Vorob’ev
polynomials. This is analogous to classical orthogonal polynomials, such as
Hermite, Laguerre and Jacobi polynomials, which satisfy linear ordinary dif-
ferential, difference and differential-difference equations (cf. [9, 15, 213]).

It seems reasonable to expect that the ordinary differential equations
(5.18) and (5.19) will be useful for proving properties of the Yablonskii-
Vorob’ev polynomials since there are more techniques for studying properties
of solutions of ordinary differential equations than for difference equations or
differential-difference equations. For example, suppose we seek a monic poly-
nomial solution of (5.19) with & = n in the form

Qn(z) =z + a12T71 + -t ar_1z2 4+ a,.

Since (5.18) is homogeneous then we can assume, without loss of generality,
that the coefficient of z" is unity. Then it is easy to show that necessarily
r = %n(n + 1), which is a simple proof of the degree of @,,. Similarly it is
straightforward to show using (5.18) that azj—1 = 0 and asj—» = 0 and to
derive recurrence relations for the coefficients as;.

An important, well-known property of classical orthogonal polynomials,
such as the Hermite, Laguerre or Legendre polynomials whose roots all lie
on the real line (cf. [9, 15, 213]), is that the roots of successive polynomials
interlace. Thus for a set of orthogonal polynomials ¢, (z), for n =0,1,2,...,
if zp m and zp my1 are two successive roots of ¢p(2), i.e., Yn(zn.m) = 0 and
©n(zZnm+1) =0, then ¢, _1(¢,—1) = 0 and ¢p+1(¢p4+1) = 0 for some ¢,—1 and
Cnt1 such that 2z, < (u—1,Cn+1 < Zn,m+1. Further the derivatives ¢/, (%)
and ¢, , 1 (2) also have roots in the interval (2;,m, Zn,m+1), that is ¢}, (§,) = 0
and ¢} 1(§ny1) = 0 for some &, and &,41 such that z,.,, < &, &1 <
Zn m+1- An interesting question is whether there are analogous results for the
Yablonskii-Vorob’ev polynomials @,,(z). Clearly there are notable differences
since the Yablonskii-Vorob’ev polynomials @, (z) are polynomials of degree
sn(n+1) with complex roots whereas classical orthogonal polynomials ¢, (z),
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have n real roots. The triangular pattern of the roots of @, (z) = 0 is highly
symmetric and structured, suggesting that they have interesting properties.
The roots of Q,y1(2) = 0 form a pattern of n? triangles formed by joining
the nearest neighbours. Some preliminary investigations of the “interlacing of
roots”, the locations of the roots for two successive Yablonskii-Vorob’ev poly-
nomials, @, (z) = 0 and Q,+1(2) = 0, are given in [38]. This “interlacing of
roots” clearly warrants further analytical study as does an investigation of the
relative locations of the roots for Yablonskii-Vorob’ev polynomials @, (z) = 0
and its derivative @Q),(z) = 0.

5.3 Determinantal Representation of Rational Solutions of Pyy

Kajiwara and Ohta [124], see also [122], proved Theorem 5.5 on the repre-
sentation of rational solutions of Py using determinants. Their results have
been scaled so that they are for the standard version of Py, rather than the
equation in [124] which is equivalent to Py through a scaling of the variables.
We remark that Flaschka and Newell [53], following the earlier work of Airault
[11], expressed the rational solutions of Py; given by (5.1) as the logarithmic
derivatives of determinants.

Theorem 5.5. Let pr(2) be the polynomial defined by
Zpk(z))\k =exp (2A — 37?), (5.21)
k=0

and 7,(z) be the n x n determinant

Tn(z) =W (pl(z)7p3(z)7 s 7P2n—1(2'))
p1(2) p3(z) - pan-1(2)
Pi(z)  ps(z) o papoa(2)

: (5.22)

P V@) TV R) e (2)

w(z;n) = (?7« {m r’“('ﬂ } (5.23)

Tn(z)

form > 1. Then

satisfies Pyp with a = n, forn > 1.

We remark that Kajiwara and Ohta [124] wrote the determinantal repre-
sentation of 7,,(z) in the form

pa(2)  Pny1(2) .. pan—1(2)

Pn—2(2) Pn-1(2) .. P2n-3(2)

Tn(2) = , (5.24)

P—n+2(2) P-ny3(2) ... p1(z)
with pg(z) = 0 for k < 0, which is equivalent to (5.22).



Painlevé Equations — Nonlinear Special Functions 355

Table 3. The polynomials p,(z) given by (5.21)

po(z) =1
p1(2) =2
pa2(z :22/2

pe(z
pr(z) = (25 — 2802° + 4480)z/7!
ps(z) = (2% — 44823 4 17920)22 /8!

pro(z) = (2° — 9602° 4 1344002° — 1433600)z/10!

The first few of the polynomials p,(z) are given in Table 3. The polyno-
mials py(z) defined by (5.21) satisfy third-order linear recursion relations and
differential equations as follows.

Lemma 5.1. The polynomials py(z) defined by (5.21) satisfy the third-order
recursion relation

(1 + 3)Pn+3 = 2Pnt2 — 4pn, n >0, (5.25)
where pg =1, p1 = 2z and pa = %22 and the third-order differential equation
apl' — zp! 4+ np, = 0, n>1, (5.26)
Proof. First note that ®#(z,\) = exp (2A — $A%) satisfies
Dy = (2 — 4)H)P.
Then substituting @(z, \) = >_.° ; p, A" into this yields

i npn_1 A" = (z — 4)\?) ipn)\",
n=1

n=0

which can be rewritten as

oo

Z[(n +3)Pnt3 — 2Pnt2 + 4pn]>‘n =0,

n=0
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and so we obtain (5.25) since the coefficient of every power of A is zero; see
also [130]. Also & satisfies
b, =\

Substituting #(z,\) = > p, A" into this yields

Z — Pn— 1 :O,

and so pl,(z) = pp—1(2), for n > 1. Substituting this into (5.25) yields (5.26).
O

We remark that the general solution of the third-order equation

4p"" — zp' +np =0, (5.27)

is

p(z) = c11Fa(—gns 5, 5:0) + 221 Fa(5(1 —n); 3, 55)

+ 32”1 (2(2-n);4,3:0), (5.28)

where 1Fy(a;b1,b2;¢) is a generalized hypergeometric function, with ¢ =

23/36, and ¢, ca, c3 arbitrary constants. The generalized hypergeometric
function 1 F5(a; by, ba; ), with a, by, by arbitrary constants is defined by

o0 k
1F2(a; b1, 023 C) Z k <
= (
where
I'(a+ k)
I(a)
with I'(a) the Gamma function (cf. [ ]) If n € Z* then one of the functions
1 Fo(—3n; 5, 2:2%/36), 1Fa(3(1—n); 2,5;2%/36) or 1 Fa(3(2—n); 5, 2;2%/36)
is a polynomial in z, in fact a multiple of p,(z), since 1F2( m; by, be; () is a
polynomial for m € Z*.
These “tau-functions” 7, (z) are related to the Yablonskii-Vorob’ev poly-
nomials @, (z) through

(@) =ala+1)...(a+k—1)=

T(2) = nQu(2),  en=[]@I+1)7 (5.29)

and satisfy the differential-difference equation
(2n + 1) 7y 1Tpy1 + (2D2 — 2)7, 07, = 0, (5.30)

where D, is the Hirota operator (5.6).
An alternative representation of rational solutions of Py in terms of de-
terminants is given in the following theorem.



Painlevé Equations — Nonlinear Special Functions 357

Theorem 5.6. Let qx(2) be the polynomial defined by

d
Qn+1( = 2ﬂ -3 ZQk Z)qn—k— 1 ) n>1, (531)

with qo(2) = 2z and q1(2) = 2, and 0,(2) be the n x n Hankel determinant

90(2) () - gna1(2)

() = %fz) Q2EZ)::' Qn:(z) Conso (5.32)

qn—l(z) in(z) e CI2n—.2(Z)

w(z;n) = ;7 {m ["ZHZS)} } _onl®)_a®) oy g

satisfies Pyp with a = n.
Proof. See Kajiwara and Ohta [124]; also Kajiwara and Masuda [122]. O

The generating function associated with the coefficients g, (z) in Theorem
5.6 is discussed in the following theorem.

Theorem 5.7. Let 6(z,t) be an entire function of two variables defined by
0(z,t) = exp(%tg) Ai(t* — 12), (5.34)

where Ai(§) is the Airy function. Then there exists an asymptotic expansion
9 1n6(zt) Z t (5.35)
n Z ~ —= n — OO, .
ot q

in any proper subsector of the sector |arg t| < %7‘(‘.

Proof. See Imasaki, Kajiwara and Nakamura [108]; also Joshi, Kajiwara and
Mazzocco [116] who show that the coefficients ¢, (z) are related to the asymp-
totic solution at infinity of the linear problem of which the Py describes the
isomonodromic deformations. O

Additionally Imasaki, Kajiwara and Nakamura [108] show that the gener-

ating function
=3 anl) (=207, (5.36)
n=0

satisfies the Riccati equation

tQ — 31Q% — (487 + 1)Q = 4t° (2t — 1). (5.37)
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Making the transformation

d
Q(z,t) = —4t* — 4t2& Inu(¢), (=t"—1z (5.38)
in (5.37) yields the Airy equation
d?u
—5 —Cu=0. 5.39
T (539)

It is well-known that the Airy equation (5.39) has the formal solutions

_ _ : > (l)n@)n -
Us(Q) = 3274 m /2 exp(35%/2) ) SBUE (1429/2) 7 (5.40)

n=0

and that the Airy function Ai(¢) has the asymptotic representation Ai(z) ~
U_(¢), as ¢ — oo, in any proper subsector of the sector |arg z| < 7.
Making the transformation

Q(z,t) = —4t* — 2t% In P(z,1), (5.41)
in (5.37) yields the linear equation

tPy — P, +2t3(2 — 2t*)P = 0, (5.42)
which has formal solution

L exp (—2t° + 12t) exp { S dns1(2) (Qt)n} ;o (543)

2Vtr
and so P(z,t) = U_(Q).

P(z,t) =

5.4 Rational Solutions of Py

Consider the generic case of Pyjip when 6§ # 0, then we set v =1 and § = —1,
without loss of generality (by rescaling w and z if necessary), and so

"2 / 2
1
w z w

Rational solutions of this equation are classified in the following theorem.
Theorem 5.8. FEquation (5.44) has rational solutions if and only if
610[+€26 = 4n, (545)

with n € Z and €1 = 1, g9 = £1, independently. Generically (except when «
and B are both integers), these rational solutions have the form

w(z) = Py (Z)/Qn2 (2)7

where Py2(2) and Q,2(z) are polynomials of degree n? with no common roots.
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Proof. See Lukashevich [153]; also Milne, Clarkson and Bassom [169] and
Murata [172]. O

We remark that rational solutions of (5.44) lie on the lines o + ¢ = 4n
in the a-( plane. For examples and plots see Milne, Clarkson and Bassom
[169]. Determinantal representations, with entries expressed in terms of asso-
ciated Laguerre polynomials L}*(z), of rational solutions of Pyy; are given by
Kajiwara and Masuda [123].

Umemura [226], see also [123, 233], derived special polynomials associated
with rational solutions of Pyyr; though these are actually polynomials in 1/2
rather than polynomials in z. However it is straightforward to determine spe-
cial polynomials associated with rational solutions of Py that are polynomials
in z which are given in the following theorem.

Theorem 5.9. Suppose that S, (z; u) satisfies the recursion relation

azs,  (ds,\? dSy, >

with S_1(z; ) = So(z; ) = 1. Then

Sn(z 10— 1) Sp_1(z; 1)

= , 5.47
Sulz5 1) Sur (i — 1) (347
satisfies Prip with a, = 2n+ 2 — 1 and B, = 2n —2u+ 1 and
. ~ 5 d Sn—1(2z; 1)
= ; 1,-)=1+—F<RIn|———"—
Wn, ’LU(Z,Oén,Bn, , ) + dz { n [Sn(z,,u — 1)

Sn(z; m = 1) Sn—l(z; ﬂ)’
satisfies Prp with &, = —2n+ 2 — 1 and Bn =—2n—2u+1.

Proof. See Clarkson [31], which generalizes the work of Kajiwara and Masuda
[123]. O

The rational solutions of Py defined by (5.47) and (5.48) can be gener-
alized using the Béacklund transformation (4.8) to include all those described
in Theorem 5.8 satisfying the condition o + 8 = 4n. Rational solutions of
Piir satisfying the condition o« — 3 = 4n are obtained by letting w — iw
and z — iz in (5.47) and (5.48), and then using the Bécklund transformation
(4.8). Plots of the roots of the polynomials S, (z; ) for various p are given in
[31]. Initially for p sufficiently large and negative, the in(n + 1) roots form

2
an approximate triangle with n roots on each side. Then as u increases, the
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roots in turn coalesce and eventually for p sufficiently large and positive they
form another approximate triangle, similar to the original triangle, though
with its orientation reversed. It is straightforward to determine when the
roots of S, (z; ) coalesce using discriminants of polynomials. Suppose that
flz) =2m+ Am_12""1 4+ ... 4+ a1z + ap is a monic polynomial of degree m

with roots a1, as, ..., a;m, so f(z) = H;”:l(z — «;). Then the discriminant of
f(z) is
Dis(f)= [ (a5—a)*
1<j<k<m

Hence the polynomial f has a multiple root when Disc(f) = 0. It is straight-
forward to show that

Dis(S3(z; 1)) = 3"25°u%(u* — 1)°

DIS(S4(Z,/,L)) — 32752077M14(M2 _ 1)6(,u2 _ 4)2

Dis(S5 (2 1)) = 85497524 — 1) (1* — )°(u? — 9’
Thus S5(z; 1) has multiple roots when p = 0, £1, S4(z; 1) has multiple roots
when p = 0,%1,£2, and S5(z; 1) has multiple roots when p = 0,+1, £2, +3.
Further the multiple roots occur at z = 0. Hence it is natural to conjecture
that Sy, (z; ;) has multiple roots at z = 0 when = 0,+1,+2,...,+(n — 2).

Using the Hamiltonian formalism for Py, see §3, it is shown in [31] that

the polynomials S, (z; ) satisfy an fourth order bilinear equation and a sixth
order, hexa-linear (homogeneous of degree six) difference equation.

5.5 Rational Solutions of Py
Simple rational solutions of Py are
wi(z,£2,-2) = +£1/2, wa(z,0,-2) = =2z, ws(2,0,—2) = -2z (5.49)

There are three sets of rational solutions

wi(z;a1,01) = Prp_1(2)/Q1,n(2), (5.50a)
wa(z; e, f2) = =224 Py p_1(2)/Q2,n(2), (5.50b)
w3 (z;a3,83) = =22+ P3n—1(2)/Qs,n(2), (5.50¢)

where P; ,_1(%) and @, () are polynomials of degrees n — 1 and n, respec-
tively, with no common roots, which have the solutions (5.49) as the simplest
members. These sets are known as the “—1/z hierarchy”, the “—2z hierarchy”
and the “—2z hierarchy”, respectively (cf. [17]).

Theorem 5.10. In general, Pry has rational solutions if and only if either
a=nm, B =—2(2n—m+1)2, (5.51)

or
a=nm, B=-202n-m+1)? (5.52)
with m,n € Z.
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Proof. See Lukashevich [152], Gromak [76], Murata [171]; also Gromak, Laine
and Shimomura [83, §26]. O

We remark that the rational solutions when the parameters satisfy (5.51)
are special cases of special function solutions given in Theorem 7.5.

The “—1/z hierarchy” and the “—2z hierarchy” form the set of rational
solutions of Pry with parameters given by (5.51) and the “—2z hierarchy”
forms the set with parameters given by (5.52). The rational solutions of Pry
with parameters given by (5.51) lie at the vertices of the “Weyl chambers” and
those with parameters given by (5.52) lie at the centres of the “Weyl chamber”
[227]. These are summarized in Figure 2 which depicts the («,/—23) plane,
where « and (8 are the parameters in Pry. The dots at the vertices denote the
rational solutions of Pry with parameter values given by (5.51) and the dots
in the triangles denote the rational solutions with parameter values given by
(5.52). On the horizontal and diagonal lines, P1y possesses special function
solutions which are expressible in terms of Whittaker functions M, ,(§) and
W, (), or equivalently parabolic cylinder functions D, (€); see §7.3.

For examples and plots see Bassom, Clarkson and Hicks [17]; also Clarkson
[32]. Determinantal representations, with entries expressed in terms of Hermite
polynomials H,(z), of rational solutions of Py are given by Forrester and
Witte [61], Kajiwara and Ohta [125] and Noumi and Yamada [176].

Fig. 2. Rational solutions of Pry with parameters (5.51) at the vertices and (5.52)
in the triangles. The lines denote special function solutions
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In a comprehensive study of Pry, Okamoto [184] defined two sets of poly-
nomials associated with rational solutions of Pry, analogous to the Yablonskii-
Vorob’ev polynomials. Noumi and Yamada [176] generalized Okamoto’s
results and introduced the generalized Hermite polynomials Hy, »(2), defined
in Theorem 5.11, and the generalized Okamoto polynomials Q. n(2), defined
in Theorem 5.12; see also [32].

Theorem 5.11. Suppose Hy, (%) satisfies the recurrence relations

2mHumi 1 nHm—1n = HunHpy o — (H), n) +2mH}, .,  (5.53a)

2nHp i1 Hpno1 = —Hp o H),  + (Hy,. n) +2nH}, ., (5.53b)
with Hoo = H1,0 = Ho1 =1 and Hy 1 = 2z, then
wd, = % {m (Hgil”) } , (5.54a)
wli = ;7 {m (Im) } : (5.54b)
W) = —22 4 ;—Z {m (Im) } : (5.54c)

where w%)n = w(z; a%)n, 7(7]1)”) forj = 14,141,114, are solutions of Pry, res-

pectively, fOT’ the pammeters (agn ny /BTIZL n) = (2m+n+17 _277/2); (a'ErZLZ)ny 7(77;1’)”) =

(—(m+2n +1),—2m?), and (a,ff%,ﬂ%zi?) =(n—m,-2(m+n+1)%).

Proof. See Clarkson [31, 121], which generalizes the work of Kajiwara and
Masuda [123]. O

The rational solutions of Py defined by (5.54) include all solutions in the
“—1/2” and “—2z” hierarchies, i.e. the set of rational solutions of Pry with
parameters given by (5.51), and can be expressed in terms of determinants
whose entries are Hermite polynomials [125, 176]. These rational solutions of
Pyv are special cases of the special function solutions which are expressible in
terms of parabolic cylinder functions D, (§) (cf. [32]). Examples of generalized
Hermite polynomials and plots of the locations of their roots are given in [32].
A plot of the roots of the generalized Hermite polynomial H7 7 is given in
Figure 3.

Next we consider the generalized Okamoto polynomials.

Theorem 5.12. Suppose Q.. (2) satisfies the recurrence relations

Qm+1 an 1,n = % {Qm nQ (Qm n)Z}

+ [22°+3@2m+n—-1)] Q7 (5.55a)
Qm,nJrlQm,nfl = % |:Qm nQ 2:|
+ [22°+3(1—m —2n)] Q7 ., (5.55b)
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Fig. 3. Roots of the generalized Hermite polynomial H7 7(z)

with Qo0 = Q1,0 = Qo1 =1 and Q1,1 = V22, then

(i d Q
(i) _— _2 il xmtln
Wy 32+ L {ln ( . ) } ) (5.56a)
i d Qmn >}
(i) _ _ 2 Bl )
wl, = —%z+ In , 5.56b
’ 3 dZ { (Qm,n-&-l ( )
o d 0
1) 2 m,n—+1
T = —22 + o {m (Qm+1,n> } : (5.56¢)
where {D%,)n = w(z;&%?n,Ng?n), for 7 = i,1i,1i1, are solutions of Py, re-

spectively, for the parameters (ag,i)’n, T(,z?n) = (=(m + 2n),-2(m — $)%),

m%aﬁfé%) = (2m +n,~2(n — §)%), and (ag3), B5) = (n —m,—2(m +

Proof. See Noumi and Yamada [176]; also Clarkson [32]. O

The rational solutions of Pry defined by (5.56) include all solutions in the
“—%z” hierarchy, i.e., the set of rational solutions of Pyy with parameters given
by (5.52), which also can be expressed in the form of determinants [125, 176].
Examples of generalized Okamoto polynomials and plots of the locations of
their roots are given in [32]. A plot of the roots of the generalized Okamoto
polynomial ()7 7 is given in Figure 4.

Using the Hamiltonian formalism for Pry, see §3, it is shown in [35] that
the generalized Hermite polynomials H,, (%) and generalized Okamoto poly-
nomials Qm n(z), satisfy fourth order bilinear equations and homogeneous
difference equations.
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Fig. 4. Roots of the generalized Okamoto polynomial Q7,7(2)
5.6 Rational Solutions of Py

Some simple rational solutions of Py are

’LU(Z; 2 _%/1’27%(2 - :U’)7 _%H2) = Kz +,U/7

K
w(z; &, K2 p, 264, 1) = P
K+ 2z
w(z;%a_%a_ﬁuau) = ISZ*Z,

with x and p arbitrary constants.
Rational solutions of Py, with d # 0 when we set § = —% without loss of
generality, are classified in the following theorem.

Theorem 5.13. Py, with § = —3,

w' = <1+1> (w')z—w+w<aw+g)

2w w-—1 z 22

yw  w(w+1)

R St 5.57
* z 2w —1)’ (5:57)

has a rational solution if and only if one of the following holds with m,n € Z
and € = £1.

(i) a = %(m—i—s)2 and 3 = —%ng, where n > 0, m + n is odd, and o # 0
when |m| < n,
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(il) o = %nQ and 3 = —%(m—l—s)z, where n > 0, m +n is odd, and 8 # 0
when |m| < n,

(iii) o = 1a?, B = —3(a+n)? and v = m, where m+n is even and a arbitrary,

1

2
(iv) a = 1(b+n)?, B = —1b% and v = m, where m+n is even and b arbitrary,
(v) a=3(2m+1)? and 3 = —§(2n + 1)2.

These rational solutions have the form
w(z) =Az+ p+ Pno1(2)/Qn(2), (5.58)

where X\ and p are constants, and P,_1(z) and Q,(2) are polynomials of degree
n — 1 and n, respectively, with no common roots.

Proof. See Kitaev, Law and McLeod [142]; also Gromak and Lukashevich [84],
Gromak, Laine and Shimomura [83, §40]. O

Remarks

1. The rational solutions in cases (i) and (ii) are the special cases of the
solutions of Py expressible in terms of confluent hypergeometric functions
1F1(a;¢; z), when the confluent hypergeometric function reduces to the
associated Laguerre polynomial L7*(¢) discussed in Theorem 7.6; see also
Masuda [162].

2. The rational solutions in cases (i) and (ii) and those in cases (iii) and (iv)
are related by the symmetry Sy (4.12).

3. Kitaev, Law & McLeod [142] did not explicitly give case (iv), though it is
obvious by applying the symmetry Sy to case (iii).

4. Kitaev, Law & McLeod [142] also require that v € Z in case (v), though
this appears not to be necessary.

5. If § =0 and v # 0 in Py then it is equivalent to the generic case if Py
[72]; see Theorem 6.3. Hence one obtains algebraic solutions of this special
case of Py in terms rational solutions of Py, as shown in §6.2.

Determinantal representations, with entries expressed in terms of associ-
ated Laguerre polynomials L}*(z), of rational solutions of Py are given by
Masuda, Ohta and Kajiwara [164]. Umemura [226] derived special polynomi-
als associated with rational solutions of (5.57); see also [175, 233]. Masuda,
Ohta and Kajiwara [164] generalized Umemura’s result and derived special
polynomials associated with all rational solutions in cases (iii), (iv), and (v)
in Kitaev, Law and McLeod’s classification described in Theorem 5.13 which
are given in the following theorem.

Theorem 5.14. Suppose that U, . (2; 1) satisfies the recursion relations
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Um+1,nUm71,n =8z |:Um,nU1/q{L) ( ) :|
+ 8UmnUpy o + (24 21— 2 = 6m + 20)U;, ., (5.59%)
Um,n+1Um,n—1 =8z [ UU (U n ) }

+ 8Um U, + (2 =20 —2+2m — 6n)U7, ., (5.59Db)
with
U_1,—1(zp) = U—1,0(25 ) = Uo,—1(25 1) = Uno(z3 1) = 1. (5.59¢)
Then
w(z o) ) ) sy Upn—1(2; 1) Unn—1,n(2; 1) (5.60a)

Um—l,n(z; m— 2)Um,n—1(z; 14 + 2) ’
1s a rational solution of Py for the parameters
(. B0, 750, 850 ) = (2%, L — 2m + 20)2, —m — n,=1) , (5.60b)

and

Um,n—l(z; 1Y + 1)Um,n+1(z; n— 1)
Umfl,n(z; M= 1)Um+1,n(z; 1Y + 1) ’

v) 5

w(Z;a'E:z/,)n7ﬂ7(r\;,)n7’Ym,n’ m,n) =

(5.61a)

is a rational solution of Py for the parameters

( 7(7:)71’ ﬁr‘z])nv'ygr\{)n767(r‘{)n) = (%(2771 + 1)27 _%(2“‘ + 1)2,7’77, —n—=u _%> .
(5.61b)

Proof. See Masuda, Ohta and Kajiwara [164]; also Clarkson [34]. O

Plots of the roots of these special polynomials are given by Clarkson
[34]. These numerical simulations show that for p sufficiently large and
negative, the roots of U, »(z;p) form two approximate triangles, one with
sm(m + 1) roots and the other with £n(n + 1) roots, which are well sep-
arated. The discriminant of U, ,(z;p), i.e., Dis(Up,n(2; 1)), is zero when
p=2m-—1,2m—3,...,3,1,—-1,-3,...,3 —2n,1 — 2n. As u increases, some
roots of Uy, »(2; 1) coalesce at z = 0 when g is a root of Dis(U, »(2; 1)) = 0.
Finally for p sufficiently large and positive, the roots of U, ,(#; ) again form
two approximate triangles, one with %m(m + 1) roots and the other with
%n(n + 1) roots, similar to those for u negative, except that their positions
are interchanged. The motion of the roots as p varies is symmetric about

©=m —n and always there is symmetry about the real axis.
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5.7 Rational Solutions of Py
Rational solutions of Py are summarized in the following theorem.
Theorem 5.15. In the general case, Py has rational solutions if and only if
a+b+c+d=2n+1, (5.62)

where n € 7, a = e1V2a, b = eav/—203, ¢ = €3/27y and d = g4/1 — 26, with
e; = £1, j = 1,2,3,4, independently, and at least one of a, b, c or d is an
integer.

Proof. See Mazzocco [165]. These are special cases of the special function solu-
tions which are expressed in terms of hypergeometric functions F'(a,b;c;z) =

2F1(a, b; c; z) when they reduce to the Jacobi polynomials P,(La’ﬂ)(z). O

6 Other Elementary Solutions

6.1 Elementary Solutions of Pyyp
It is straightforward to show that Pyy; possesses the algebraic solution w = z1/3
provided that a + ¢ = 0 and 8 = v = 0 and the solution w = 2z~ /% provided
that a=d0d =0and g4+ ~v=0.

Consider the special case of Prip when either (i), v = 0 and ad # 0, or (ii),
0 =0 and By # 0. In case (i), we make the transformation

w(z) = (3)%u@Q), ==Y

and set « =1, § =2u and 6 = —1, with p an arbitrary constant, without loss

of generality, which yields Pgl)

d*u 1 (du)® ldu 4¢4
d¢z  u u’

@) " cac etz S (6.1)

In case (i), we make the transformation w(z) = (£)'/2/u(¢), with z = (3)3/2¢*
and set « = 2u, 8 = —1 and v = 1, with g an arbitrary constant, without
loss of generality, which again yields Pgl) .

Equation Pgl) (6.1) is so named since it is of type D7 in the terminology

of Sakai [197]. Rational solutions of P;I?I) correspond to algebraic solutions of

Pyr with v = 0 and ad # 0, or 6 = 0 and By # 0. Lukashevich [151] and

Gromak [71] obtained algebraic solutions of Pgl), which are classified in the

following theorem; see also [169].
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Theorem 6.1. Equation Pgl) (6.1) has rational solutions if and only if p = n,
with n € Z, which have the form

un(g) = Pn2+1(<)/Qn2 (()7

where Pp2,1(¢) and Q,2(¢) are monic polynomials of degrees n® + 1 and n?,
respectively, with integer coefficients and no common roots.

A straightforward method for generating rational solutions of (6.1) is

through the Bécklund transformation
¢ ¢ du, 3(2u=£1l)

Ypt1 = u? + 2u2 d¢ 2u, (6.2)
where u, is the solution of (6.1) for parameter u, using the “seed solution”
uo(¢) = ¢ for p = 0, for details see Gromak, Laine and Shimomura [83, p164];
also [71, 169, 172].

Ohyama [181] derived special polynomials associated with the rational
solutions of (6.1). These are essentially described in Theorem 6.2, though here
the variables have been scaled and the expression of the rational solutions of
(6.1) in terms of these special polynomials is explicitly given.

Theorem 6.2. Suppose that R, () satisfies the recursion relation
dQRn an 2 Rn an
2(R,+1Rn—1 =—R - —
C +1 1—1 mn dCQ + ( d( ) C dC
with Ro(¢) =1 and R1(¢) = ¢%. Then

_ Rut1(Q) Raa(Q) — ¢—n _ Li i n
w() = Tl Rl e on Lm0} 0

satisfies (6.1) with p =n. Additionally u_,(¢) = —iu,(i().

+2(¢* —n)R%,  (6.3)

Plots of the locations of the roots of the polynomials R, ({) are given
in [31]. These plots show that the locations of the poles also have a very
symmetric, regular structure and take the form of two “triangles” in a “bow-
tie” shape. A plot of the roots of Rgy(() is given in Figure 5.

Other non-rational solutions of Py include

w(z;0, -2k, 0,4k — A2) = z(kIn® 2 + An z + p),

ZV*I

2 2712
20,02 (02 — dkp),0) = —
w(z; —v ve( k), 0) A g
with k, A, p and v arbitrary constants [151, 153].

If 8 =6 =0, then Py has the first integral
2(w')? + 2zww’ = (C + 202w + y2%w?)w?,
where C' is an arbitrary constant, which is solvable by quadrature. A similar
result holds when o =y = 0. Also if « = 8 = v = § = 0, then Pyy; has general
solution w(z) = Cz#, with C' and p arbitrary constants.
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Fig. 5. Roots of the polynomial Ra0(¢)

6.2 Elementary Solutions of Py
Elementary non-rational solutions of Py include
’U_)(Z7 My 7%7 7#’%27 0) = 1 + K/\/E7 U}(Z, 07 07 H, 7%:“2) = /Qexp(,uz),

with xk and g arbitrary constants [151].
If § =0 and « # 0, then Py is equivalent to the generic case if Py, which
is summarized in the following theorem.

Theorem 6.3. Suppose that v = v((;a,b,1,—1) is a solution of Pr1 and
dv (1 —ea)v

_dv o, U—eaqp
n(¢) = @ ev® + o (6.5)
with €2 = 1. Then
-1
wiza b 0) = BETL e=de (6:)

satisfies Py with
(Oé, ﬂa Vs 5) = ((b —é&a+ 2)2/32a _(b +ea— 2)2/325 —-¢, O) (67)

Proof. See Airault [11], Gromak [72] and Lukashevich [154]. O

Making the change of variables w(z) = u(¢), with z = 1¢2, in Py with

6 = 0 yields

Pu_ (1 1 \(du)\® 1ldu  4(u—1) 3
i~ (o) (&) —car M (o) v 09

Algebraic solutions of Py with 6 = 0 and v # 0 are equivalent to rational
solutions of (6.8) and so henceforth we shall only discuss rational solutions of
(6.8). These are obtained by substituting the rational solutions of Py, which
are classified in Theorem 5.8, into (6.5) and (6.6). Consequently we have the
following classification of rational solutions for equation (6.8).
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Theorem 6.4. Necessary and sufficient conditions for the existence of ratio-
nal solutions of (6.8) are either

(@,8,7) = (51% —5(2n — 1), -1), (6.9)

or
(o@ﬂv’Y) = (%(277’71)2’7%”2’1)5 (610)

where n € Z and p s arbitrary.

Proof. See Milne, Clarkson and Bassom [169] and Murata [172]; also Gromak,
Laine and Shimomura [83, §38]. O

We remark that the solutions of (6.8) satisfying (6.9) are related to those
satisfying (6.10) by the transformation Sz given in (4.12). Thus we shall be
concerned only with rational solutions of (6.8) satisfying (6.9). As shown
above, there are special polynomials associated with the rational solutions of
Pyir given in Theorem 5.8. Therefore rational solutions of (6.8) are obtained
by substituting the rational solutions of Py given by (5.47) into (6.5,6.6).
Hence, when € = 1, rational solutions of (6.8) have the form

_ Gun(Gp) = Cua(Gip) = 2(n 4 pvn(G i) =€
Cup (G ) = Cua (G ) = 2(n + o (G ) + ¢

with v, (¢; p) given by (5.47). Consequently we obtain the following result.

U (G5 1)

Theorem 6.5. Suppose that S, ((; ) satisfies the recursion relation (5.46)
with S_1(¢; 1) = So(¢; ) = 1. Then, for n > 1, the rational solution

_ Sn (G ) Sn—2(¢; 1)
pSn—1(Cipp+1)Sp_1 (G —1)

satisfies (6.8) with parameters given by (6.9).

un (C; 1)

(6.11)

It is straightforward to any specific value of n that (6.11) satisfies (6.8)
with parameters given by (6.9). However, at present, Theorem 6.5 should be
regarded as a conjecture rather than a theorem since there is no proof.

If v =6 =0, then Py has the first integral

2(w')? = (w —1)*(20w? + Cw — 20),

where C is an arbitrary constant, which is solvable by quadrature.

6.3 Elementary Solutions of Py

An elementary algebraic solution of Py is

2

w(z; 3k%, =367 L2 11— p?)) = 212, (6.12)

N[—=
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with x and p arbitrary constants, which was given by Hitchin [98].
Dubrovin and Mazzocco [51] classify all algebraic solutions for the special
case of Pyy with § = v =0, § = %; this classification procedure can be
generalized for any Py equation (see [165]). For further examples of algebraic
solutions of Py see Andreev and Kitaev [14], Boalch [20, 21], Gromak, Laine
and Shimomura [83, §48], Hitchin [99], Masuda [162], Mazzocco [166].
Let A(u, z) be the elliptic function defined by

(6.13)

A dt
‘T /0 VEE =1t —z)

where the fundamental periods 2v; and 2v, are linearly independent solutions
of the hypergeometric equation

2(1=2)0" 4+ (1 =220 — 2v =0, (6.14)
ThenPVIWithCI:ﬂ:’Y:OaHdéz%,i.e.,
1 1 1 2 1 1 1
w == + + ('w) Y + W'
w w—1 w-—z 2 z z—1 w-—=z
w(w —1)

+ 22(z — 1)(w —2)’ (6.15)

has general solution
'U}(Z, 07 Oa Oa %) = A(Clvl + C2U2> Z)a

with Cq and C; arbitrary constants, for details see Painlevé [189], Fuchs [64],
Manin [159]. This solution is an essentially transcendental function of both
constants of integration since Py with a = f =+ =0 and § = % does not
admit a one-parameter algebraic first integral of the form F(z,w,w’, K) = 0,
with K a constant.

7 Special Function Solutions

The Painlevé equations P;—Pvyp possess hierarchies of solutions expressible
in terms of classical special functions, for special values of the parameters
through an associated Riccati equation,

w' = pa(z)w® + pr(2)w + po(2), (7.1)

where p2(2), p1(2) and pg(z) are rational functions. Hierarchies of solutions,
which are often referred to as “one-parameter solutions” (since they have one
arbitrary constant), are generated from “seed solutions” derived from the Ric-
cati equation using the Backlund transformations given in §4. Furthermore, as
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for the rational solutions, these special function solutions are often expressed
in the form of determinants.

We illustrate the procedure for deriving the Riccati equation associated
with special function solutions of Pyr, which are solved in terms of Airy func-
tions, in next subsection. See, for example, Sachdev [196] for details of the
derivation of the Riccati equations for Pyi1—Pvyr; the results are summarized
in Table 4.

Brief details of special function solutions for Pii;—Pyy are given in §§7.2—
7.5, respectively. Special function solutions of Pyjp are expressed in terms
of Bessel functions J,(z) and Y, (z) [153, 160, 169, 172, 187, 228], of Pry
in terms of Weber-Hermite (parabolic cylinder) functions D, (z) [17, 76, 152,
171, 184, 227], of Py in terms of Whittaker functions M, ,(z) and Wy, ,(2), or
equivalently confluent hypergeometric functions 1 Fi (a; ¢; 2) [154, 73, 186, 230],
and of Pyy in terms of hypergeometric functions F'(a,b;c;z) [59, 156, 185];
see also [2, 74, 77, 107, 210]. Some classical orthogonal polynomials arise as
particular cases of these special function solutions and thus yield rational
solutions of the associated Painlevé equations. For Piy; and Py these are in
terms of associated Laguerre polynomials L7*(z) [26, 123, 164, 175], for Pry
in terms of Hermite polynomials H,(z) [17, 125, 171, 184], and for for Py in

terms of Jacobi polynomials Pfla’ﬁ) (2) [162, 212]. In fact all rational solutions
of Pyy arise as particular cases of the special solutions given in terms of
hypergeometric functions [165].

Table 4. Special function solutions of Pi—Pvy1

p2(z) | pi(z) po(z) Condition on Special Function
parameters
P €1 0 %Elz o= %m Airy function
Ai(2), Bi(z)
Pm €1 aal €2 gra+ a3 =2, Bessel function
? v=1, §=-1 Jo(2),Yo(2)
Prv €1 2e12 21 4ea0a)| f=-201+ Ela)2 Weber-Hermite
(parabolic cylinder)
function D, (z)
a b—a b . .
Pv > £3 + — a+b+esy =1, |Whittaker function
0= _%7 Mﬂ,u(z)v WH,H(Z)
a=e1V2a,
b=¢ea2v 72ﬁ
PVI%b—&—c—a*—c - bl a+b+c+d=0 hypergeometric
2(z—1) z T a=¢e1v2a, function F(a,b;c; z)
b=¢e2v —Qﬂ,
c=¢e3/2 5
d= €4V 1-— 25
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7.1 Special Function Solutions of Py

To obtain a special function solution of a Painlevé equation, one supposes
that w(z) satisfies the Riccati equation (7.1) for some functions ps(z), p1(z)
and po(z). Differentiating (7.1) yields

w” = phw? + 2poww’ + plw + prw’ + p)
= phw* + plw + p + (2paw + p1) (p2w® + prw + po)
= 2p3w® + (py + 3p1p2) w” + (P} + 2pop2 + pi) w + P} + pipo,  (7.2)

and substituting this into Pyy yields

2paw® + (P 4 3p1p2) w” + (P} + 2pop2 + pi) w + P} + P1po
=2w 4 zw+a. (7.3)

Equating coefficients of powers of w to zero, which are necessarily independent
since w is any solution of Pyy, yields

w3 pa(z) =1,

w” : P5(2) + 3p1(2)p2(2) = 0,

w Pi(2) + 2p0(2)pa(2) + p1(2) = 2,
w py(2) + p1(2)po(2) = «,

and therefore
pa(z) =&, p1(z) =0, po(z) = 3ez, o= ge, e2=1. (7.4)
Thus we obtain the Riccati equation

ew' =w?+ 32 (7.5)

Any solution of this equation is also a solution of Py, provided that o = %E.

Note that Py can be written as
elew —w? — 1z2) = 2w(ew’ —w® — 1z) + a — e, e? =1.

Hence if o = %5, then special solutions of Py; can be obtained in terms of
solutions of the Riccati equation (7.5). Setting w = —e ¢/ in (7.5) yields

"+ 120 =0, (7.6)
which is equivalent to the Airy equation and has general solution
p(2) = CLAI(E) + O2 Bi(€), &= -27132 (7.7)

where Ai(¢) and Bi(§) are the Airy functions and C; and Cs are arbitrary
constants.
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Theorem 7.1. The second Painlevé equation Pry has a one-parameter family
of solutions expressible in terms of Airy functions given by (7.7) if and only
ifa:n—i—%, withn € Z.

Proof. See Gambier [68]. O

Theorem 7.2. Let p(2) be the solution of (7.6) and 7,(z) be the n x n deter-
minant

¢(z) --- D)

¢'(z)  ¢'(z) - ™G

T (2) = . . . . on>1, (7.8)
(p(n—l)(z) (p(n)(z) (p(2n—2)(z)

where o™ (2) = d™p/dz", then

o= o[- 5 e o

satisfies Pyp with a = n — %

Proof. Airault [11], Flaschka and Newell [53], Okamoto [184]. O

Theorem 7.3. Suppose that ¥, (z) satisfies the Toda equation

d2y, dw, \?
U, 0, | =, =) 7.10
el a2 ' ( dz ) (7.10)

with Yo(z) = 1 and ¥1(z) = —p(2z) where ¢(z) satisfies the Airy equation
(7.6), then

w(z;n —

Uk ren | R ht re

satisfies Prp with o =n — 1 forn € ZT.

If we set &(2) = ¢'(2)/p(2), where p(2) is given by (7.7), then the first few
solutions in the Airy function solution hierarchy for Py; are given in Table 6.

Table 5. Solutions ¥, (z) of the Toda equation (7.10)

Wl(z) = —¢,
2 2
Wa(z) = (¢')* + 32¢%
W3(z) = (¢')° + 329'0% — 16°
W(2) = 32(¢)* + 0(¢')* + 32°0%(#)? + 320 0® + §(2° — )
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Table 6. Airy function solutions of Py

wih=-e
w(Z'i)— 228% + P + 22 1

127 4PB 4220 — 1 292 4 2 ,
wiz 3 2207+ D4 22 489° + 822P + 282P + 42° — 9

2l v B | 2(820% + 1603 + 82202 + 820 + 223 — 3)

These “Airy functions solutions”, w, = w(z;n/2) for n = 1,3,5,..., of Py
are also the general solutions of a Fuchsian equation of the form

n—1

(wp)" + Y Pywn, 2)(wy,)” =0, (7.12)
j=0

where Pj(w,,z) are polynomials in w, and z. For example, ws = w(z;3)

2
satisfies the first-order, third-degree equation

(wg)3 — (wi + 32) (wg)2 — (wh + zw3 + dws + 2°) wh

+ w§ + 3zws + dwd + 3220] + 22w + $2° +2=0. (7.13)

7.2 Special Function Solutions of Pyyy

Special function solutions of Pyry are expressed in terms of Bessel functions as
given in the following theorem.

Theorem 7.4. If v§ # 0 then we set v = 1 and § = —1, without loss of
generality. Pyip with v = —§ = 1, has solutions expressible in terms of Bessel
functions if and only if

cra+exf =4n+2, (7.14)

withn € Z and €1 = £1, €5 = £1 independently.

Proof. See Gromak [74], Lukashevich [151, 153], Umemura and Watanabe
[228]; also Gromak, Laine and Shimomura [83, §35]. O

In the case e;a + €38 = 2, the Riccati equation is
2w’ = 12w 4 (ag; — Dw + e92. (7.15)
If o # &1 then (7.15) has the solution

w(z) = —e1¢'(2)/(2), (7.16)
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where
p(z) = 2" {C1,(Q) + C2Y,(Q) }, (7.17)

with ( = \/e1622, v = %asg, and C1, Cy arbitrary constants. For examples and
plots see Milne, Clarkson and Bassom [169]. Determinantal representations of
special function solutions of Pyyy are given by Okamoto [187]; see also Forrester
and Witte [62].

We remark that rational solutions of Py, with v = 1 and § = —1, occur
then e1a + &2 = 4 and Bessel solutions of Pyyr occur then eja + 6258 = 4 + 2.
A question is what happens when these lines intersect? This is illustrated in
the following example.

Ezxample 7.1. If a + B =4 and o — 3 = 2 then a = 3 and § = 1. Hence the
Riccati equation becomes

2w’ = zw? + 2w — z,
then letting w = —¢'/p yields
20" =20 — 29 =0,
which has general solution
o(z) =Ci(z — 1) 4+ Ca(z + 1)e™ 7,
with C, Cy arbitrary constants, and so

Chrze® — Coze™*
Ci(z —1)e* + Ca(z + 1)e~ ="

w(z) = —
Note that setting C; = 0 yields the rational solution w = z/(z + 1), whilst
setting Cy = 0 yields the rational solution w = z/(1 — z).

We remark that this example shows that rational solutions of Pryp for
specific parameters are not unique since, Py with parameters a = 3 and
B =1,y =3and 6 = —1 has the rational solutions z/(z 4+ 1) and z/(1 — 2).

7.3 Special Function Solutions of Pyv

Special function solutions of Pyy are expressed in in terms of parabolic cylinder
functions as given in the following theorem.

Theorem 7.5. Pryv has solutions expressible in terms of parabolic cylinder
functions if and only if either

f=—-22n4+1+¢ca)? (7.18)

or
8= —2n2, (7.19)

with n € Z and ¢ = *1.
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Proof. See Gambier [68], Gromak [76], Gromak and Lukashevich [84], Luka-
shevich [151, 152]; also Gromak, Laine and Shimomura [83, Chapter 6]. O

In the case when n = 0 in (7.18), then the associated Riccati equation is
w' = e(w? + 22w) — 2(1 + ea), (7.20)
and yields the Weber-Hermite equation
o —2ez¢’ —2(a+e)p =0, (7.21)
which has solution
w(z) = —£¢/(2) /p(2), (7.22)
where

o(z) = {ClDV (\/52) +C2D_, (ﬁz)}exp (3e2?) (7.23)

with v = —%(1 + e+ 2a), C1 and Cs arbitrary constants, and D, (\/5 z) the
parabolic cylinder function, provided that v & Z.

When v is a positive integer the parabolic cylinder functions reduce to
Hermite polynomials times an exponential function; thus

H, 1 (2)
w(z;—n, —2(n — 1)?) = - =22 n=123,..., 7.24
(5=, =2(n — 1) = ~ =1 (7.21)

and

H; (2)
H,(2)’

w(z;—n, —2(n+1)?) = =2z + n=0,1,2,... . (7.25)

For examples and plots see Bassom, Clarkson and Hicks [17]. Determinantal
representations of special function solutions of Py are given by Okamoto
[184]; see also Forrester and Witte [61].

Ifa= ,%5 then 5 = f%, with ¢ = £1, and so the Weber-Hermite equation
(7.21) has solution

w(z) = exp (%622) [ClD,l/g (\/52) +CoD_y o (—\/ﬁz)] , (7.26)

and so
V2[C1Dy /2 (V22) — CoDyjp (—V22)]
C1D_15 (V22) +CaD_y 5 (—V22)
9%+ V2 [C1Dy /3 (V22) — CaDy e (—V22)]
CiD_y/3 (V22) + CoD_y /5 (—V22)

wizt,—b) = -

Using these solutions as seed solutions one generates a hierarchy of solutions

of Pry expressed in terms of D.;/5(¢). The special solutions of Pry when

a = %n and 8 = —%n2 arise in quantum gravity; see Fokas, Its and Kitaev
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[57, 58]. This hierarchy, the “half-integer” hierarchy, is discussed by Bassom,
Clarkson and Hicks [17].
If 1 + ea = 0, then (7.20) has solutions

2 exp(z?) e
w(z) = VT C+ 1er2fc(1z)] (7.27)
20p(—") if e =—1

VT [C + erfe(z)]’

where C is an arbitrary constant and erfc(z) is the complementary error func-
tion; see Gromak and Lukashevich [84], also Bassom, Clarkson and Hicks [17]
who generate a hierarchy of solutions with (7.27) as the seed solution. These
solutions have some rational solutions as special cases. Further a special case
of this hierarchy occurs when ao = 2n + 1 and § = 0 which gives bound state
solutions that have exponential decay as z — +oo and so are nonlinear ana-
logues of bound states for the linear harmonic oscillator; for further details
see [17, 18].

7.4 Special Function Solutions of Py,

Special function solutions of Py are expressed in in terms of Whittaker func-
tions as given in the following theorem.

Theorem 7.6. If § # 0, then we may set § = —%. Py then has solutions
expressible in terms of Whittaker functions if and only if
a+b+egy=2n-+1, (7.28)
or
(a—n)(b—n) =0, (7.29)

where n € Z, a = €1V2a and b = e24/=203, with ¢; = £1, j = 1,2,3,
independently.

Proof. See Gromak and Lukashevich [84], Lukashevich [154], Watanabe [230];
also Gromak, Laine and Shimomura [83, §40]. O

In the case when n = 0 in (7.28), then the associated Riccati equation is
2w = aw? + (b—a+ezz)w — b (7.30)

If a # 0, then (7.30) has the solution

w(z) = — , (7.31)

where
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SO(Z) = {Can,u(C) + CQWK,M(C)} C_(a_b—H)/Q exp(%{), (7'32)

with ¢ = €32, k= 3(a—b+1), p = 3(a+b), C; and C; arbitrary constants
and M, ,(¢), Wy . (¢) Whittaker functions. Determinantal representations of
special function solutions of Py are given by Okamoto [186]; see also Forrester
and Witte [62] and Masuda [163].

7.5 Special Function Solutions of Py

Special function solutions of Py are expressed in in terms of hypergeometric
functions as given in the following theorem.

Theorem 7.7. Py has solutions expressible in terms of hypergeometric func-
tions if and only if
a+b+ct+d=2n+1, (7.33)

where n € Z, a = €1V 2, b = 1/ =20, ¢ = €31/27, and d = e4v/1 — 26, with
e; = %1, j =1,2,3,4, independently.

Proof. See Fokas and Yortsos [59], Lukashevich and Yablonskii [156], Okamoto
[185]; also Gromak, Laine and Shimomura [83, §44]. O

If n =1, then the associated Riccati equation is

2
, aw (b+c)z—a—c b

= - . . 4
v z(zfl)—i_ z2(z—1) e — (7:34)

If a # 0 then (7.34) has the solution

¢(—1dy 1

w(z) = —, = , 7.35
(2) ap(0) dc C=1—3 (7.35)

where

0(¢) =C1F(b,—a;b+ ¢ ()
+ Co( T F(—a—b—ct 1, —c+ 1;2-b—¢(), (7.36)

with Cy, Cy arbitrary constants and F'(a,b;c; () is the hypergeometric func-
tion. Determinantal representations of special function solutions of Pvyp are
given by Okamoto [185]; see also Forrester and Witte [63] and Masuda [163].
There also is a family of solutions of Pyt with o = 2n2, for n € Z with n #
0,=vy=0andé = %, expressible in terms of solutions of the hypergeometric

equation
2(1=2)0" 4+ (1 = 220" — Jv =0, (7.37)

for further details see Mazzocco [166]. For example, if n = 1, then the solution
is
02+ dzov’ + dz(2 — 1) ()27
w(z;2,0,0,3) = [ ( )(v')?] ’
8uv'[v + (22 — 1)v'](v + 2zv7)

where v(z) is any solution of (7.37).
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8 Other Mathematical Properties

8.1 Hirota Bilinear Forms

Each of the Painlevé equations Pi—Pvyy can be written in Hirota bilinear form,
using the Hirota operator D, defined by

d d

D. (FeG) = <d - d) [F(21) G(22)]

dF dG
=—G—-F— Nl
dz G dz’ (8.1)

Z1=z2=2

see Hietarinta [93]. We illustrate this in the following example for Pyy.

Example 8.1. Letting

- [5G0 e

in Pyr yields

F"G-3F"G' +3F'G" — FG" — 2(F'G — FG') — aFG,
F'G-FG
=3———— (F'G-2F'G' + FG"
which has the “decoupling”
F'G-2F'G'+ FG" + \2)FG = 0, (8.3a)
F"G-3F"G' +3F'G" — FG" = [z = 3\(2)|(F'G — FG') + aF G, (8.3b)
where A(z) is the separating function. Thus we obtain the bilinear represen-
tation of Pyy given by
{D2+A(2)} (Fe@G) =0, (8.4a)
{D? — [z = 3A(2)]D. — a} (FeG) =0, (8.4b)

where D, is the Hirota operator defined in (8.1) above. Fukutani [65] discusses
Py1 using this bilinear representation.

8.2 Coalescence Cascade

The Painlevé equations have the coalescence cascade

Pvi — Py — Py

! | (8.5)

Pt — Pop — Py

see, for example, [101, 109] for further details. This is illustrated in the fol-
lowing example.
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Ezample 8.2. If in Py; we make the transformation

a =471,

w(z;o) = eW(C) + 72, z=¢e2( — 610,

then
2w
d¢?
and so in the limit as € — 0, W(() satisfies Py.

=6W2 + ¢+ W3 + W),

These other coalescences are given as follows:

1. If in Py we let

w(z;aaﬁ77a 6) = y(x;a/ab7ca d)7
c d d
:1 = - — — = —
z + ez, = o 0 2

then as ¢ — 0, Pyy coalescences to Py.
2. If in Py we let

w(’z; a?/BV 77 6) = 1 + Ey(‘r; a? b? C? d)?

b b
a:g—i- 52_77
€ €

52’ PY:EC7

§ =ed,

then as ¢ — 0, Py coalescences to Pypy.
3. If in Py we let

w(z;a, B,7,0) = % 2 ey(x; a,b), z=142er,
1 b 1 5 a 1

0422754, 8= 7:—;4,

g2 2
then as ¢ — 0, Py coalescences to Pry.
4. If in PIV we let
. _ 22/3
w(z;a, B) = =~y

ET 1 a 1
Zzﬁf R o = ﬂ:

=
then as ¢ — 0, Py coalescences to Pyj.
5. If in Py we let
w(z; o, B,7,0) = 1+ 2ey(z; a),
1 1 2a 1
ity = — 1)
@ 267

then as ¢ — 0, Pyp coalescences to Pry.

381

(8.10)

(8.11)

(8.12)
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8.3 The Pjy; Hierarchy
The Korteweg-de Vries (KdV) hierarchy can be written as
Uty ) + O0xLpsifu] =0, n=0,1,2,..., (8.13)

with 9, = 9/0x, where the sequence L,, satisfies the Lenard recursion relation
[148]
OuLpt1 = (02 + 4ud, + 2uy) Ly,

Beginning with Lo[u] = 3, this then gives

L1[u] = u,

Lou] = ugy + 307,

L3[u] = Uppre + 10Uty + 5uZ 4+ 1003,

L4[u] = Upprzze + 14Uz + 28UpUpee + 21U, + T0U Uy, 4+ TOuu? + 35u.

and so on. The first four members of the KdV hierarchy are

U, + Uy =0,

Uty + Ugge + Buuy = 0,

Uty + Ugggrr + 10UULze + 20UgUyy + 30u?u, = 0,

Uty + Ugzrrrer + 14UUszere T 42U Uspae + TOUGz Ugsy
+ T0uUgr + 280Ut ptyy 4+ T0uS 4 140uu, = 0.

The modified KdV (mKdV) hierarchy is obtained from the KdV hierarchy
via the Miura transformation u = v, — v?, and can be written as

Vtgir + 0p (0n +20) Ly [, —0°] =0,  n=0,1,2,... (8.16)
The first three members of the mKdV hierarchy are

VUt + Vgga — 6'021% =0,

Uty + Vpagzs — 100203y — 400 Vpe — 101):?; + 30v*v, = 0,

Uiy + Vegzazzr — 14000000 — 840050000 — 14000, Vppy — 126020404
— 1821)mv§x + 7000300 + 560030V, + 420’02112 — 140v%v, = 0.

A Pyp hierarchy is obtained from equation (8.16) through the scaling re-
duction

v(x, tant1) = w(z)/[(2n + 1)t2n+1]1/(2”+1), z=x/[(2n+ 1)t2n+1]1/(2"+1),

which gives

n d
PI[I][w,an] = <dz+2w> Lp[w —w?] — 2w — ap, =0, n=123,...
(8.18)
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with a,, an arbitrary constant, for n = 1,2,3,..., where the case n = 0 has
been excluded; see [11, 36, 53, 143] for further details. Since £4[u] = u then

the first member of this hierarchy is Prr. Since La[u] = uy, + 3u?, the second

member of this hierarchy is the fourth order equation PI[I2 ]

" = 10w?w” + 10w (w')? — 6w® + 2w + a. (8.19)

Since L£3[u] = Upgaz + 10utty, +5u2 4+ 10u?, the third member of this hierarchy

is the sixth order equation Pl[f’ )

W — 14w2w//// + 56ww’w'” + 492 (w//)2 ~70 [w4 _ (w/)ﬂ w”
— 140uw? (') 4 200" + zw + a3.  (8.20)

Theorem 8.1. Let w = w(z; @) be a solution of PI[IN], the Nth equation in the
Py1 hierarchy, then the transformations

SN w(z—a) = —w, (8.21)
Tj[[N] ;o ww(z;any £1) = —w(z;ay)
2an + 1
2LN[FW! (z;an) — w?(z;an)] — 2

. (3.22)

give solutions of F}[IN], provided that o # :F% in (8.22).
Proof. See Airault [11] and Clarkson, Joshi and Pickering [36]. O

All rational solutions of PI[IN] (8.18) can be generated using (8.22), (8.22)

and the “seed solution” wy = w(z;0) = 0. Rational solutions for PI[IN } are
classified in the following theorem.

Theorem 8.2. The equation PI[IN] has a unique rational solution if and only
if ay =n € Z, which has the form

W(2) = Pos_1(2)/Qua (2) (8.23)

where Pn2_1(2) and Q,2(z) are polynomials of degree n* — 1 and n? respec-
tively, with no common roots.

Proof. See Gromak [78]; also Clarkson and Mansfield [38] who derive associ-
ated special polynomials and study their properties including the distribution
of their roots in the complex plane. O

Other studies of equations in the Py hierarchy include Gromak, Laine
and Shimomura [83, §22], Gromak and Zenchenko [87], Joshi and Mazzocco
[119], Kudryashov [144, 145], Kudryashov and Pickering [146], Kudryashov
and Soukharev [147].



384 Peter A. Clarkson
9 Asymptotic Expansions and Connection Formulae

9.1 First Painlevé Equation

The first type of asymptotic solution of Py is given by
w(z) = 22 o7 — 0 -2,0) +o(D)}, |2l — oo, (91)

where a and C are arbitrary constants and p((;ge2,gs) is the Weierstrass
elliptic function. There are five possible sectors of validity S;, j = 0, %1, %2,
given by

| arg(ze2/17/%)| < i —6(< 2m), (9.2)

and for given values of a, C, and j the solution (9.1) is unique.
A second type of asymptotic solution of Py is given by

is1/2 2
w( Z zm/z, |z| — oo, (9.3)
where ag = 1, and for n > 0
(1 —25n2) e
An4+1 = ——— = 5 AmAp4+1—m- (94)
S PY

There are no free parameters in the coefficients of the divergent asymptotic
series (9.3), but solutions having this expression have a free complex parameter
hidden in exponentially small terms. There are five sectors of validity for (9.3),
given by

| arg(ze2IHDIn/5)) < 21 —6(< 2m), (9.5)

for j = 0,%+1,+2. For any sector given by (9.5), there exists a solution of
Py, a tronquée solution, whose asymptotic behavior as |z| — oo in this sector
is given by (9.3). There also exists a unique solution of Pr, the tritronquée
solution, whose asymptotic expansion is given by (9.3) in the sector

|arg(ze'™)| < 21— 5(< 2m). (9.6)

There is a solution of P such that

w(z) = =/ 2] +dlzl Vo sin {8(2) — 6o} + 0|21 %)z =00, (97)
where
6(=) = ()4 (4P + Ld*In 2]}, (9.8)

and d and 6, are constants.
There is also a solution of (1.1) such that

w(z) ~ 1/ ¢l7] z — —o0. (9.9)

This solution is not unique.
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RoRRRES

Fig. 7. k= —0.5 (red), —0.25 (green), 0 (gold), 1 (blue), 2 (magenta)

L2

Next, for given initial conditions, w(0) = 0, w’(0) = k, with k real, w(z)
has at least one pole on the real axis. There are two special values of k, k1 and
ko, with the properties —0.451428 < k1 < —0.451427 and 1.851853 < ko <
1.851855, such that: (a) if k& < k1, then w(z) > 0 for zyp < z < 0, where z
is the first pole on negative real axis; (b) if k1 < k < kg, then w(z) oscillates

about and is asymptotic to —y/ ¢ |z[; (c) if k2 < k, then w(z) changes sign once,
from positive to negative as z passes from zy to 0. Plots of solutions of P; with
w(0) = 0 and w’(0) = k for various values of k, and the parabola 6w? + z = 0,
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which is shown in black, are given in Figures 6-9. The two graphs in Figure
8 are indistinguishable when z exceeds —5.2, approximately. The two graphs
in Figure 9 are indistinguishable when z exceeds —4.8, approximately.

For further information about the asymptotic behaviour of solutions of
P see Joshi and Kruskal [118], Kapaev [131, 135], Kapaev and Kitaev [137],
Kitaev [141].

-2
7 [
14 12 10 ~8 [-6 -4 T >
R S N A S A M T
0
L1
L2
L3
Fig. 8. k = 1.851853 (blue), 1.851855 (red)
-2
L1
. i
14 12 10 - - 4 -2 i >
DT SO SN VTS AR [T,
L1
)
L3

Fig. 9. k = —0.451427 (blue), —0.451428 (red)
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9.2 Second Painlevé Equation

Generic Pyp functions are meromorphic functions, which have an infinity of
simple poles accumulating at the essential singularity at z = co. Making the
transformation

w(z) =2%u(C), ¢ =227 (9.10)
in Pyr gives
d?u 1du U 2
— =24 u + =+ =. 9.11
ac T cac o tae ©11)

Thus, in three sectors of angle %w, the generic Py function has the asymptotics
w(z) ~2Pu(Q), ¢ =37, (9.12)
where u(() satisfies the Jacobian elliptic function equation
du\ 2
(dz) =ttt K, (9.13)

with K an arbitrary constant. The parameters in the elliptic function «(¢)
change across the Stokes lines at 0 and :I:%w from the positive real axis of the
complex z-plane.

There is a family of solutions of Py; with the asymptotic behaviour

w( Z 23"/2’ |z| = oo, (9.14)

with ap =1, a1 = F3 LV/2ia and for n >0

n+1 n+1 k
1 1
ant2 =—2(9n* — Da, — 3 E Aklnyo—k + E E Am Ok —mOn 2k

k=1 m=0

The first few coefficients in (9.14) are

1602 + 11
az = $(602 + 1), a3=ix/51“(a176+),

410a* + 7082 + 73 . a(768a* + 250402 4 1021)
“=- 128 . 05 = FV2 128 '

Note that the asymptotic series (9.14) is a divergent series. There is a second
family of solutions of Py with the asymptotic behaviour

« b,
w(z) N—;Z—, |z| — oo, (9.15)

where bg = 1 and
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n k
b1 = (3n+2)B3n+ )by —20° Y > bbg_mbnk, 1 >0.
k=0m=0
The first few coefficients in (9.15) are
by = —2(a? — 1),
by = 4(a? — 1)(3a? — 10),
by = —8(a? — 1)(12a* — 117a? + 280),
by = 16(a? — 1)(55a5 — 1091a* + 733602 — 15400).

Again the asymptotic series (9.15) is a divergent series, unless o = +1.

As in the case of (9.3), there are no free parameters in (9.14) and (9.15), but
solutions having these asymptotic expressions have a free complex parameter
hidden in exponentially small terms. For further details see Its and Kapaev
[106], Kapaev [136].

9.3 Connection Formulae for Pyp
Here we consider the special case of Py; with o = 0, i.e.,

w” = 2w + 2w, (9.16)
with boundary condition

w(z) — 0, z — +o0. (9.17)

The “classic connection problem” for Py concerning solutions of (9.16) satis-
fying (9.17) is given in the following theorem.

Theorem 9.1. Any solution of (9.16), satisfying (9.17), is asymptotic to
k Ai(z), for some k, with Ai(z) the Airy function. Conversely, for any k,
there is a unique solution wy(z) of (9.16) which is asymptotic to k Ai(z) as
z — +oo, for some k. If |k| < 1, then this solution exists for all real z as
z — —00, and as z — —o0

wi(2) = d|z|"Y4sin {g 122 = 2d21og 2| — 90} Fo(lz]7YY,  (9.18)

for some constants d and 0y which depend on k. If |k| = 1 then
wy(z) ~ sgn(k)\/— 32, z — —00. (9.19)

If |k| > 1 then wg(2) has a pole at a finite 2o, dependent on k,

wy,(2) ~ sgn(k)(z — 20) ! z | 2. (9.20)
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Proof. See Hastings and McLeod [91]. O

The specific dependent of the constants d and 0 in (9.18) on the parameter
k is given as follows.

Theorem 9.2. The connection formulae d and 6y in the asymptotic expansion
(9.18) are given by

d*(k) = =7 'In(1 — k?), (9.21)
0o(k) = 3d*In2 + arg[['(1 — 3id*)] — i (9.22)

with T'(z) the Gamma function.

The amplitude connection formula (9.21) and the phase connection for-
mula (9.22) were first conjectured, derived heuristically and subsequently ver-
ified numerically by Ablowitz and Segur [7, 198]. Some years later Clarkson
and McLeod [40] gave a rigorous proof of (9.21), using the Gel’fand-Levitan-
Marchenko integral equation (2.3) in §2.1. Suleimanov [209] derived (9.21) and
(9.22) using the isomonodromy problem (2.12) in §2.2; see also [103, 104, 149].
Deift and Zhou [48, 49] rigorously proved that these connection formulae us-
ing a nonlinear version of the classical steepest descent method for oscillating
Riemann-Hilbert problems. Subsequently Bassom, Clarkson, Law and McLeod
[19] developed a uniform approximation method, which is rigorous, removes
the need to match solutions and can leads to a simpler solution of this connec-
tion problem for the special case of Py given by (9.16). As discussed in §10.2,
the solution of (9.16) satisfying the boundary conditions (9.17) and (9.19)
arises in a number of mathematical and physical problems.

Numerical studies of the solutions of (9.16) satisfying the boundary condi-
tion (9.17) are discussed by Miles [167, 168] and Rosales [193]. In Figure 10,
wy(z) with k = 0.5 and 0.5 Ai(z) are plotted and the two graphs are indistin-
guishable when z exceeds —0.4, approximately. In Figures 11 and 12 wg(z) is
plotted with & = 1 £ 0.001 and k = 1 4 107!, respectively. These illustrate
that when 0 < k < 1 then wy(2) exists for all z whilst for k& > 1 then wy(2)
has a pole at a finite zg, however the dependence of zy on k is currently un-
known. In Figure 13, wg(z) with & = 0.9 and the asymptotic expansion (9.18)
for k£ = 0.9 are plotted.

Letting w +— iw in equation (9.16) gives

w” + 2w — zw =0, (9.23)

which is considered in [103, 104]. Any real solution of (9.23) for real z € R is
smooth for all z, and satisfies the asymptotic condition,

w(z) = d(—z)"Y*sin (%|z|‘3/2 +3d%In|z| - 00)

+ O (|z|_5/4 1n|z|> ) z— —o0, (9.24)
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r0.4

r0.3

VAN
AV

r-0.2

r—0.3

L 0.4
Fig. 10. wi(z) with £ = 0.5 (blue) and 0.5 Ai(2) (red)

1/2A'OA'8/\'6 32 o 5 4
TAVARY

Fig. 11. wi(z) with £ = 0.999 (blue), k = 1.001 (red)
with d and 6y arbitrary real constants, which determines the solution w(z)
uniquely. If the parameters d and 6, are related by
Oy = %d2 In2— %7‘(’ — arg [F (%idQ)] + nm, n €7, (9.25)
then the solution w(z) decreases exponentially as z — +oo. More precisely,
w(z) ~ kAi(z), z — 400, (9.26)

where the connection formula for k is given by (cf., (9.18))
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Fig. 12. wi(2) with k=1 —107'% (green), £ = 1 +107'° (blue)
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Fig. 13. wi(z) with & = 0.9 (blue) and the asymptotic expansion (9.18) for k = 0.9
(green)

d?> =77 n(1 + k%), sgn(k) = (-1)™. (9.27)
For generic values of the parameters d and 6y, i.e., if

0o — 3d*In2+ ir + arg [T (3id?)] ¢ Z, (9.28)

then the solution w(z) oscillates and w(z) — + %27 as z — +00. The corre-

sponding asymptotics is given by
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w(z) =o\/iz+ o(22)"Y*pcos (%zgﬂ —3p°Inz+ @)
+ o0 (z_1/2> ) z — +oo. (9.29)

Theorem 9.3. The connection formulae for o, p and © are given by

o = —sgn(Im(p)), (9.30)
2 1 < L+ |p? >
p° = In , p >0, 9.31
Vo " TG 31
O=-3r- %pQ In2 + arg[['(ip?)] + arg(1 + u?), (9.32)

where the complexr number u is given in terms of the parameters d and 6y by

1?2 = exp(rd®) — 1, (9.33)
arg(p) = 3d°In2 — tm — arg [T (3id?)] + 6o. (9.34)

We remark that each of the equations (9.26) and (9.29) determines the solution
w(z) uniquely (see Its and Kapaev [104], Its, Fokas and Kapaev [103], Deift
and Zhou [49]; also Its and Novokshénov [107]). For more on asymptotics and
connection formulae for Py see Abdullaev [1], Joshi and Kruskal [117, 118],
Kapaev [132, 133, 134], Kapaev and Novokshénov [138], Novokshénov [177,
178, 179].

10 Applications of Painlevé Equations

10.1 Reductions of Partial Differential Equations

Ablowitz and Segur [7] demonstrated a close connection between completely
integrable partial differential equations solvable by inverse scattering, so-called
the soliton equations, and the Painlevé equations Pi—Pvr. This paper was the
catalyst for much of the current interest in the Painlevé equations. The inverse
scattering method was originally developed by Gardner, Greene, Kruskal and
Miura [69] to solve the Cauchy problem for the Korteweg-de Vries (KdV)
equation

up + 6uty + Ugppr = 0. (10.1)

Ezample 10.1. The mKdV equation (2.2) is solvable by inverse scattering [4]
and has the scaling reduction

u(x,t) = (3t) " 3w(z), z=x/(3t)'/3, (10.2)

where w(z) satisfies Py with « a constant of integration. Ablowitz and Segur
[7] noted that since the Miura transformation u = —v? — v,, relates solutions
of the mKdV equation (2.2) to solutions of the KdV equation (10.1) then
solutions of the scaling reduction of the KdV equation given by
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u(z,t) = (3t) "2 3u(z), z=ux/(3t)Y/3, (10.3)

where v(z) satisfies
V" + 6vv’ — (20 + 20") = 0, (10.4)

whose solutions are also expressible in terms of solutions of Py;. There exists
a one-to-one correspondence between solutions of equation (10.4) and those

of Pyp, given by
, 9 v+
v=—w —w?, w =

10.
20—z (10.5)

see [54] for further details. The KdV equation (10.1) also has the similarity
reduction

u(z,t) = w(z) — M, 2z =x + 32, (10.6)
with A an arbitrary constant and where w(z) satisfies

w” + 3w® = Az + A, (10.7)

with A a constant of integration, which is equivalent to Py through a scaling
of the variables; see [54] for further details.

Ezxample 10.2. The sine-Gordon equation
Uy = sinu, (10.8)
is solvable by inverse scattering [4]. It has a scaling reduction
u(z,t) = v(z), z = xt. (10.9)

After making the transformation w = exp(iv), to put the equation in rational
form, then w(z) satisfies

"2 / 2
-1
W= W W el (10.10)
w z z

which is the special case of Pryp with « = —8 =1 and v = ¢ = 0; see [7] for
further details.

FEzxzample 10.5. The Boussinesq equation
st = Uge — 6(4°) 0z + Usaa, (10.11)
is solvable by inverse scattering [3, 235]. It has the travelling wave solution
u(z,t) = v(¢), ¢ =x—ct, (10.12)
with ¢ an arbitrary constant and where v(({) satisfies

2
ng = 60? + (¢ — 1)v + AC + B, (10.13)
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with A and B constants of integration. Depending upon whether A = 0 or
A # 0, then the solution v(¢) of (10.13) is expressible in terms of either elliptic
functions or solutions of Py, respectively [7]. The Boussinesq equation (10.11)
also has the scaling reduction

u(z,t) =t () +3i, =zt (10.14)
where v(() satisfies
d*v d?v dv? Lod? o do
Y 6y el BRI W T e ) 10.1
TR <dc) NPT T (10.15)

This equation is solvable in terms of solutions of Pry since the solution of
(10.15) is given by

v(¢) = 3K [w + w® + 22w + 22° + 2(a — 1)], z=3k(, (10.16)

where w(z) satisfies Prv and k* + 3 = 0; see [37] for further details. Further
the Boussinesq equation (10.11) has the “accelerating wave reduction”

u(z,t) =v(C) = 3%, (=a+pt, (10.17)
with p an arbitrary constant and where v(¢) satisfies

d3v dv dv
— =6v— — — +2uv— 2p*C+ A 10.18
TERRT; ac tamw s C+ A, ( )
with A a constant of integration. This equation is equivalent to (10.4) since
setting

v(¢) = —Kk*v(2) + 2 (k*z + 1), z = k¢,

with k% = 2 and A = }u, in (10.18) yields (10.4) Thus (10.4) is solvable in
terms of solutions of Pyr; see [37] for further details. We remark that Clarkson
and Kruskal [37] show that there are six classes of symmetry reductions of the
Boussinesq equation (10.11) which reduce it to ordinary differential equations
that are solvable either in terms of solutions of Py, P11, Py or elliptic functions,
depending upon the reduction.

Ezample 10.4. The nonlinear Schrodinger equation
iy = Upe — 20]|ul?u, o= +l, (10.19)

was the second soliton equation to be solved by the inverse scattering method
[234]. It has the scaling reduction

w(x,t) = t~2U(¢) exp (3iplnt), ¢ =az/t?, (10.20)

with g an arbitrary constant and U(() satisfies
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d2U

. AU
@ 11— p)U + 3i¢— +20|U*U. (10.21)

d¢

Setting U(¢) = R({) exp{if(¢{)} and equating real and imaginary parts yields

d2R a9\* . .do

——_R(=2) =1irc—=-1 20 R 10.22
a0 R(d@) 2R<d§ suR +20R°, (10.22a)
dR dé d26 dR

d<d<+RdCQ+2ch+2R 0 (10.22b)

Multiplying equation (10.22b) by R and integrating yields

do L c 1 ¢
— =—3z —_— — = R d 10.23
i =i g g | RO (10.25)
with C an arbitrary constant. Substituting this into equation (10.22a) and
setting W (¢) = fc R?(s)ds — 4C yields the third-order equation

AW 3w 2w\ ? dw 2 dw?
2= — = — ) —(2Z+2u) [ — Ly - 10.24

4 dd <d<2> (4““)((14)“ oo ) - 102
which has first integral

aewy® aw\? aw\” aw\® __aw
( az ) — i (W §«> e <d<> e (ac) e (1029)

with K an arbitrary constant. This is equation SD-I.c in the classification of
second-order, second-degree ordinary differential equations with the Painlevé
property due to Cosgrove and Scoufis [45], an equation first derived and solved
by Chazy [27] and rederived by Bureau [25]. Equation (10.25) is solvable in
terms of Pry since the solution of (10.25) is given by

ok [ 1 [dw\?
W(g):_2{4w (dz) — 1w — 20+ (14— 2w

+ £U+§(a+1)z+§iu2}, z=k¢, (10.26)

where w(z) satisfies Pry and 16k* + 1 = 0, provided that
K=3% 21" +ip(a+ 1)+ (a+1)?], B=-2(a+2ip+1)>

see [24, 45, 67] for further details.
The nonlinear Schrédinger equation (10.19) also has the accelerating wave
reduction
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u(z,t) = U(C) exp {ip (Ct+ Sput®)},  ( =z —pt?, (10.27)
with g an arbitrary constant and U(() satisfies
d?U
Frcie uCU + 20|U2U. (10.28)

Setting U(¢) = R(¢) exp{if(¢)} and equating real and imaginary parts yields

d2R do\? f

——~ —-R(—) =2R? 10.2
e R <dC> oR° + uCR, (10.29a)
dR d6 d?6

2——+R— =0. 10.29b

Multiplying equation (10.29b) by R and integrating yields

dé C

— == 10.30

TN o2
with C' an arbitrary constant. Substituting this into equation (10.29a) and
setting R(¢) = W1/2(¢) yields

Ew 1 (AW’ 202
d¢

=_— AW? + 2uCW + —. 10.31
acz 2w AW 20 (10.31)
After rescaling W and (, if necessary, this equation is equation XXXIV in
Chapter 14 of Ince [101] which is solvable in terms of solutions of Pyy. The
solution of (10.31) is

dw

where w(z) satisfies Py, k% = 2u and
PP+ 1) +40% =0,

see [67] for further details.

10.2 Combinatorics

Let Sy be the group of permutations 7 of the numbers 1,2,..., N. For 1 <
i1 < ...<ir <N, then m(i1), 7(i2),...,m(ix) is an increasing subsequence
of 7 of length k if

(i) < w(ig) < --- < w(in).

Let ¢ () be the length of the longest increasing subsequence of 7 and define
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gn(n) = Prob(Uy(m) < n). (10.33)

The problem is to determine the asymptotics of gn(n) as N — oo, which
Baik, Deift and Johansson [16] expressed in terms of solutions of Py; — see
Theorem 10.1. Define the distribution function Fs(s) by

Fa(s) = exp {— / e — s)wl(z) dz} (10.34)

which is known as the Tracy-Widom distribution first introduced in [214],
and w(z) satisfies (9.16), the special case of Py; with a = 0, and the boundary

conditions
Ai(z), as  z — 00,
w(z) ~ (10.35)

z, as z — —o0.

N [—=

where Ai(z) is the Airy function. Recall from Theorem 9.1 that Hastings
and McLeod [91] proved there is a unique solution of (9.16) with boundary
conditions (10.35), which is uniquely characterized by its asymptotics as z —
oo. Baik, Deift and Johansson [16] proved the following theorem.

Theorem 10.1. Let Sy be the group of all permutations of N numbers with
uniform distribution and let €x(m) be the length of the longest increasing
subsequence of w € Sy . Let x be a random variable whose distribution function
is the distribution function Fs(t). Then, as N — oo,

In(m) — 2V N _

XN ‘= N1/6 X>
in distribution, i.e.,
) Iy — 2N
NIE)nOOPI'Ob (]\]1/6 S S) = FQ(S),

for all s € R.

The Tracy-Widom distribution function Fi(s) given by (10.34) arose in
random matrix theory were it gives the limiting distribution for the normalised
largest eigenvalue in the Gaussian Unitary Ensemble (GUE) of N x N Her-
mitian matrices [214]. Specifically for the GUE

limProb <(Amax - Jﬁ) V2 N6 < s) = Fy(s), (10.36)

where Fy(s) is given by (10.34). See, for example, [47, 61, 220, 221] and the
references therein, for discussions of the application of Painlevé equations in
combinatorics and random matrices.

We remark that work by Montgomery [170], followed by extensive numeri-
cal calculations by Odlyzko [180], on zeros of the Riemann zeta function have
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given convincing numerical evidence that the normalized consecutive spac-
ings follow the GUE distribution; this is often referred to as the Montgomery-
Odlyzko law. Rudnick and Sarnak [194, 195] have proved a restricted form
of this hypothesis. These results of Rudnick and Sarnak [194, 195] are also
compatible with the belief that the distribution of the spacings between zeros,
not only of the Riemann zeta function, but also of quite general automorphic
L-functions over Q, are all given by this Montgomery-Odlyzko law. Subse-
quently Katz and Sarnak [139, 140] established the Montgomery-Odlyzko law
for wide classes of zeta and L-functions over finite fields.

We further remark that the solution of Py with @ = 0 (9.16) satis-
fying the boundary conditions (10.35) also arises in several other mathe-
matical and physical applications including: spherical electric probe in a
continuum plasma [22, 91], Gortler vortices in boundary layers [88, 89, 90],
nonlinear optics [70], Bose-Einstein condensation [46, 157, 161, 222], super-
heating fields of superconductors [50, 92], universality of the edge scaling for
nongaussian Wigner matrices [204], shape fluctuations in polynuclear growth
models [114, 191, 192], and the distribution of eigenvalues for covariance ma-
trices and Wishart distributions [115].

10.3 Orthogonal Polynomials

Suppose {pn(z)}22, are a set of orthonormal polynomials with respect to the
weight function w(z; z) on the interval (o, 8), with —oo < a < 8 < 0, i.e.,

B
/ P () pu(z) w(z; 2) dz = Gpim, (10.37)
for n,m = 1,2,..., then the p,(z)’s also satisfy the three-point recurrence
relation
n41(2)Pn41(2) = [2 = b0 (2)]pn(2) — an(2)pn-1(2), (10.38)

forn=1,2,... (cf. [158]). If w(—x) = w(x) for all real z, then b, =0 and so
(10.38) reduces to

An41(2)Pn+1(®) = 2pp () — an(2)pn—1(2). (10.39)

Ezample 10.5. Consider the orthogonal polynomials p,, (z) with respect to the
weight function w(z;z) = exp(32® 4 zz), then the orthogonal polynomials
pn(x) satisty

0
/ P (2) Py () exp(32° + 22) dz = G (10.40)

— 0o

Here a,, and b,, satisfy the difference equations

az +ar . +b2+2=0, n+ a2 (b, +b,_1) =0, (10.41)
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and the differential-difference equations

day, dby,
an% =alb, + 3n, P —b2 —2a2 — 2. (10.42)
Eliminating a,, in (10.41) yields
n+1 n

= b2 10.43
bn+1 + bn + bn + bnfl " + “ ( )

which is an alternative form of discrete Py [56], whilst eliminating a,, in (10.42)

d?b,,

7= 263 + 22b, — 2n — 1, (10.44)
z

which is equivalent to Py;.

Ezample 10.6. Consider the orthogonal polynomials p,, (x) with respect to the
weight function w(x; z) = exp(—%z* — 22?), then the orthogonal polynomials
pn(x) satisty

/ pm () pu(z) exp(—1at — 22%) dz = Gy (10.45)

Here b, = 0 and u,, = a2 satisfy the differential-difference equation

du,
dz

= Up (Up—1 — Un+1), (10.46)

which is the Kac-van Moerbeke equation [120], and the difference equation
(Unt1 + Up + Up—1)Up =N — 22Uy, (10.47)

which is discrete P; equation (dPp) [57, 58]. From (10.46) and (10.47) we
obtain

n 1 du,
S Y 10.
U1 T 22 — Up, (10.48a)
1 du,
Nipg = 4 — 9y . (10.48b)

Letting n — n+1 in (10.48b) and then eliminating u, 1 in (10.48a) yields Py
with (a, ) = (—4n,—4n?). We remark that Fokas, Its and Kitaev [57, 58]
demonstrated a relationship between solutions of Pry and dPy (10.47) in the

context of two-dimensional quantum gravity.

Recently a link between orthogonal polynomials with discontinuous weights
and the Painlevé equations has been given by Chen and Pruessner [28].
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11 Discussion

This paper gives an introduction to some of the fascinating properties which
the Painlevé equations possess including connection formulae, Backlund trans-
formations, associated discrete equations, and hierarchies of exact solutions.
I feel that these properties show that the Painlevé equations may be thought
of as nonlinear analogues of the classical special functions.

There are still several very important open problems relating to the fol-
lowing three major areas of modern theory of Painlevé equations.

(i) Asymptotics and connection formulae for the Painlevé equations using the
isomonodromy method, for example the construction of uniform asymp-
totics around a nonlinear Stokes ray (cf., [106, 135, 136]).

(ii) Bécklund transformations and exact solutions of Painlevé equations; a
summary of many of the currently known results is given in [83].

(iii) The relationship between affine Weyl groups, Painlevé equations, Backlund
transformations and discrete equations; see, for example, [173], for an in-
troduction to this topic.

The ultimate objective is to provide a complete classification and unified struc-
ture for the exact solutions and Bécklund transformations for the Painlevé
equations (and the discrete Painlevé equations) — the presently known re-
sults are rather fragmentary and non-systematic.
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