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PREFACE

The main purpose of this book is to present an account of computational meth-
ods for generating orthogonal polynomials on the real line (or part thereof), to
discuss a number of related applications, and to provide software necessary for
implementing all methods and applications.

The choice of topics, admittedly, is influenced by the author’s own past in-
volvement in this area, but it is hoped that the treatment given, and especially
the software provided, will be useful to a large segment of the readership.

In Chapter 1, a brief, but essentially self-contained, review of the theory of
orthogonal polynomials is presented, which emphasizes those parts of the the-
ory that are most relevant to computation. The computational methods them-
selves are treated in Chapter 2. They are basically of two kinds, those based
on moment information and those based on discretization. Other miscellaneous
methods also receive attention, such as the computation of Cauchy integrals,
modification algorithms for the underlying measures, and computing orthogonal
polynomials of Sobolev type. Chapter 3 is devoted to applications, specifically
numerical quadrature, discrete least squares approximation, moment-preserving
spline approximation, and the summation of slowly convergent series. Historical
comments and references to related topics not treated in this book are given in
separate Notes to each chapter.

All software are in the form of Matlab scripts, which are collected in a suite
of Matlab programs called OPQ, and which are downloadable individually from
the Web Site

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

Occasionally, there will be a need to refer to a quadruple-precision version
ORTHPOLq of the Fortran package in Gautschi (1994). This can be found on the
Web Site

http://www.cs.purdue.edu/archives/2001/wxg/codes/

Many tables throughout the book report on numerical results of various algo-
rithms. All numbers in these tables are displayed in floating-point format m(e),
where m, 1 < m < 10, is the mantissa of the number, and e the signed exponent.

The author is grateful to Gene H. Golub for his encouragement to write
this book. He also acknowledges helpful comments by Olav Njastad and Lothar
Reichel.

I dedicate this book to my wife, Erika, in appreciation of her patience and
unwavering support.

December, 2003 Walter Gautschi
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1

BASIC THEORY

This introductory chapter is to present a quick review of material on orthogonal
polynomials that is particularly relevant to computation. Proofs of most results
are included; for those requiring more extensive analytic treatments, references
are made to the literature.

1.1 Orthogonal polynomials
1.1.1  Definition and existence

Let A(t) be a nondecreasing function on the real line R having finite limits as
t — —oo and t — 400, and assume that the induced positive measure d\ has
finite moments of all orders,

= - (dN) = / t"dA(t), r=0,1,2,..., with po>0. (1.1.1)
R

Let P be the space of real polynomials and P; C P the space of polynomials of
degree <d. For any pair u, v in P, one may define an inner product as

(u, v) = /R w(t)o(t) dA(E). (1.1.2)

If (u,v) =0, then u is said to be orthogonal to v. If u = v, then

Jull = VT = ( [ w0 dA(t))W (1.1.3)

is called the norm of u. (We write (u,v)qx and |lu|lax if we want to exhibit the
measure d\.) Clearly, ||ul| > 0 for all u € P. Schwarz’s inequality states that

|(w, 0) < ] flv]]- (1.1.4)

Definition 1.1 The inner product (1.1.2) is said to be positive definite on P if
llu]l > 0 for all w € P, u £ 0. It is said to be positive definite on Py if |Jul| > 0
for any u € Py, u # 0.

Hankel determinants in the moments .,
fo Pt fa—t
H1 po v U,

A, =detM,, M,= . n=1,23,..., (115)

Hn—1 Hn - H2n—2

provide a simple criterion for positive definiteness.
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Theorem 1.2 The inner product (1.1.2) is positive definite on P if and only if
A,>0, n=1,23,.... (1.1.6)

1t is positive definite on Py if and only if A, >0 forn=1,2,...,d+ 1.
Proof Consider first the space Py, and let u € Py, u = ¢o + cit + - - - + cqt®.

Since
= | 3 et A = 3 preener 1.17)

k,£=0 k,£=0

positive definiteness on Py is equivalent to the Hankel matrix M 441 being pos-
itive definite. This, in turn, is equivalent to A, > 0 for n =1,2,...,d+ 1. The
case d = oo gives the result for P. O

Definition 1.3 Monic real polynomials m(t) = th + ,k=20,1,2,..., are
called monic orthogonal polynomials with respect to the measure d\, and will
be denoted by mi(+) = mi(-;dN), if

(e, me)ax =0 fork#4, k1=0,1,2,... and

(1.1.8)
[|7ellax >0 fork=0,1,2,... .

There are infinitely many orthogonal polynomials if the index set k = 0,1, 2,
is unbounded, and finitely many otherwise. Normalization 7, = my/||mk||, k =

0,1,2,..., yields the orthonormal polynomials, which satisfy
- 0 if k#¢,
(ks Te)an = Ot 1= {1 i i / (1.1.9)

They will be denoted by 7 () = 7 (- ;dN).

Lemma 1.4 Let g, k=0,1,...,n, be monic orthogonal polynomials. If p € P,
satisfies (p,m,) =0 for k=0,1,...,n, then p = 0.

Proof Writing p(t) = ag + a1t + - - - + ant™, one has
0= (p, 7Tn) = an(tnvﬂn) = an(ﬂ-nyﬂ'n)'

Since (7, 7, ) > 0, this yields a,, = 0. Similarly, one shows, in turn, that a,,—1 =
O,Cln,Q:O,...,CLO:O. O

Lemma 1.5 A set mg,m1,...,m, of monic orthogonal polynomials is linearly
independent. Moreover, any polynomial p € P,, can be uniquely represented in
the form

P=)_ ckm (1.1.10)
k=0

for some real constants cg. In other words, my, w1, ..., 7, forms a basis of P,,.
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Proof If ZZ:O Y7, = 0, taking the inner product of both sides with 7;, j =
0,1,...,n, yields by orthogonality 7, = 0. This proves linear independence.
Writing p in the form (1.1.10) and taking the inner product of both sides with
7 gives ¢; = (p,m;)/(7j,7;), j =0,1,...,n. With the coefficients ¢, so defined,
p— EZ:() ¢y is orthogonal to 7o, 71, ..., 7, hence, by Lemma 1.4, identically
Z€ro. O

Theorem 1.6 If the inner product (1.1.2) is positive definite on P, there exists
a unique infinite sequence {m} of monic orthogonal polynomials.

Proof The polynomials m; can be generated by applying Gram-Schmidt or-

thogonalization to the sequence of powers, ey (t) = th, k=0,1,2,... . Thus, one
takes mp = 1 and for k =1,2,3,... recursively generates
k—1
- _ (e m) 1.1.11
F=ek— Yo, = ) (1.1.11)
—0 £, T

Since (mg, m¢) > 0 by the positive definiteness of the inner product, the polyno-
mial 7, is uniquely defined and, by construction, is orthogonal to all polynomials
T, 7 <k. O

The hypothesis of Theorem 1.6 is satisfied if A has infinitely many points of
increase, that is, points to such that A(tg +¢) — A(tp — &) > 0 for all € > 0. The
set of all points of increase of X is called the support (or spectrum) of the measure
d\ and its convex hull the support interval of d\.

Theorem 1.7 If the inner product (1.1.2) is positive definite on Py but not on
P,, for anyn > d, there exists only a finite number d+1 of orthogonal polynomials
Ty 1y Td-

Proof The Gram—Schmidt procedure (1.1.11) can be applied as long as the
denominators (g, 7¢) in the formula for ¢, remain positive, that is, for &k < d+1.
The last polynomial 7441 so constructed is orthogonal to all m;, 7 < d, where
T, 1, - - - , Mg are mutually orthogonal and of positive norm. However, 7441 has
norm zero. Indeed, by assumption there exists a monic polynomial w € Py
such that ||w]| = 0. Since w — 7441 has degree d, by Lemma 1.5 there holds

d

W = Tq4+1 + ZWU
j=0
for certain coefficients 7;. Consequently,
d
0 = flwlf* = llmasal® + > A7l
j=0
which implies ||7g41|| = 0. Thus, w441 cannot be a member of a sequence of

orthogonal polynomials. O
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Theorem 1.8 If the moments (1.1.1) of dX exist only forr =0,1,..., 19, there
exists only a finite number d + 1 of orthogonal polynomials mg, 1, ..., 7, where

d = [ro/2].

Proof The Gram—Schmidt procedure (1.1.11) can be carried out as long as the
inner products in (1.1.11), including (my, ), exist, that is, for 2k < rg or, for
what is the same, k < d. O

Many of the measures occurring in applications are absolutely continuous
whereby dA(t) = w(t) dt and w is a nonnegative integrable function on R called
the weight function. The corresponding orthogonal and orthonormal polynomials
will be denoted also by 7y (- ; w) resp. (- ; w). The support of d\ is normally an
interval—finite, half-infinite, or infinite—or possibly a finite number of disjoint
intervals. A discrete measure d\ is one whose support consists of a finite or
denumerably infinite number of distinct points t; at which A has positive jumps
wg. If the number of points is finite and equal to N, the discrete measure will
be denoted by dAy. The inner product associated with it is

/R() )dAn (t ZwkUtk (tr)- (1.1.12)

It is positive definite on Px_1, but not on any P, with n > N. By Theorem
1.7, there exist only IV orthogonal polynomials 7y, 71, ..., 7xy—1. They are called
discrete orthogonal polynomials and satisfy

N
> wpr (t)ma (b)) = [|m]|* 6. (1.1.13)
k=1

Theorem 1.9 Let my, m1,...,mn—1 be the monic orthogonal polynomials relative

to the discrete measure d\n of (1.1.12). Then, they satisfy not only (1.1.13), but
also

Z HmHQ T (t ) (ts) = —(STS (1.1.14)

’I"

Proof The orthogonality condition (1.1.13) can be written in matrix form as
QT Q = I, where Q € RV*N is the matrix with elements ¢, = 7(t,)/w, /|| 7.
Then also QQ™" = I, which is precisely (1.1.14).

Orthogonality in the sense of (1.1.14) is referred to as dual orthogonality.

1.1.2  Ezamples

Examples of measures that are sufficiently unconventional to require numerical
techniques for the generation of the corresponding orthogonal polynomials, but
are of interest in applications, will now be presented. The phrase “d\(t) on [a, b]”
will be used as a shorthand expression for “the support of d is the interval [a, b]”;
thus, dA(¢) = 0 for ¢ outside of [a, b].
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Example 1.10 dA(¢) = t*In(1/¢)dt on [0, 1], o > —1.

All moments g, of d) are finite, in fact, equal to (r +a+1)~!, and the inner
product (1.1.2) is positive definite on P. The corresponding orthogonal polyno-
mials are useful to construct Gaussian quadrature rules (cf. §3.1.1) for integrals
over [0, 1] whose integrands have two singularities at the origin, one logarithmic

and the other algebraic (if « is not a nonnegative integer); see Example 2.27 of
§2.1.9.

Example 1.11 d\(t) = e*dt and dA(t) = e+ dt on [0,¢], 0 < ¢ < .

These are Laguerre resp. Hermite measures (cf. §1.5.1) on a finite inter-
val. Their moments are expressible in terms of the incomplete gamma function
Y(e,x) = [ t* e dt as p, = y(r+1,¢) resp. g = 7(3(r—1),¢*). Both mea-
sures are useful in Gaussian integration of integrals commonly encountered in
molecular quantum mechanics. The underlying orthogonal polynomials go under
the name Mach polynomials (Mach, 1984) in the former, and Rys polynomials
(King and Dupuis, 1976) in the latter case. See also Steen, Byrne, and Gelbard
(1969) and Chin (1992).

Example 1.12 dA(t) = w(t) dt where

U}(t) — { |t|’Y(t2 - 62)a(1 - tZ)ﬂ if ¢ € <_17 _5) U (57 1)’ (1115)

0 otherwise

and0<é<l,a>—-1,8>-1,veR.

This is an example of a (symmetric) measure supported on two disjoint
intervals [—1, —¢] and [¢,1]. The respective orthogonal polynomials are stud-
ied in Barkov (1960), also in the more general (asymmetric) case where [t| in
eqn (1.1.15) is replaced by |t + ¢|. The special case v = 1, @« = = —%,
E=(1-p)/(14+p) (0 < p < 1) arises in the study of the diatomic linear chain
(Wheeler, 1984, where the basic support interval extends from 0 to 1 rather than
from —1 to 1). The quantity p in this context has the meaning of a mass ratio
p =m/M, where m and M (m < M) are the masses of the two kinds of particles

alternating along the chain. See also Example 2.30 in §2.1.9.

Example 1.13 d\(t) = t®¢~*" dt on [0,00], @ > —1.

The moments of d\ are y, = I'(3(r + a + 1)) and the inner product (1.1.2)
is positive definite on P. For @ = 2 the measure is identical with the Maxwell
velocity distribution in the kinetic theory of gases. The corresponding orthogonal
polynomials are, therefore, referred to as Mazwell polynomials or speed polyno-
mials. They have found application in the numerical solution of the Boltzmann
equation by a discrete ordinate method (Shizgal, 1981) and also in the calcula-
tion of the eigenvalues of the Lorentz Fokker—Planck equation (Shizgal, 1979).
The case o = 0, referred to as the half-range Hermite measure (cf. Example
2.31 in §2.1.9), occurs in the calculation of effective radiative neutron capture
cross-sections in nuclear reactor design (Steen, Byrne, and Gelbard, 1969). It
also has statistical applications (Kahaner, Tietjen, and Beckman, 1982).
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Example 1.14 dA(¢) =t (1 +t2/w)7w71 dt on [0, 00], w > 1.

In this example, the moment p, exists only if r < 2w — 1, so that in Theorem
1.8 one has rg = 2w—2 if w is an integer, and ryg = [2w—1] otherwise. Accordingly,
there exist only d+ 1 orthogonal polynomials, where d = w—1resp. d = |w— %j
As w — 00, they tend to the Maxwell polynomials of Example 1.13. For finite
w they are useful in the study of space plasma, where Lorentzian rather than
Maxwellian velocity distributions are often observed. They have been named,
therefore, Lorentzian polynomials (Pierrard and Magnus, 2003).

The final example is a discrete measure supported on N distinct points. It is
neither unconventional nor in need of numerical techniques. The corresponding
discrete orthogonal polynomials indeed have been used already by Chebyshev
(1859) in connection with discrete least squares approximation (cf. §3.2.1). See
also Table 1.2.

N-1s

Example 1.15 dAy(z) = Y, _, 6(z — k) dz, 6 = Dirac delta function.

Thus, d\y is supported on the NV equally spaced points 0,1,2,..., N —1 and
has unit jumps there. The corresponding orthogonal polynomials are, up to a
constant factor,

tn(z)n!A"{<x> (‘TN>} n=01,2,...,N -1, (1.1.16)

n n

where A is the forward difference operator with unit spacing acting on the vari-
able x; cf. Szegd (1975, eqn (2.8.1)). See also Examples 2.26 and 2.35.

1.2 Properties of orthogonal polynomials

We assume in this section that d\ is a positive measure on R with infinitely
many points of increase unless stated otherwise, and with finite moments (1.1.1)
of all orders.

1.2.1  Symmetry

Definition 1.16 An absolutely continuous measure dA(t) = w(t) dt is symmet-
ric (with respect to the origin) if its support interval is [—a,al, 0 < a < oo, and
w(—t) = w(t) for allt € R. A discrete measure dA\y = Zivzl wid(t — tg) dt is
symmetric if ty = —tny1-k, Wk = WN41—k for k=1,2,..., N.

Theorem 1.17 If d)\ is symmetric, then
me(—t;dN) = (=1)*m(t;dN), kE=0,1,2,... . (1.2.1)
Thus, T s an even or odd polynomial depending on the parity of k.
Proof Define 7y (t) = (—1)km(—t;d\). One computes
(T, To)ax = (1) (mp, m)ar =0 if k # £,

Since all 75, are monic, 7 (t) = 7 (¢; dA) by the uniqueness of monic orthogonal
polynomials. O
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Theorem 1.18 Let d\ be symmetric on [—a,a], 0 < a < oo, and

mo(t;dN) = mf (t2),  mopga (BdN) =t (£2). (1.2.2)
Then {7Tki} are the monic orthogonal polynomials with respect to the measure
dAE(t) = tTY2w(t'/2) dt on [0,a?].

Proof We prove the assertion for W:; the proof for 7, is analogous.
Clearly, W,j is monic. By symmetry, 0 = (mag, m2¢)dax = 2 f(;L ok (t)mae (t)w(t) dt
if k # ¢; hence, by the first of (1.2.2),

0=2 /Oa ()7 () w(t) dt = /Oa () (1) Pw(r A dr, k # L

1.2.2 Zeros

Theorem 1.19 All zeros of () = m,(+;dA), n > 1, are real, simple, and
located in the interior of the support interval [a,b] of dA.

Proof Since [, m,(t) dA(t) = 0 for n > 1, there must exist at least one point
in the interior of [a,b] at which 7, changes sign. Let t1,%2,...,t;, k < n, be all
such points. If we had k < n, then by orthogonality

k
/an(t) [1¢-todre =o.

This, however, is impossible since the integrand has constant sign. Therefore,
k=n. O

Theorem 1.20 The zeros of m,4+1 alternate with those of my,, that is,

TT(LT{D < T,(L") < 7'7(1”"’1) < 7'7(1@1 << 7'1(”) < Tl(nH), (1.2.3)
h (n+1) (n) . . .
where T; , Ty are the zeros in descending order of w1 and 7y, respectively.

Proof See the Remark in §1.3.3. O

Theorem 1.21 In any open interval (¢, d) in which A\ = 0 there can be at most
one zero of wn(+;dA).

Proof By contradiction. Suppose there are two zeros TZ-(") #* T;n) in (¢, d), and

let all the others, within (c,d) or without, be T]g"). Then,
/ mut;d)) T (t=r) dA(E) = / IT (=) (=) =) dAct) > o,
R ki, j R poti j

since the integrand is nonnegative outside of (¢, d). This contradicts orthogonality
of m, to polynomials of lower degree. O
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1.2.3 Discrete orthogonality

The zeros of 7, as will be seen in §1.4 (see the paragraph preceding §1.4.2),
are the nodes TI,G of the n-point Gauss quadrature rule (1.4.7), which is exact
for polynomials of degree < 2n — 1. By applying this quadrature rule to the
orthogonality relation (1.1.8), one obtains the following discrete orthogonality

property.
Theorem 1.22 The first n orthogonal polynomials mp(-) = mp(-;dN), k =
0,1,...,n — 1, are discrete orthogonal in the sense

Z)\fﬂ'k(TVG)TFg(TE)Z(SkgHﬂ'ng)\, k,t=0,1,...,n—1, (1.2.4)
1

where Oy is the Kronecker delta and ¢, \S are the nodes and weights of the

v 7

n-point Gauss quadrature formula (1.4.7).

From the Gauss—Lobatto quadrature rule (1.4.22) and its error term (1.4.24),
one similarly obtains

Theorem 1.23 If d\ is supported on the finite interval [a,b], then the first n +
2 (monic) orthogonal polynomials mp(-) = mp(-;dA), &k = 0,1,...,n+ 1, are
discrete orthogonal in the sense

MNomi(a )+ Z Moy (7 5y 4 )\n-‘,-lﬂ-k (b)me (D)
(1.2.5)

= Sl |3y + Ok n+100n41n,

where 7L, AL are the nmodes and weights of the (n + 2)-point Gauss—Lobatto
quadrature formula (1.4.22) and

o = / [Tt dAa )2 dhas(t),  dAan(t) = (¢ — a)(b—t)dA({t).  (1.2.6)

The extra term on the right of (1.2.5) comes from the fact that the remainder
R%Y(f) in (1.4.22) is not zero when f is a monic polynomial of degree 2n + 2,
but equal to —v,,.

1.2.4  Extremal properties
The set of monic polynomials of degree n will be denoted by Pg.

Theorem 1.24 For any monic polynomial m € P, there holds

/ 72(t) dA(t) > / 72 (1 dX) dA(Y), (1.2.7)
R R

with equality if and only if m = m,. In other words, m, minimizes the integral on
the left over all m € Py :

. 2 _ 2(.
min /R 72(1) dA(t) = /R 72 (5 dX) dA(). (1.2.8)
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Proof By Lemma 1.5, the polynomial m can be represented in terms of the
orthogonal polynomials mg, 7 ..., 7, as

w(t) = mn(t) + > cume(t). (1.2.9)

Therefore,

/ 72(1) dA(t) = / R + 3 [ xR daw).

R R o R

This establishes inequality (1.2.7) and equality if and only if ¢g = ¢; = -+ =

Ccp—1 =0, that is, 7 = m,. O
Another way of viewing the result of Theorem 1.24 is to consider the left-

hand integral in (1.2.8) a function ¢(ag, a1, . ., an—1) of the coeflicients in 7(t) =

t" 4 22;01 arpt®. Setting the partial derivative with respect to each aj equal to

zero yields

/w(t)tde(t) =0, k=0,1,...,n—1, (1.2.10)
R

which are precisely the conditions of orthogonality that @ = m, must satisfy.

Moreover, the Hessian matrix of ¢ is twice the Hankel matrix M,, in (1.1.5),

which by Theorem 1.2 is positive definite, confirming the minimality of m,.
The extremal property (1.2.8) can be generalized to arbitrary powers p > 1.

Theorem 1.25 Let 1 < p < co. Then, the extremal problem of determining

min / () [P dA(t) (1.2.11)
R

melP?
has a unique solution 5 (-;d\).

Proof Seeking the minimum in (1.2.11) is equivalent to the problem of ap-
proximating ¢™ best by polynomials of degree <n — 1 in the p-norm |u|, =
(fg lul? dX) P 1t is known from approximation theory (cf., e.g. Davis (1975,
Chapter VII)) that this has a unique solution. O

An interesting special case of Theorem 1.25 is p = 2s + 2, where s > 0 is an
integer. The extremal polynomial of Theorem 1.25 is then denoted by

Tn(5dN) = s (- 5dA). (1.2.12)
In analogy to (1.2.8) and (1.2.10), one finds that m, s must satisfy
/ 2@t dAt) =0, k=0,1,...,n— L. (1.2.13)
R

Thus, the (2s 4+ 1)st power of m, s must be orthogonal to all polynomials of
lower degree. This is referred to as power orthogonality; the polynomials mp, s
themselves are called s-orthogonal polynomials. Evidently, m, o = mp,.
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Theorem 1.26 All zeros of mp s(+) = mp,s(-;dN\) are real, simple, and con-
tained in the interior of the support interval of dX. The zeros of mp41,s alternate
with those of m .

Proof The proof of the first part is analogous to the proof of Theorem 1.19.
For the second part, see Milovanovi¢ (2001, Theorem 2.2). O

1.3 Three-term recurrence relation
The three-term recurrence relation satisfied by orthogonal polynomials is ar-
guably the single most important piece of information for the constructive and
computational use of orthogonal polynomials. Apart from its obvious use in gen-
erating values of orthogonal polynomials and their derivatives, both within and
without the spectrum of the measure, knowledge of the recursion coefficients (i)
allows the zeros of orthogonal polynomials to be readily computed as eigenvalues
of a symmetric tridiagonal matrix, and with them the all-important Gaussian
quadrature rule, (ii) yields immediately the normalization coefficients needed
to pass from monic orthogonal to orthonormal polynomials, (iii) opens access
to polynomials of the second kind and related continued fractions, and (iv) al-
lows an efficient evaluation of expansions in orthogonal polynomials. Much of
this book, therefore, is devoted to computing the coefficients of the three-term
recurrence relation in cases where they are not known explicitly.

The principal reason why there exists a three-term recurrence relation is the
shift property

(tu,v)ar = (u,tv)an for all u,v € P (1.3.1)

obviously enjoyed by the inner product (1.1.2). There are other inner products,
even positive definite ones, that do not satisfy (1.3.1). Among them, inner prod-
ucts of Sobolev type (see §1.7) and Hermitian inner products on the unit circle
are the most prominent ones. In these cases, recurrence relations still exist, but
they are no longer of the simple three-term variety.

1.3.1  Monzic orthogonal polynomials

Theorem 1.27 Let mi(-) = mp(-;dN\), k=0,1,2,..., be the monic orthogonal
polynomials with respect to the measure d\ (cf. Definition 1.3). Then,

Tt (t) = (t — o) (t) — Beme—1(t), k=0,1,2,...,

(1.3.2)
m1(t) =0, mo(t)=1,
where .
ak:m7 k=0,1,2,..., (1.3.3)
(Ths Tk ) dx
B = (T T )ax k=1,2,... . (1.3.4)

(7Tl€71,71'1c71)d>\7
The index range is infinite, k < oo, or finite, k < d — 1, depending on whether
the inner product (-, -)ax is positive definite on P resp. on Py but not on P,
n > d (cf. Theorems 1.6-1.8).
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Proof Since mp41 — tmg is a polynomial of degree <k, by Lemma 1.5 one can
write

k—2
7Tk+1(t) — tﬂ'k(t) = —Ozkﬂ'k(t) — ﬁkﬂ'k_l(t) + Z’ykjﬂ'j(t) (1.3.5)
=0

for certain constants ag, Ok, and 7k, where m_1(t) = 0 (for k¥ = 0) and empty
sums (for k = 0 and 1) are understood to be zero. Taking the inner product of
both sides with 7 yields, by orthogonality,

—(tmg, m) = —ag(mR, T8),
that is, ( )
U, Tk
= ——.
(ﬂ-kaﬂ-k)

This proves (1.3.3). Relation (1.3.4) for §y, is obtained by taking the inner product
with m—1 (k> 1),

—(tmg, T—1) = =B (Th—1, Tr-1)
and simplifying. Indeed, (tmg, mx—1) = (g, t7k—1) = (7Tg, Tk + - - - ), where dots
stand for a polynomial of degree <k, and thus (tmy, mk—1) = (7g, 7x), giving

Tk Tk
Br = ) :
(Tk—1,Tk—1)

Finally, taking the inner product of both sides of (1.3.5) with m;, i < k—1, yields

— (7, i) = Yhi (73, 7).

It is at this point where the basic property (1.3.1) plays out its crucial role:
one has (tny, ;) = (g, tw;), which vanishes by orthogonality, since tm; € Pj_1.
Thus, vx; = 0 for ¢ < k — 1. This establishes (1.3.2). O

Remark to Theorem 1.27 If the index range in Theorem 1.27 is finite, k& <
d—1, then (1.3.3) and (1.3.4) are still meaningful for k¥ = d, and 4 > 0, but the
polynomial 7411 defined by (1.3.2) for & = d has norm 0, ||m441] = 0; see the
proof of Theorem 1.7.

The coefficients in the three-term recurrence relation (1.3.2) will be denoted
by ap = ai(d\) and B = Br(d)) if the measure d\ is to be evidenced explic-
itly. Although 3y in (1.3.2) can be arbitrary, since it multiplies 7_; = 0, it is
convenient for later purposes to define

B0(N) = (o 7m0) = [ A (1.3.6)
i
Note from (1.3.4) and (1.3.6) that all 35 are positive and
I7nll> = BrBn1--Bifo, m=0,1,2,.... (1.3.7)

There is a converse of Theorem 1.27, usually attributed to Favard (but antic-
ipated by a number of mathematicians as far back as Stieltjes; cf. Marcellan and
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Alvarez-Nodarse (2001)), which says that any (infinite) sequence of polynomials
o, 71, T2, ... satisfying a three-term recurrence relation (1.3.2) with all 8 pos-

itive is orthogonal with respect to some positive measure with infinite support
(cf., e.g. Natanson (1965, Chapter VIII, §6)).

Theorem 1.28 Let the support interval [a,b] of A\ be finite. Then,
a<ap(d\) <b, k=0,1,2,..., (1.3.8)
0 < Br(d)\) < max(a?,b?), k=1,2,..., (1.3.9)
where the index range is k < oo resp. k < d, with d as in Theorem 1.27.

Proof The first relation, (1.3.8), follows immediately from (1.3.3) by noting
that @ <t < b for ¢ in the support of d\. It remains to prove the upper bound
in (1.3.9).
From
17kl|* = (maes k) = |(tr—1, )|

and Schwarz’s inequality (1.1.4), one gets
I ]1* < max(|al, [b])|m-1] - [|]]-

Dividing both sides by |mx|| and squaring yields the assertion, since G =
7kl k-1 by (1.3.4). -

The Szegé class S of (absolutely continuous) measures supported on [—1,1]
consists of measures d\(t) = w(t) dt such that

1
1
/ nol) gy s o (1.3.10)
VI

For such measures it is known that
Jim ag(d)) =0, Jim Be(d\) =1  (dX€S); (1.3.11)
cf. Szegd (1975, equs (12.7.4) and (12.7.6)).

1.3.2  Orthonormal polynomials

With 75(-) = 7x(-;d)\) denoting the orthonormal polynomials (cf. Definition
1.3), one has
Wk(t) = Hﬂk”ﬁ'k(t), k=0,1,2,... . (1.3.12)

Theorem 1.29 Let 7ix(-) = 7(-;dN), k=10,1,2,..., be the orthonormal poly-
nomials with respect to the measure dA. Then,
VBk+1Tk1(t) = (8 — ap) Tk (t) — VBk7e-1(t), k=0,1,2,...,
7_1(t) =0, Fo(t) =1/v/Po,

where the as and Bs are given by (1.3.3), (1.3.4), and (1.3.6). The index range
is the same as in Theorem 1.27.

(1.3.13)
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Proof Inserting (1.3.12) into (1.3.2), dividing by ||mg+1|, and noting (1.3.4)
yields
71 (%) Tr—1(t)

v/ Br+1 - k\/ﬁkﬂﬁk .

Multiplying through by /841 gives the three-term recurrence relation in (1.3.13).
The starting values follow from those in (1.3.2), noting from (1.3.12) and (1.3.7)
with k£ = 0 that lzw/ﬁo’ﬁ'o. O

Tp1(t) = (8 — ag)

p

Definition 1.30 If the index range in Theorems 1.27 and 1.29 is infinite, the
Jacobi matrix associated with the measure dX is the infinite, symmetric, tridiag-
onal matrix

a VP 0
\/5_1 aq \/5_2
Joo = Joo(d)) = VB2 az V/Bs . (1.3.14)

0
Its n x n leading principal minor matrix is denoted by
Jn = Jn(dN) == [J oo (AN)][1:0,1:m)- (1.3.15)

If the index range in Theorem 1.29 is finite, k < d — 1, then J,, is well defined
for0 <n <d.

If the first n equations of (1.3.13) are written in the form

t7k(t) =/ BrTe—1(t) + apTr(t) + / Br+1Te+1(t), k=0,1,...,n—1, (1.3.16)
and one lets
7(t) = [7o(t), 71 (t), ..., Fn1(t)]T, (1.3.17)

then (1.3.16) may be expressed in matrix form as
t7(t) = Jp (AN T () + / BnTn(t)en, (1.3.18)

where e,, = [0,0,...,1]T is the nth coordinate vector in R".

Theorem 1.31 The zeros 75" of mp(+;dN) (or 7, (-5 dX)) are the eigenvalues of
the Jacobi matriz J,,(d)\) of order n, and 7 (7,""’) are corresponding eigenvectors.

Proof Both assertions follow immediately from (1.3.18) by putting t = T;En) and

noting that 7 (")) # 0, the first component of 7 (7.™)) being 1/+v/Fo. 0
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Corollary to Theorem 1.31 Let v, denote the normalized eigenvector of

J . (d\) corresponding to the eigenvalue Ty(n),

Jn(dN)v, = TV(”)'UV, viv, =1, (1.3.19)

and let v, ; denote its first component. Then,
1

W ()2

Proof Claim (1.3.20) follows from

v=1,2,...,n. (1.3.20)

2
ﬁO’UV,l =

_— —1/2
v, = (Z [ﬁk(T,S"))P) w(rM), v=1,2,...,n,

k=0
by comparing the first component on each side and squaring, noting from (1.3.13)
that my = 1/\/50. O
1.3.3  Christoffel-Darbouz formulae

A simple, but important, consequence of the three-term recurrence relation
(1.3.13) is the following theorem.

Theorem 1.32 (Christoffel-Darboux formula) Let 73 (-) = 7(-;d\) denote
the orthonormal polynomials with respect to the measure d\. Then,

Zn: T ()70 (t) = v/ But1 T 1 (@)7n(0) = (@)1 (1) (1.3.21)

r—t

and
n

Dm0 =V Bust [ 41 (OFa(t) = 7 (041 (D). (1.3.22)

k=0
Proof Multiplying the recurrence relation (1.3.13) by 7x(x) and subtracting
the resulting relation from the one with x and ¢ interchanged yields

(@ = )7k (@) Tk (t) = /Bt [Frgr (2)Tn(t) — T (@) Tropr (8)]
—V/B [Tk (@) -1 () — T (2) 70 (2)].

Summing both sides from £ = 0 to £k = n and observing 7_; = 0 and the
telescoping nature of the summation on the right gives (1.3.21). Taking the limit
x — t gives (1.3.22). O

Corollary to Theorem 1.32 Let my(-) = 7 (- ;d\) denote the monic orthog-
onal polynomials with respect to the measure d\. Then,

Tnt1(2) T (1) — T (@) T4 (¢) )
r—1

(1.3.23)

Z BnBn-1- Berr1mr(x)mp(t) =
=0
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Proof Put 7 = m/||me] in (1.3.21) and use \/Bnt1 = ||Tntill/||7n|| along
with (1.3.7). O

Remark From (1.3.22) one obtains the useful inequality
o1 ()7 () — 7 (8) g1 (£) > 0. (1.3.24)

It provides, for example, a quick proof of Theorem 1.20. Indeed, let 7 and o
be consecutive zeros of 7, so that @ (7)7, (o) < 0. Then, —7/, (7)Tp41(7) > 0
and —7,, (0)Tp+1(0) > 0 by (1.3.24), implying that 7,41 at 7 and o has opposite
signs. Therefore, there is at least one zero of 7,41 between 7 and o. This accounts
for at least n — 1 zeros of T, 1. There are, however, two additional zeros of 7,1,

one to the right of the largest zero Tl(n) of 7, and one to the left of the smallest,

7™ This is so because 7, (r\") > 0 and, again by (1.3.24), #,.1 (™) < 0.

Thus, 7,41 must vanish to the right of Tl(n) since Tp4+1(t) > 0 for ¢ sufficiently

large. A similar argument holds at T,(ln). This proves (1.2.3).

1.3.4 Continued fractions

Historically, orthogonal polynomials—in substance if not in name—arose as de-
nominators of a certain continued fraction. It seems appropriate, therefore, to
briefly pursue this connection with continued fractions. Not only the denomina-
tors, but also the numerators of the continued fraction are of interest, as they
give rise to a series of related orthogonal polynomials.

Assume dA to be a positive measure with infinitely many points of increase,
and let ap = ax(dN), Br = Br(dN), k =0,1,2,..., denote the coefficients in the
three-term recurrence relation for the orthogonal polynomials 7 (- ) = mg (- ;dN),
with Gy as defined in (1.3.6).

Definition 1.33 The Jacobi continued fraction associated with the measure dA
5

Bo B B2
=J(t;dN) = 1.3.25
j j(, ) t—Oéo— t—oq— t—OéQ— ( )
Its nth convergent is denoted by
An An(tadA) 60 ﬂl ﬂnfl
Ln o _ - e =1,2,3,... .
B,  Bn(td\) t—ao— t—a— f—an,’ T L2
(1.3.26)

From the theory of continued fractions (see, e.g. Jones and Thron (1980,
§2.1)), it is well known that the numerators A,, and denominators B,, satisfy
the recurrence relations

App1 = (t — ap)Ax — BrAr—1, k=1,2,...,
Ag =0, A1 =0

(1.3.27)

resp.
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Byy1 = (t — ow)Br — fpBr—1, k=0,1,2,...,
B.,=0, By=1.

(1.3.28)

Since (1.3.28) is identical with the recurrence relation for the monic orthogonal
polynomials, the following theorem is self-evident.

Theorem 1.34 The denominators By, of the Jacobi continued fraction (1.3.25)
are precisely the monic orthogonal polynomials my,
By (t;dX) = m(t;dN), k=0,1,2,... . (1.3.29)

As regards the numerators A,,, a simple inductive argument based on (1.3.27)
reveals that ﬂoflAkH( -;d)\) is a monic polynomial of degree k which does not
depend on Gy.

Definition 1.35 The polynomial

i (t:dX) = By A (td) (1.3.30)
is called the (first) numerator polynomial of degree k associated with the measure
dA.

Theorem 1.36 The numerator polynomials 7Tl[€1]<~) = 7'("[61](';(1/\) satisfy the
three-term recurrence relation

Tl (1) = (t — )T (1) = B (1), k=0,1,2,...,
1,

(1.3.31)
Ay =0, ) =

where agr1 = ap+1(dA), Be+1 = B+ (dN).
Proof This is an immediate consequence of (1.3.27) and (1.3.30). O
Since ag+1 € R and fr4q1 > 0 for k = 0,1,2,..., it follows from (1.3.31)

and Favard’s theorem that the numerator polynomials are also orthogonal with
respect to a positive measure dA[!. In general, however, dA!! is not known.

Example 1.37 (Chihara, 1978, Chapter VI, eqn (12.4)) For the Legendre mea-
sure dA(t) =dt on [-1,1] (cf. §1.5.1), one has

dt
[hq i] + 72
1—+¢

Theorem 1.36 suggests to define numerator polynomials of higher order.

Definition 1.38 The numerator polynomials 7T][:]( )= ﬂl[j]( -;d\) of order s >
0 are defined to be the solution of the three-term recurrence relation

T (1) = (t = r )T () = Brrsmi (), k=0,1,2,...,

(1.3.32)
W[_S]l(t) =0, W([JS] (t)=1,

where s = Qpts(AN), Bkts = Brts(dN). Evidently, W][CO] = 7.
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Although the measure of orthogonality dA[*! of the numerator polynomials

7r,[:] is not known, its Cauchy integral (cf. §2.3) can be expressed in terms of
Cauchy integrals of d\ (Van Assche, 1991, eqn (3.7))

/d)\[é’](t) B i ps(2) (2) = / 7 (t; dX) dA(E)
R 21 Bs ps—1(2)’ Pk R z—1
which, in fact, may be used to recover O\ by the Stieltjes—Perron inversion
formula (cf. Example 2.50).

Also, the Stieltjes polynomial 7T§+1( -;dA) in the theory of Gauss—Kronrod
quadrature (cf. §3.1.2) can be expressed in terms of dalnt1 (Peherstorfer and
Petras, 2000, Theorem 3).

)

1.3.5  The recurrence relation outside the support interval

It is of interest to consider the Jacobi continued fraction (1.3.25) for complex
z € C\a, b] outside the support interval [a, b] of dX. According to Theorem 1.34,
(1.3.26), and Definition 1.35, replacing ¢ by z, one has

BO ﬁl . 571—1 _ O-n(z; d)‘)

z—o0g— Z—oq— Z—n 1 Tp(z;dN)’

n=1,23,..., (1.3.33)

where 7, (-;d\) is the monic orthogonal polynomial of degree n, and
on(z;dN) = Bomrl | (21dN), (1.3.34)
with 77,[11]_1 the first numerator polynomial of degree n — 1. By Theorem 1.36, the
polynomials oy () = ok (-;d)\) satisfy
ok+1(2) = (2 — ag)ok(2) — Brok—1(2), k=1,2,3,...,

oo(z) =0, 0o1(2) = Po.

Recall that g = [ dA(t). If one defines 0_1(z) = —1, then (1.3.35) holds also
for k= 0.

Theorem 1.39 The numerators in (1.3.33) are given by

(1.3.35)

- Wn(z) — 7Tn(t) n—
on(z) = /Riz—t dA(t), 1,2,3,... . (1.3.36)

Proof It suffices to show that the integral on the right satisfies (1.3.35). As
regards the starting values, this is trivial, since 7o = 1 and m1(2) = z — a3. To
establish the rest, we use the recurrence relation of the ms to write
T+1(2) — Te1(2)
= 2mk(2) — tmi(t) — arlme(2) — mk(t)] = Brlmr—1(2) — mr—1(t)]
= (z = )m(t) + (2 — aw)[mi(2) = T (t)] = Brl[me—1(2) — me—1(2)].
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Dividing both sides by z — t and integrating yields

ok+1(2) = /Rﬂ'k(t) dA(t) + (z — ag)ok(2) — Brok—1(2).

Since k£ > 1, the integral on the right vanishes by orthogonality. O

The polynomials o, are called the polynomials of the second kind, or the
associated polynomials, with respect to the measure d\.

Let
F(2) = F(z:d)) = / &“2, e C\[a,b)]. (1.3.37)

R %~
This is a function vanishing at infinity and analytic in the whole complex plane
with the interval [a, b] removed. (If —a = b = 400, then F is analytic separately
in Imz > 0 and Imz < 0, the two branches being different in general.) To
elucidate the connection between F in (1.3.37) and the continued fractions in
(1.3.33), we begin by formally expanding F' in descending powers of z,

Ho | M1 | H2
Fez)m—+—=+—=+--- 1.3.38
~2+5+54+ (1.3.38)

where i, are the moments (1.1.1) of dA. Define

pn(2) = pn(z;dX) = /R %

ANB), n=0,1,2,.... (1.3.39)
Note from (1.3.36) and (1.3.37) that

on(2) = mn(2)F(2) — pp(z). (1.3.40)
Formal expansion of p,, yields

pu(z) ~ > % = /Rtkﬂn(t) dA(t). (1.3.41)

k=0

By orthogonality, i, = 0 for £ < n, so that
pn(2) =0(z"""1) as z — occ. (1.3.42)

It follows from (1.3.40) that

F(z) - = =0z asz— . (1.3.43)

Thus, for each n = 1,2,3,..., if o, /7, or, equivalently, the continued fraction
(1.3.33), is expanded in descending powers of z, the expansion agrees with that
of F up to and including the term with z72". In the language of continued
fraction theory, this means that the Jacobi continued fraction (1.3.25) for dA is
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the continued fraction “associated” with the formal power series in (1.3.88) for
F(-;d)N).

The connection between the continued fraction (1.3.25) and F' is actually
much closer. To desribe it, one needs a simple notion from the theory of the
moment problem. The moment problem consists in determining the measure d
from the sequence of its moments po, i1, 12, ... (see (1.1.1)).

Definition 1.40 The moment problem for d\ is said to be determined if the
measure d\ is uniquely determined by its moments. It is called indeterminate
otherwise.

Theorem 1.41 If the moment problem for dX is determined, then

L oon(zdN)
nlingo Ty F(z;dX), =ze€ C\[a,b]. (1.3.44)

Proof For a finite interval [a,b], the moment problem is always determined,
and Theorem 1.41 is due to Markov; see Szegd (1975, Theorem 3.5.4) or Perron
(1957, Satz 4.2). For half-infinite and doubly infinite intervals [a, b], the theorem
is due, respectively, to Stieltjes (Perron, 1957, Satz 4.14 and Satz 4.10) and
Hamburger (Perron, 1957, Satz 4.15 and Satz 4.11). O

Remark to Theorem 1.41 In the case of unbounded intervals [a,b], there
are sufficient conditions of Carleman for the moment problem to be determined.
They are expressed in terms of the moments y,; ¢f. Shohat and Tamarkin (1943,
Theorems 1.11 and 1.10, and p. 59).

Theorem 1.41 has an important consequence regarding the sequence of func-
tions pn, n =0,1,2,..., defined in (1.3.39).
Definition 1.42 Consider the difference equation (cf. (1.3.35))

Yk+1 = (Z—Oék)yk _ﬁkyk—lv k= 0,1,2,... (1345)

(where o, = ag(dN), By = Br(dN)). A solution {fn} of (1.3.45) is said to be
minimal if
fn

lim % =0 (1.3.46)

n=00 Yn

for any solution {y,} linearly independent of {fn}.

In general, a minimal solution may or may not exist. If it exists, it is uniquely
determined up to a constant factor; cf. Gautschi (1967a).

Theorem 1.43 Under the condition of Theorem 1.41, the sequence p_1(z) =1,
pn(2) = pn(z;dN), n =0,1,2,..., defined in (1.3.39), is a minimal solution of
(1.3.45) if z € C\[a, b].

Proof First, it follows from (1.3.40) that p,(2z), n > —1, is a solution of (1.3.45)
if we assume o_1(z) = —1. To prove minimality, it suffices to show that (1.3.46)
holds for one particular solution y,, = 32 of (1.3.45) which is linearly independent
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of f,. Indeed, every solution y, of (1.3.45) linearly independent of f,, can be
represented in the form

Yn = Coyg + lena Co 7& 0.

Then,
0
L Of" = I/ Y g — 0 asn— oo
Yn  CoYp tcifn  cot+crfa/yn

In the case at hand, f,, = pn(z), and from (1.3.40) we have

7n (2) (%)
By Theorem 1.41, this tends to zero as n — oo, when z € C\|a, b], so that we
can take y0 = m,(2). g

Combining Theorem 1.43 with a well-known theorem of Pincherle (see, e.g.
Gautschi (1967a, Theorem 1.1)), we can state the following corollary.

Corollary to Theorem 1.43 Under the condition of Theorem 1.41, the se-
quence p,(z), n =-1,0,1,2,..., defined in Theorem 1.43, is a minimal solution
of (1.3.45), when z € C\[a, ], and there holds

pn(z) _ ﬂn 6n+1 ﬂn+2 e n:O,l,Q,... . 2 GC\[a,b}.

pn-1(2)  z—ap— z2—0py1— 2 — Qpyo—
(1.3.47)

This expresses the “tails” of the Jacobi continued fraction J(z;d\) (cf. Def-
inition 1.33) in terms of ratios of the minimal solution {p,(z)}.

1.4 Quadrature rules

Let d\ be a measure with bounded or unbounded support, which may or may
not be positive but is such that the assumptions made at the beginning of §1.1.1
are satisfied. An n-point quadrature rule for the measure dX is a formula of the
type

/f t) dA(t ZA,,f 7,) 4+ Ru(f), (1.4.1)

where the sum on the right provides an approx1mat10n to the integral on the left
and R, is the respective error. The 7,, assumed mutually distinct, are called the
nodes, and A\, the weights of the quadrature rule.

Definition 1.44 The quadrature rule (1.4.1) is said to have degree of exactness
d if

R,(p)=0 forpeP,. (1.4.2)
It is said to have precise degree of exactness d if it has degree of exactness d but
not d+ 1, that is, if (1.4.2) holds but R, (p) # 0 for some p € Pgiq.

A quadrature rule (1.4.1) with degree of exactness d = n — 1 is called inter-
polatory.
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1.4.1 Interpolatory quadrature rules and beyond

The quadrature rule (1.4.1) is interpolatory if and only if it is “obtained by
interpolation,” that is, by integrating the Lagrange interpolation formula

£ =S F@)l () + raa(fit), (1.4.3)

where
n

O | (1.4.4)

Ty — Tu

n=1
nF#EY

(The dependence on n is suppressed in the notation for ¢,.) Then,

)\V:/]Rg,j(t)d)\(t), v=1,2,....n; Rn(f):/RTnfl(f;t)d)‘(t)' (1.4.5)

Indeed, r,—1(p;t) = 0 if p € P,_1; hence, R,(p) = 0, so that d = n — 1.
Conversely, if d =n — 1, then letting f = ¢,, in (1.4.1), one gets [, £,,(t) dA(t) =
Yo A (1) =Ny, p=1,2,...,n,since ¢, € P,,_1 and £,,(1,) = dp0-

A prototype of an interpolatory quadrature rule is the Newton—Cotes formula,
where d\(t) = dt on [—1,1] and 7, are equally spaced on [—1, 1]. The respective
weights A, are called Cotes numbers.

Evidently, given any n distinct nodes 7,,, formula (1.4.1) can always be made
interpolatory, that is, to have degree of exactness d = n — 1. Theorem 1.45 tells
us under what conditions one can do better. To formulate the theorem, it is
convenient to introduce the node polynomial

n

wa(t) = ]t = 7). (1.4.6)

v=1

Theorem 1.45 Given an integer k with 0 < k < n, the quadrature rule (1.4.1)
has degree of exactness d = n—1+k if and only if both of the following conditions
are satisfied:

(a) Formula (1.4.1) is interpolatory.
(b) The node polynomial (1.4.6) satisfies

/ wn(B)p()dA(t) =0  for all p € Py_1.
R

Proof The necessity of (a) is trivial, and that of (b) immediate, since w,p €
P,,—1+% and, therefore,

/an(t)p(t) d\(t) = Z Avwn (T)p(T0) = 0,

since wy,(1,) = 0.
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To prove the sufficiency of (a) and (b), one must show that under these
conditions R, (p) = 0 for any p € P,,_14,. Given any such p, we divide it by w,
to obtain

p=quntr, q€Pra, rePn.

Then,
/R p(t) dA(H) = / a(B)wn(t) AA(E) + / () dA().

R

The first integral on the right vanishes by (b), since ¢ € Py_1. The second, since

r € P,_1, equals
> Ar(m)
v=1

by virtue of (a). But

r(rv) = p(1) — q(r)wn (1) = p(70),

so that indeed
[ p®0 = i)
R v=1

that is, R, (p) = 0. O

Note that (b) are conditions requiring w,, to be orthogonal to polynomials
of degree k — 1. These are nonlinear constraints on the nodes 7, of (1.4.1). (If
k = 0, there is no constraint, since d = n — 1 is always attainable.) Once distinct
nodes have been found that satisfy these constraints, the respective weights A,
by (a), can be found by interpolation.

If d) is a positive measure, then k£ = n in Theorem 1.45 is optimal. Indeed,
k = n—+1, according to (b), would require orthogonality of w,, to all polynomials
of degree < n, in particular orthogonality onto itself. This is impossible. The
optimal quadrature rule (1.4.1) with k = n, that is, having degree of exactness
d = 2n — 1, is called the Gauss quadrature rule with respect to the measure
dA. Condition (b) then shows that wy(t) = m,(¢;d)), that is, the nodes 7, are
the zeros of the polynomial of degree n orthogonal with respect to the measure
d\. The weights )\, can be obtained by interpolation and, therefore, are also
expressible in terms of orthogonal polynomials. Computationally, however, there
are better ways to generate Gauss formulae (cf. §3.1.1).

1.4.2  Gauss-type quadrature rules

We assume in this subsection that the measure d\ is positive. The n-point Gauss
quadrature rule will be written in the form

[ 1000 = S A1) + B, B Pans) =0, (1.4.7)
R v

n
=1
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where in the notation for the nodes and weights their dependence on n is sup-
pressed. This formula, apart from being optimal with respect to degree of exact-
ness, has a number of other remarkable properties.

Theorem 1.46 All nodes 1, = 7¢ are mutually distinct and contained in the
interior of the support interval [a,b] of A\, and all weights X\, = NG are positive.

Proof Since 7, are the zeros of 7, (-;dA) (cf. the last paragraph of §1.4.1), the
first assertion follows from Theorem 1.19. While formula (1.4.5) for A, gives no
clue as to their signs, it was Stieltjes who observed that

0< /Rzi(t) ANE) =D N(n) =X, p=1,2,....n,
v=1

where the first equality follows from the fact that Ei € Pop_o C Pyp_yq. O

Theorem 1.47 The weights \S are the coefficients in the partial fraction de-
composition of op )y, (cf. (1.3.33)),

on(2) "\G
= v 1.4.8
7 (2) z—78 ( )
v=1
In particular,
G
26 = Inln)) =1,2,...,n. (1.4.9)

Proof If, for the moment, we denote the partial fraction coefficients by \,, we
have from (1.3.43)

M _ - Ay =021 asz— oo
/ > O(z21) .

z—t z— 78

v=1
By expanding both terms on the left in descending powers of z, we find that
/tkd)\(t) =Y A =0, k=0,1,....2n— L.
R v=1

This implies A\, = . Multiplying (1.4.8) by z — 7& and letting z — 7 yields
(1.4.9). O

Theorem 1.48 (Markov) There holds
S 216 = [ paa(fin r) (1.4.10)
v=1 R

where pan—1(f; +) is the Hermite interpolation polynomial of degree 2n — 1 sat-
isfying

pgn,l(f;rf) = f(TUG), pgn_l(f;TUG) = f’(Tf), v=12,...,n. (1.4.11)
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Proof As is well known, writing 7, = 7, one has

n

Pan1(f5t) =Y () (1) + ko (6) ' (7)), (1.4.12)

v=1

where, with £, as defined in (1.4.4),

ho(t) = (1= 2(t = 7)€, (1)) (1),

(1.4.13)
ku(t) = (t — 1) (t).
Since h,, k, € Py,,_1, there follows
/ Pon 1 (D) AN = 3" [ f () + R (7)),
v=1
where
X = /R Ry () dA(E) = D M1 = 27 — 1), (1) () = Ao,
p=1
Ry = / kv(t) d>‘( ) Z A#(T# - TV)EIZ/(TF‘) =0.
R =1
O

Corollary to Theorem 1.48 If f € C?" on the support interval [a, b] of d,
then the remainder RS (f) in the Gauss formula (1.4.7) can be expressed as

_ f(%)(T) . 2
RS(f) = @] /]R [ma (£ dN]2AN(E), 7 € (a,b). (1.4.14)

Proof For functions f satisfying the assumption of the corollary, it is well
known from the theory of interpolation that

f(#) = p2n—1(fit) + r2n—1(f;1), (1.4.15)
where o) .
ran—1(f;t) = ng,(t)) U(t — 1) (1.4.16)

and 7(t) € (a,b). Integrating (1.4.15) and using (1.4.16), (1.4.10), and (1.4.7)
gives

f(2n)

g = Ton—1{J3 = - —T,,

It now suffices to apply the mean value theorem of integration and to note that
7, = 7 in order to obtain (1.4.14). O
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Example 1.49 Gauss—Chebyshev quadrature.

This is (1.4.7) with dA(t) = (1 — #2)~/2d¢, the Chebyshev measure of the
first kind (cf. Table 1.1). The nodes 7, = 7 are the zeros of the Chebyshev
polynomial T,,. Since T;,(cos @) = cosné (cf. (1.5.2)), one has

2v—1

7, =cosb,, 6,= oy T v=12,...,n. (1.4.17)

In order to find the weights A, = A\G, we note that (1.4.7), being interpolatory,

v

must be exact for f(t) = Ty (t), k =0,1,...,n — 1. In view of (1.4.17) and the
orthogonality of the Chebyshev polynomials, this can be written in the form

Z)\Vcoskzé'l,zﬂ'é;@o, k=0,1,...,n—1. (1.4.18)

v=1
An elementary computation (using Euler’s formula for the cosine) will show that

-1
"coskb, coskl, = 2 ndy,, v,u=1,2,...,n, (1.4.19)
0

3

b
i

where the prime means that the first term (for & = 0) is to be halved. Multiplying
both sides of (1.4.18) by cos k6, and then summing over k as in (1.4.19) yields
%”)‘u = %71, that is, A, = 7/n. Thus,

1 n
2v—1
(1 —t2)"V2qr =" RE(f). 1.4.20
| sma-e T2t (e T ) R a0
We see that for each n = 1,2,3, ..., the n-point Gauss—Chebyshev quadrature
rule has equal weights. According to a result of Posse (1875), this is the only
Gauss quadrature rule that has this property.

If the support interval [a, b] of d) is bounded from below, that is, a > —o0
and b < oo, it is sometimes convenient to have a quadrature rule in which one
of the nodes is a, say 79 = a. If, then, we replace n by n+1 in (1.4.1) and write
Wnt1(t) = (t — a)wp (t), the optimal formula according to Theorem 1.45 requires
wy, to satisfy

(Pt —a)dN(E) =0 for p € Py,
R
that is, wy, (t) = m,(t; dN,), where d\,(t) = (t — a) dA(¢). The remaining n nodes,
therefore, must be the zeros of 7, (- ; d\,). The resulting (n+1)-point quadrature
rule

/Rf(t) dA(t) = A5 f(75) + Vz::l A F (1) + Ry (f), (1.4.21)

§ =a, mp(tl;dA) =0, v=12,...,n,
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is called the Gauss—Radau rule. Similarly, if b also is bounded, b < oo, and one
wants both a and b to be nodes, one obtains the (n + 2)-point Gauss—Lobatto
rule

/ £ AA(E) = A £ () + ZAL VNI D TR
L'—=a, n+1 =b, Wn(Tl,L;dAa,b):O, v=12,....,n,
where now dAg 5(¢) = (t — a)(b —¢) dA(¢). In (1.4.21), one has
a f(2n+1)( ) a 2
Ry(f) =n o = /[Tfn(t;d)\a)] dAa (), (1.4.23)
(2n+ 1) R
while in (1.4.22) there holds
(2n+2) b
a,b f (T) / 2
; - _ 7 = : . 1.4.24
RY°(f) Tn 2n+2) Tn . [ (5 dXa,p)]” dAa,b(2) ( )

(The minus sign in (1.4.24) comes from changing the factor (t — a)(t — b) in the
node polynomial to (t — a)(b — ) to make it, and with it, dA, () = (t —a)(b —
t) dA(t), positive on [a,b].) The two quadrature rules, therefore, have degrees of
exactness respectively equal to d® = 2n and d* = 2n 4+ 1. Both formulae remain
valid if one takes 7§ < a resp. 7§ < a and/or 7} > b.

Example 1.50 Gauss—Lobatto formula for the Chebyshev measure dA(t) =
(1—12)~1/2qt.

With 7§ = —1, 7}, | = 1in (1.4.22), the internal nodes 7~ are the zeros of the
polynomial of degree n orthogonal with respect to the measure (1 —¢2) d\(t) =
(1—12)1/2 dt, that is, the Chebyshev polynomial U,, of the second kind (cf. Com-
mentary to Table 1.1). Thus, 7% = cos((n +1 —v)r/(n+ 1)), v = 1,2,...,n
Moreover, known explicit formulae for the weights (see, e.g. Gautschi (2000b))
vield \f = AL =n/2n+2) and ) =7/(n+1), v =1,2,...,n. The Gauss—
Lobatto formula in this case, therefore, is

[ - Z 1 1)+ 7))

= Zf( ST ) R

and has the distinguishing feature of having the same constant weight multiplying
all internal terms and half that weight multiplying the boundary terms.

(1.4.25)

1.5 Classical orthogonal polynomials

There is no generally accepted definition of classical orthogonal polynomials,
but loosely speaking they are those satisfying a linear second-order differential
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or difference equation and possessing a Rodrigues-type formula. Jacobi polyno-
mials and their special cases, and Laguerre, Hermite, and Meixner—Pollaczek
polynomials, are probably the most widely used classical orthogonal polynomi-
als of a continuous variable, and are certainly those most extensively studied.
For their theory, Szegd (1975) is still the best source. Among the classical or-
thogonal polynomials of a discrete variable, the best known are those of Cheby-
shev, Krawtchouk, Charlier, Meixner, and Hahn. Some of the classical orthog-
onal polynomials, notably Chebyshev polynomials of the first two kinds, are
of considerable importance for purposes of approximation. From the perspec-
tive of numerical computation, however, classical orthogonal polynomials are of
marginal interest only, as their computation from the three-term recurrence rela-
tion is straightforward. Nevertheless, having recursion coefficients ay, G that are
known explicitly, they are useful in defining modified moments, which in turn of-
ten allows us to generate in a stable manner nonclassical orthogonal polynomials
close, in some sense, to classical ones (cf. §2.1.7).

We limit ourselves, therefore, to providing in tabular form (Tables 1.1 and
1.2) a summary of the most commonly used classical orthogonal polynomials and
their recursion coefficients, both for absolutely continuous and discrete measures.
This will be supplemented by appropriate commentary.

1.5.1 C(lassical orthogonal polynomials of a continuous variable

Commentary to Table 1.1 Classical orthogonal polynomials, as convention-
ally used, are neither monic nor orthonormal, but are normalized in some ad hoc
fashion. We comment on the normalizations in use and the notations that go
with them. We also identify the leading coefficients k,, and squared norms h,,,
that is,

pn(t) =knt" + -+, hy= ||pn||2» (1.5.1)

where p,, is the respective orthogonal polynomial of degree n. Where appropriate,
some special extremal properties of interest in applications are included. The 0PQ
Matlab routines for generating the recurrence coefficients of the monic orthogonal
polynomials are also referenced.

Legendre polynomials

The usual notation for the nth-degree Legendre polynomial is P,, and corresponds
to the normalization P, (1) = 1. One has k, = (2n)!/(2"n!?) and h, = 1/(n+3).
In terms of the P,, the recurrence relation is

(k 4+ 1)Pey1(t) = 2k + 1)tPy(t) — kP—1(t), Po(t)=1, Pi(t) =t.

Each P, is bounded by 1 on [—1,1]. The shifted Legendre polynomials are
denoted by P}; one has P!(t) = P,(2t — 1). Matlab routines: r_jacobi.m,

n’
r_jacobiOl.m.
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Chebyshev polynomials
The Chebyshev polynomials of the first kind, T,,, are defined by

T, (cos @) = cosnb, (1.5.2)

so that T,,(1) = 1. One has kg = 1, k, = 2" (n > 1) and hg = m, hy, = 37
(n > 1). Evidently, |T,] <1 on [-1,1].

The importance of the Chebyshev polynomials 7}, in approximation stems
from the extremal property in the uniform norm |lul|e = max_i<;<1 |u(t)| sat-
isfied by the monic Chebyshev polynomial T)? = 2'="T,,, n > 1,

Iplloo = 1T ]loo = 217" forallp e Py. (1.5.3)

Here, P2 is the class of monic polynomials of degree n. Equality in (1.5.3) holds
if and only if p = T);. It is also true that for any a > 1

T,
Ip]loe > for all p e Py(a) :={p € Py : pla) =1}, (1.5.4)
Tn(a') o)
with equality holding if and only if p = T;,/T,,(a). The norm is the same as in
(1.5.3).
The Chebyshev polynomial of the second kind, U, is defined by
sin(n + 1)0
U, (cos) = =T 27 1.5.5
(cos 0) o (1.5.5)

so that U, (1) = n+ 1. One has k,, = 2" and h,, = %7‘(. The monic polynomial
U = 27U, also satisfies an extremal property, but this time in the Li-norm

1
lally = [, Ju()] dt,
lplly > |US]y for all p € P, (15.6)

with equality if and only if p = U,,.
The Chebyshev polynomials V,,, W, of the third and fourth kinds are defined,

respectively, by

cos(n + 3)6

i
cos 50

sin(n + 1)6

1
sin 50

Vo (cos ) = , Whp(cost) = (1.5.7)
and are normalized by V(1) = 1, W,,(1) = 2n + 1. Replacing 0 by 6 + 7 yields
Wh(t) = (—1)"V,,(—t). One has k, = 2™ and h,, = 7 for both U, and V,.

All four Chebyshev polynomials satisfy the same recurrence relation

Yk+1 :2tyk7yk717 k= 1727"'a (158)
where
t for T,,(t),
2t for U,(T),

Yo=1 and y = 2t — 1 for V,(¢),
2t +1 for W,(t).

Matlab routine: r_jacobi.m.



Table 1.1 Recurrence coefficients for classical monic orthogonal polynomials with
respect to dA(t) = w(t) dt.

w(t) Support Name g Bo Ok, k>1
1 [—1,1] Legendre 0 2 1/(4—k72)
1 [0,1]  Shifted Legendre 3 1 1/(4(4 — k72))
(1—t2)"1/2 [-1,1]  Chebyshev #1 0 7 F(k=1),1(k>1)
(1 —t2)4/2 [~1,1]  Chebyshev #2 0 i 1
(I1—t)"Y2(14+¢)/2  [-1,1]  Chebyshev #3 1 (k=0) T :
0(k>0)
(1—t)Y2(1+¢)71/2  [-1,1]  Chebyshev #4 —3 (k=0) ﬁ 1
0(k>0)
(1—t)MY2 A > L [-1,1] Gegenbauer 0 VT 1;((//\\1%)) 4(1&?)—(21@):)\121)
(1—t)(1+1¢t)P [—1,1]
a>—-1,03>-1 Jacobi i By B
et [0, oc] Laguerre 2k +1 1 k?
te t a>—1 [0, o] Generalized 2k+a+1 T(1+a) k(k + «)
Laguerre
et [—00, 0] Hermite 0 NG sk
[t2#e ', u> L [~o0,00]  Generalized D(p+ 1) +k (k even)
Hermite sk + p (k odd)
2eP=MUD (X +it)[2 [—o00, 0] Meixner—
A>0,0<¢p<m Pollaczek A T
2 2
af = (2k+a+§)(21?+a+5+2)*
4k(k+a) (k+p) (k+a+8)

208+ (a4 1)I(B+1
ﬁoJ: (a+)(ﬂ+)’6kJ_

T(a+tB+1)

 (2k+a+B)2(2k+a+B+1)(2k+a+B-1)

*If k = 0, the common factor « + 3 in the numerator and denominator of ag should be (must be, if a + 3 = 0) cancelled.
TIf k = 1, the last factors in the numerator and denominator of ﬁlJ should be (must be, if & 4+ 8+ 1 = 0) cancelled.

STVINONATOd TVNOOOHIHO TVOISSVIO

6¢
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Gegenbauer polynomials

a,B3) (

These are customarily defined in terms of Jacobi polynomials P,g see below)

by
PA+ 1) T(n+2))
I'(2\) T(n+A+3)

Special cases are P(l/ ) — = P, and P(l) U,,. Note that P()‘) =1, also as A — 0.
If n > 1, however, P,(L ) = 0, but
PN 2

li = —T,(t), > 1.
/\13%] A n #), n2

PV () = PRy i A £ 0.

For X\ # 0, one has Py‘)(l) = ("Hn)‘*l), n > 1, and

2" T(n+ A) 22T (n 4 2))

=TTy T ) "

The three-term recurrence relation for the P,y‘), A#0, is

(k+ )P (1) = 2(k + MtP () — (b + 20 = P (1),
k=1,2,3,...,
PV =1, PM(t) =2t

In the limit A — 0, after division of Py‘), n > 1, by A, it becomes the recurrence
relation for the Chebyshev polynomials T,,. Matlab routine: r_jacobi.m.

Jacobi polynomials

The standard notation for the Jacobi polynomial of degree n is P,E“’ﬁ )Tt is
normalized by P,ga'ﬂ)(l) = ("'H’) giving

) i(2n+a+ﬂ) _ 2048+ Tn+a+ 1)I(n+B+1)
"o ’ 2n+a+pF+1 nalln+a+p+1)
The three-term recurrence relation then is
2k + 1)k +a+ B+ 1)(2k+a+ BRI ()
= 2k +a+ B+ D)2k +a+B+2)(2k+a+ B)t + a2 — B2 P*D (1)
2k +a)(k+B) 2k +a+B+2P P @), k=1,2,3,...,
Bty =1, PY) = La+B+2)t+ La—p).

n

Interchanging the parameters a and g has the effect of reflecting the argument

at the origin,
PPO(t) = (=1)"P{*P) (~1).

Matlab routines: r_jacobi.m, r_jacobiO1.m.
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There are weight functions that are less conventional and yet have orthogonal
polynomials expressible in terms of Jacobi polynomials. An example is w(t) =
[t|(1 — %) on [—1,1], where v > —1 and « > —1. The respective orthogonal
polynomials of even degree are Pﬁéw*l)/ 2)(2752 — 1), and those of odd degree

tPL(s/’(QTH)N)(QtQ — 1) (see Szegd (1975, eqn (4.1.6)) for & = 0 and Las¢enov
(1953) or Chihara (1978, p. 156) for general o > —1).
Laguerre polynomials

The Laguerre and generalized Laguerre polynomials are usually denoted by L,, =
LS)) resp. Lgf‘). They are normalized by Lgf‘)(O) = (”ZO‘) and satisfy

MNa+n+1)
n!

—
kn:( ) hn:

Note that the leading coefficient k,, is alternately positive and negative, contrary
to general convention. The three-term recurrence relation is

(k+ DL () = 2k a+ 1= L) — (k+a) L (1),
k=1,2,3,...,
Wy =1, LY =a+1-t
Matlab routine: r_laguerre.m. The following bounds are valid for ¢t > 0,

MNa+n+1)

2——— if —1<a<0,
eft/2|L51a) (t)| < ’IZ'F(O( + 1)
LlatntD) 459
nl(a+1) -

Hermite polynomials

The Hermite polynomials H,,, as customarily defined, satisfy
kn=2" h,=+72"n!

and obey the three-term recurrence relation

Hiy1(t) = 2tHy(t) — 2kHe—1(t), k=1,2,3,...,
Holt) =1, Hy(t) = 2t.

Matlab routine: r hermite.m. The following bound holds for ¢ € R,

e 21 H, ()] < V2l
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The generalized Hermite polynomials H,(L“) are normalized by

e memsne([22) (252 o)

They are related to generalized Laguerre polynomials via the formulae (Chihara,
1978, Chapter V, eqn (2.43))

n (p—1/2)
2*nH7(lu) (t) = (5)1' Lnl;g( +1§§)> n even,
= (BF)NL T (1), moodd.

Meixner—Pollaczek polynomials
The Meixner—Pollaczek polynomial of degree n, denoted by Py‘) (t; ¢), has

(2sin¢)™ I'(n+2X)

kn = T hn = T8 - o) 1
n! (2sin ¢)2An!

and satisfies the three-term recurrence relation

(k+ )P (850) = 2[tsind + (k + A) cos ] P (1.0) — (k + 20 — )P (8 9),
k=1,2,3,...,
PM(ti¢) =1, PN (t;¢) = 2(tsing + Acos ¢).
For ¢ = %71, the polynomial P,gA) (t; %TF) is even or odd depending on the parity
of n. Matlab routine: r meixner _pollaczek.m.
1.5.2  Classical orthogonal polynomials of a discrete variable

Commentary to Table 1.2 Notations vary in the literature; we follow the
one used in the Appendix of Askey and Wilson (1985).

Discrete Chebyshev polynomials
These are the polynomials ¢,,(-) = t,(-; N) of Example 1.15. They satisfy
b (2n)! B (N +n)!
" " @2n+1D)(N—-n-1)"

n!2 "’
and obey the recurrence relation
(n+ Dtng1(z) =22n+ 1) (z — $(N = 1))tn(2) — n(N? = n?)t,_1(z),
n=0,1,...,N -1,
to(x) =1, ti(x)=2x—N+1.

Matlab routine: r_hahn.m.



Table 1.2 Recurrence coefficients for momc discrete orthogonal polynomials with
respect to d\(z) = Zk ow(x)d(x — xp) da.

w(zk) M oz Name oy, Bo Bn,1<n<M
i N 1 N2 1—(n/N)?
1 N -1 k Discrete E (1 — N) N T W
Chebyshev
N
( P ) pE(1 —p)N -k N  k Krawtchouk n+ p(N —2n) 1 p(1 —p)n(N —n—+1)
O<p<l1
—ak
¢ o a>0 00 k Charlier n+a 1 an
& T(k+ ) (14+c¢)n+ e
i S s i RS et _ )8 _
) o ook Meixner T o (1-2¢) =) (n+8-1)
0<e<l, >0
a+k B8+ N -k
( i > < Nk ) N k Hahn all B BH

H=A,+C,, B = (a+ﬁ+2)N/N' B = A, 10, (n>1)
m+a+B+1)(n+a+1)(N nnt+a+B+N+1)(n+p0)

_ " o -
An = 2n+a+B+1)2n+a+p+2) C"_(2n+a+6)(2n+a+ﬂ+1)

STVINONATOd TVNOOOHIHO TVOISSVIO
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The choice zy = k, k = 0,1,..., N — 1, of the support points is a canonical
one, corresponding to the interval [0, N —1]. A linear transformation of variables
t=a+ (z/(N —1))(b—a) will map the points z; to equally spaced points t; =
a+ (k/(N —1))(b—a) on the interval [a, b]. The corresponding monic orthogonal
polynomials in the ¢-variable then satisfy the recurrence relation 7,41 (t) = (t —
ap)Tn (t) — bpmn—1(t), m—1(t) = 0, o (t) = 1, where

g boa P 25 —1,2,...N—1
an*a N—lan? n — N—l ny ni b) .

Thus, for example, if a = 0, b =1, then a, = 3, b, = (1 + (1/(N —1)))%(1 —
(n/N)?)/(4 — 1/n?), which for N — oo tend to the recursion coefficients of the
shifted Legendre polynomials (cf. Table 1.1).

Krawtchouk polynomials with parameter p

Krawtchouk polynomials are widely used in coding theory; see, for example,
Bannai (1990). Denoted by K, () = K,(-;p, N) and normalized by

b=~ D= (g) [p(1 —p)]",

they satisfy the three-term recurrence relation

(0 1)K () = [ — (0 -+ PN — 20 E(2) — (N — -+ Dp(1 — p) K1 (2),
n=0,1,...,N,
Ko(x) =1, Ki(x)=2—pN.

Charlier polynomials with parameter a

Charlier polynomials are used in statistics. Their notation is Cy,(-) = Cy,(-;a)
if normalized by

(Note again the unconventional sign of the leading coefficient.) The recurrence
relation is

aCpi1(z) = (n+a—2)Ch(z) —nCr_1(x), n=0,1,2,...,
1
Co(z) =1, Ci(z)=—-=.
a
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Meizxner polynomials with parameters 3, c

These are denoted by M, (-) = M,(-;0,c) and satisfy

1 [fe—1\" 1 n!
kn = y hn = TN 1 N3
(B)n ( c ) (B)n c*(1—c)?
where (8), = (8 +1)--- (8 +n—1). Their recurrence relation is

(n + ﬁ)CMn-H(m) = [(C - 1)‘1' + (1 + C)n + ﬁc]Mn(‘T) - ’fan_l(l’),

n=20,1,2,...,
c—1

Bc

The Charlier polynomials are a limit case of Meixner polynomials,

Mo(x) =1, M(z)= x4+ 1.

Cn(w;a’) = ma M, (l’;ﬁ, ﬂ%) .
—00 a

Hahn polynomials with parameters a,
Here, the notation is @, () = Qn(-;a, 3, N), and the normalization

MNa+1DI'2n+a+1)
F'n+a+1)In+a+B+1)
. IMa+1)I(n+B8+1)T(n+a+ 3+ N +2)n!
" Cn+a+ B8+ 1) IB+ ) (n+a+)I(n+a+B+1)(N—n)’

n —

The recurrence relation in Table 1.2, rewritten in terms of the ),,s, becomes

Fy b
b Quia(@) = [ = (An + Co)lQn(#) = 77 An1CaQuoa (2),

n=0,1,...,N,
a+B+2

Qo(z) =1, Qi(x)=1- mx,

where A, C, are as defined in Table 1.2. For o« = 8 = 0, the Hahn polynomials
become the discrete Chebyshev polynomials,
Qn(z;0,0,N) = t,(x; N +1).

Matlab routine: r_hahn.m.

1.6 Kernel polynomials

In this section, the class of measures d\ is extended to include real or complex-
valued measures on R. The assumption of all moments (1.1.1) being finite, how-
ever, is maintained and will be tacitly made.
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1.6.1 Euzistence and elementary properties

Definition 1.51 A real or complex-valued measure d is said to be quasi-definite
if all its Hankel determinants (1.1.5) are nonzero,

A, =detM, #0, n=1,23,... . (1.6.1)

A system of monic polynomials my, 71, T2, ... is called formal orthogonal with
respect to dX if (1.1.8) holds with the positivity requirement replaced by |7k ||ax #
0 fork=0,1,2,... .

Theorem 1.52 There exists a unique system my, 71,2 ... of monic formal or-
thogonal polynomials with respect to d\ if and only if A\ is quasi-definite.

Proof Letn > 1 and 7, (t) =" +a,_1t" " + -+ ag. Orthogonality requires
(mn,t*) =0 for k =0,1,...,n — 1, which is a system of linear equations for the
vector a® = [ag, a1, ..., a,_1] with the coefficient matrix being M,,. The system
has a unique solution if and only if M, is nonsingular. Since this must hold for
each n > 1, quasi-definiteness is a necessary condition for the existence of formal
orthogonal polynomials. The condition is also sufficient since (m,, 7,) = 0 would
imply (m,,,t") = 0, which, adjoined to the previous system, would yield

This contradicts nonsingularity of M, 1. Therefore, (7, 7,) # 0. O

All the properties of orthogonal polynomials that do not depend on positivity
arguments continue to remain in force. This includes the symmetry properties
of §1.2.1 and, more importantly, Theorem 1.27, guaranteeing the existence of
a three-term recurrence relation. The coefficients a(dA) and Fx(dA) in (1.3.2),
however, are now in general real or complex numbers, and all we can say about
O is that

Be(dA) #0, k=0,1,2,... . (1.6.2)

(The case k = 0 follows from Gy = A; and Ay #0.)
For an arbitrary z € C let

ap =z + + ep—
r et 012, e =g =0, (1.6.3)

ﬁk = €k—14K—1

where oy = ag(dN), B = Br(dA). The monic formal orthogonal polynomials are
denoted, as before, by 7 () = m(-;dN).

Lemma 1.53 Let d\ be quasi-definite.
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(a) If mp(2) #0 forn =1,2,3,..., then the relations (1.6.8) uniquely deter-

mine qo, €0, q1, €1, ... in this order, and
7Tn+1(z)
=—— =0,1,2,... . 1.6.4
qn ’/Tn(Z) n ( )

(b) If mp(2) # 0 only forn < d, and wg41(2) = 0, then (1.6.4) holds forn < d
and qq = 0. All e, for n < d are uniquely defined, but eq remains undefined.

Proof (a) The quantities g, eg,q1,e€1,... are uniquely defined if and only if
in the process of generating the gs none of them vanishes. It suffices, therefore,
to prove (1.6.4). We do this by induction on n. For n = 0, the first relation in
(1.6.3) gives

go=09—z=—(z2— ) =—m1(2),

which by virtue of mo(z) = 1 proves (1.6.4) for n = 0. Now assume (1.6.4) is true
forn =k —1, k > 1. Then by (1.6.3),

Thk—1\Z2
qk =0 — 2 — €1 = — 2 — =ap — 2+ Pk kl()-
qk—1 (%)
Therefore,
1 77‘%4.1(2’)

[(z — ar)m(2) — Brm—1(2)] = ()
by (1.3.2) with ¢ replaced by z. This is (1.6.4) for n = k.
(b) The argument used in (a) establishes (1.6.4) for n < d. In particular,

gn # 0 for n < d, implying that e, for n < d is well defined from the second
relation in (1.6.3). On the other hand, g4 = 0, which leaves e4 undefined. O

Definition 1.54 Let d\ be quasi-definite and wi(-) = mi(-;d\) be the monic
formal orthogonal polynomials with respect to d\. Let z € C and assume that
mx(2) #0 for k=1,2,3,... . Then,

Fnlts2) = i i () — %wn(w (1.6.5)

is called the kernel polynomial for the measure d\.

Evidently, #,, € P,. Since 7, (t; z) ~ t™ as t — oo, the kernel polynomial 7,
is in fact a monic polynomial of degree n.
Theorem 1.55 Let d\ be quasi-definite and z € C be such that m(z) # 0 for
k=1,2,3... . Let A\(t) = (t — z) AA(t). Then, dX is also quasi-definite and the
kernel polynomials 7o, 71,72, ... are the monic formal orthogonal polynomials
relative to d\.
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Proof It suffices to prove the last statement of the theorem. Quasi-definiteness
of d\ then follows from Theorem 1.52.
By definition,

" Tn+1(2 .
(Wn,tk)d;\ = (Tns1,t%)an — ;Ti)) (7n, %) ax,

which is zero for k£ < n and nonzero for k£ = n. O

Lemma 1.56 Let the inner product for d\ be positive definite and assume
n(z;dN) £ 0 forn =1,2,3,... . Then, there holds

(a) n(z;2) #0 form=1,2,3,... ifz € R;

(b) 7n(Z;2) £0 forn=1,2,3,... ifz€C.

Proof (a) Taking the limit ¢ — z in (1.6.5) gives
Dn(z)
T (2)
A simple calculation based on the recurrence relation (1.3.2) for m yields

D_1(2) =0, D,(z)= Wi(z) + BnDn-1(2), n=0,1,2,...,

(2 2) = s Dn(2) = mn(2)m41(2) — Mg (2)m, (2).

from which, in succession, Dg(z) > 0,D1(z) > 0, D2(z) > 0,..., since z is real
and [, > 0 by assumption. Therefore, 7,,(z;z) # 0 for all n.

(b) If z is real, the assertion reduces to the one in (a). Assume, therefore,
that Im z # 0. Then,

G-

Since 7 are real polynomials,

n(Z;2) = E,(2) :=mn(2)Tn4+1(Z) — Tnt1(2)mn(Z).

En(2) = mn(2)mn41(2) — 7Tn+1(2)T(2) = 2iIm{my (2)mn41(2)}

With z = = + iy and v, = Im{m,(2)mp+1(2)}, the recurrence relation (1.3.2)
again yields

v =0, v, =—Ym(2)*+ Bntn_1, n=01,2,...,

hence, in succession, sgn(v,) = —sgn(y) for n = 0,1,2,..., and E,(z) # 0 for
all n, so that 7,(Z; z) # 0 for all n. O

1.6.2 Recurrence relation

Let @y, and Bx be the recursion coefficients for the kernel polynomials () =
7in(+; %) in (1.6.5),

7A1'k+1(t)=(t—dk)ﬁ‘k(t)—ﬁkﬁ'k_l(t), k=0,1,2,...,
Fa(t) =0, Folt) = 1.

(1.6.6)

The following theorem shows how the coefficients & and Bk can be generated in
terms of the quantities ¢ and ey of Lemma 1.53.
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Theorem 1.57 Let d\ be quasi-definite and z € C be such that m,(z;d\) # 0
for all n. Let qi, and ey, be the quantities uniquely determined by (1.6.3). Then,

Gp=z+qr+eg

k=0,1,2,... . (1.6.7)
Br = qrer—1

Remarks to Theorem 1.57 1. 1In (1.6.7), Oy is set equal to zero; it could be
assigned any other convenient value, such as Bo = fR dj\(t).

2. For computational purposes, it is better to write the first relation in (1.6.7),
using (1.6.3), in the form

Qp = O — €p—1 + €.
The reason is that, by (1.6.4), when |z| > 1,

_ Tk41(2)

qr = ~ —z for k — oo,
(%)

so that the term z + gx in (1.6.7) is subject to cancellation error. Depending on
the magnitude of eg, this could be detrimental to the relative accuray of dy.

Proof By (1.6.5) and (1.6.4), one has

1

e(t) = 57— [mer1(t) + aeme(t)], (1.6.8)

hence
7Tk+1(t) = (tfz)frk(t) 7qk7Tk(t), k:0,1,2,... . (169)
Substituting (1.6.3) into the recurrence relation for 7, gives
Trr1(t) = (8 — 2)me(t) — (ar + ex—1) 7k (t) — ex—1qp—171-1 (1),
from which

T (t) + qr_17E—1(%)
t—z

1 (t) + qemr(t)
t— =z

= Wk(t) — €k—1

or, by (1.6.8),
Fr(t) = me(t) — ep17e_1(t), k=0,1,2,... . (1.6.10)
Replacing k by k + 1 in (1.6.10), and applying first (1.6.9), and then again
(1.6.10), yields
Tr1(t) = Trp1 (1) — exr(t)
= (t — 2)(t) — armi(t) — enfn(t)
= (t = 2)7k(t) — qr[fe(t) + ep—17k—1(t)] — exfr(t),
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that is,
Frpe1(t) = (t — 2z — qr — er) i (t) — qrer—17k—1(t), k=0,1,2,.... (1.6.11)

The assertion (1.6.7) now follows immediately by comparing (1.6.11) with (1.6.6).
O

Theorem 1.57 is closely related to the QD algorithm of Rutishauser (Rutishauser,
1957; Stiefel, 1958). Indeed, if in analogy to (1.6.3) one writes

Qr =2+ G + én
i T 01,2, e =G4 =0,

Br = éx—14k—1

then (1.6.7) immediately yields the “rhombus rules” of the QD scheme,

ar + k-1 = qx + e,

€k—1Gk—1 = QrCk—1-

For i, ér to be well defined, it must be assumed that 7,(z;z) # 0 for all n,
which by Lemma 1.56(a) is true, provided z is real and d\ positive definite.

1.7 Sobolev orthogonal polynomials

Classical orthogonal polynomials originated in connection with polynomial least
squares problems. A relatively recent extension of the notion of orthogonality
also was motivated by a least squares problem, namely to approximate a function
simultaneously with some of its derivatives. This gives rise to an inner product
involving derivatives,

(ua U)S = (u7v)d>\0 + (ulvv/)CDq +oeee (U(S)vv(S))d)\s7 (171)

where d)\, are positive measures not necessarily having the same support or
being of the same type. Indeed, very often, d\¢ is absolutely continuous whereas
some or all of the other measures d\,, o > 1, are discrete. An inner product of
the type (1.7.1) is called a Sobolev inner product (hence the subscript S on the
left-hand inner product). Positive definiteness of (-, - )s is defined exactly as in
Definition 1.1 for the case s = 0. In particular, (-, -)s is positive definite on P
if dXg is, or if dA; is and [, dAo(t) > 0, etc.
The Sobolev norm is defined by

s 1/2
lulls = V/(u,u)s = (Z/R[u(g)(t)]Zd/\”(t)> : (1.7.2)
o=0
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1.7.1 Definition and properties

Definition 1.58 Monic real polynomials my(t) = t* +---, k = 0,1,2,..., are
called monic orthogonal polynomials of Sobolev type ( or Sobolev orthogonal
polynomials for short) with respect to the measures d\, if

(g, me)s =0 for k#4, k,€=0,1,2,... and

(1.7.3)
Imills >0 for k=0,1,2

They will be denoted by m(-) = m(-;S). The normalized Sobolev orthogonal
polynomials are 7y, = mi/||7k||ls, K =0,1,2,... .

Properties of the usual orthogonal polynomials which depend only on the
basic properties of inner products and not on their particular form carry over
immediately to Sobolev orthogonal polynomials. This is the case, in particular,
for unique existence as well as extremal and symmetry properties. We simply
state the respective facts.

Theorem 1.59 If the inner product (1.7.1) is positive definite on P, there exists
a unique infinite sequence {m(-;S)} of monic orthogonal polynomials of Sobolev
type.
Theorem 1.60 With P, denoting the class of monic polynomials of degree n,
there holds

I7lls = |mn( ;)]s for all w € Py,
with equality if and only if ™ = m,.
Definition 1.61 The Sobolev inner product (1.7.1) is called symmetric if each
measure d\, is symmetric in the sense of Definition 1.16.
Theorem 1.62 If the inner product (1.7.1) is symmetric, then

(=t 8) = (=1)Fme(;5), k=0,1,2,... .

1.7.2 Recurrence relation and zeros

The Sobolev inner product (1.7.1), when s > 1, no longer satisfies the shift
property (1.3.1). In the case s = 1, for example, one finds

(tu,v)s — (u,tv)g = /(uv’ —u'v)(t)dA (8),
R
which for u(t) = 1, v(t) = ¢ gives [pdAi(t) > 0. As a consequence, one can
no longer expect (cf. the proof of Theorem 1.27) to have three-term recurrence
relations for Sobolev orthogonal polynomials. However, as for any sequence of
monic polynomials whose degrees increase by 1 from one member to the next,
they must satisfy a recurrence relation of the extended form

Tt (t) = tm(t Zﬂ T (), k=0,1,2,... . (1.7.4)
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Theorem 1.63 The sequence of monic polynomials defined by (1.7.4) is orthog-
onal with respect to the Sobolev inner product (1.7.1) if and only if

mzw, j=0,1,....k k=0,1,2,... . (1.7.5)

T Tk Th—j)s
Proof (a) Assume 7i(-) =mk(-;95), k=0,1,2,... . Taking the inner product
of both sides of (1.7.4) with m,_; then gives
0= (Tht1, Th—j)s = (tTh, Th—j)s — B (Th—yj Thyj)s, 4 =0,1,....k,

from which (1.7.5) follows.
(b) Assume (175) Then (’/Tl,’/T(])S = (tﬂ‘(),’/T(])S - 58(7'(‘(),7'('())5 = 0, that
is, mgp and m; are Sobolev-orthogonal. We proceed by induction on k. Suppose

T, W1, - - -, Tk 1S & system of monic Sobolev orthogonal polynomials. Then,
(Tht1s Theyj)s = (tTh, They)s — B (Th—j, mo—j)s =0, 5 =0,1,... k.
Thus, the system mg, 71, ..., 7, Tp+1 is also Sobolev-orthogonal. O

In cases of symmetry, the recurrence formula (1.7.4) simplifies.

Theorem 1.64 If the inner product (1.7.1) is symmetric in the sense of Defi-
nition 1.61, then
pE =0, r=0,1,...,[k/2]. (1.7.6)

Proof In the inner product (tmg, mg—2)s, the two members tmy, and mg_o, by
Theorem 1.62 are polynomials of opposite parity, that is, one is even and the
other odd, or vice versa, so that their product is odd. The same is true for all
derivatives. By the symmetry of the measures d\, it follows that (t7y, T2, )s =

0; hence, 35. = 0. O
Let ) ) -
By Bi B3 - ZZ% ZZ%
0 1 55 -+ By Bn=
H, = Y o s (1.7.7)
0 0 0 --- pgp 2 ppt
L0 0 0 --- 1 ot

be the n x n Hessenberg matrix of the coefficients ﬁf arranged upward in the
kth column, and let

7(t) = [mo(t), T (t),. .., Tt ()] (1.7.8)

Theorem 1.65 The zeros 11,7, ...,Tn of Tn(-;S) are the eigenvalues of H,,
with wT(7,) being a left eigenvector belonging to the eigenvalue T, .
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Proof Write the first n equations of (1.7.4) in matrix form as

tot(t) =L (t)H,, + m,(t)e)

n
where el = [0,0,...,1] € R". Putting t = 7, yields
() =7 (1) H,, v=12,...,n,
which proves the assertion, since WT(TV) is a nonzero vector, its first component
being mo(7,) = 1. O

Remark In the case s = 0, one has ﬂ;? = 0 for 5 > 0, and the matrix H,, is
tridiagonal. It can be symmetrized by a (real) diagonal similarity transformation
and then becomes the Jacobi matrix J,(d\g) (cf. (1.3.15)). In the case s > 0, a
symmetrization is no longer possible, since some of the eigenvalues of H,, may
well be complex.

1.8 Orthogonal polynomials on the semicircle

In a sense, orthogonal polynomials on the semicircle are halfway between or-
thogonal polynomials on the real line and orthogonal polynomials on the unit
circle. With the latter, they share the property of being complex-valued, with
the former having the distinction of satisfying a three-term recurrence relation.
We give a brief account of these polynomials, relegating some of the proofs to
the literature.

1.8.1 Definition, existence, and representation

Let w(z) be a weight function which is positive on (—1,1), has moments of all
orders, and is extendible to a function analytic in the half-disk Dy = {z €
C: |z| <1, Imz > 0}. Let T be the circular part of dD... For the inner product
(1.1.2) we now use the notation

[u,v] = /1 u(t)v(t)w(t) dt, (1.8.1)
and define, along with it, a complex inner product by
(u,v) = /Fu(z)v(z)w(z)(12:)_1 dz = /07r u(e?)v(e?)w(el?) de, (1.8.2)
assuming the integral exists for polynomials v and v. We further assume
Re(1,1) = Re /Oﬂ w(e'?)do # 0. (1.8.3)

Note that the inner product (1.8.2) is not Hermitian, that is, (u,u) = |ul? is
not necessarily real, let alone positive.
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In slight deviation from the notation in Definition 1.3, the monic orthogonal
polynomials with respect to the inner product (1.8.1) will be denoted by py,

[, pe) =0 fork#€, p(t) =t"+---, (1.8.4)

and the recurrence relation they satisfy by
Yk+1 = (zfak)yk 7bkyk,1, k:O,l,Q,... . (185)

Thus, if y—1 = 0, yo = 1, then yr = pr(2); if y_1 = =1, yo = 0, then y; =
qr(z), where g are the polynomials of the second kind (denoted earlier by o;
cf. Theorem 1.39),

b pe(z) — pi(t)

qr(2) :/ ——————w(t)dt. (1.8.6)

-1 z—1
The moments associated with the inner products (1.8.1) and (1.8.2) will be
denoted by m, and pu,, respectively,

my = [t",1], p= (1), r=01,2,.... (1.8.7)

Recall that by = mg and note that the quantity in (1.8.3) is Re po.

The question of interest is whether or not the complex inner product (1.8.2)
also admits a sequence of (complex) monic orthogonal polynomials 7, and if
so, how they are related to the polynomials pi. The next theorem answers these
questions in the affirmative.

Theorem 1.66 (Gautschi, Landau, and Milovanovié, 1987) Under assumption
(1.8.3) and the assumptions made about the weight function w, there exists a
unique system of (complex) monic orthogonal polynomials mi () = 7 (- ;w) with
respect to the inner product (1.8.2). In fact,

Tn(2) = pn(2) —10p—1Dn-1(2), m=0,1,2,..., (1.8.8)
where 0 4 i (0

6, = FornO+ig.(0) oy, (1.8.9)

iopn—1(0) — gn-1(0)
Alternatively,
. bn
0, =ia, + o n=0,1,2,...; 0_1= o, (1.8.10)
n—1

where an, b, are the recursion coefficients in (1.8.5) and po = (1,1). In partic-
ular, if an, =0 for all n, then all 0,, are real (in fact, positive). Finally,

(ﬂ'n,ﬂ'n) :Hn—l[pn—lapn—l] 750, n=1,2,3,..., (71'0,71’0) = Ho- (1811)

Proof See Gautschi et al. (1987, pp. 392-393). O
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The polynomials 7, of Theorem 1.66 are referred to as orthogonal polynomi-
als on the semicircle relative to the weight function w. Equation (1.8.8) shows
how they are related to the ordinary orthogonal polynomials p;. The latter, con-
versely, can be expressed in terms of the former by (cf. Gautschi et al. (1987,

eqn (2.17)))
( II iHU_1> T (2). (1.8.12)

v=k+1

pn(z) = Z

n
k=0
Example 1.67 w(z) = (1 —2)*(1+2)?, a > —1, 3> —1.

For real z = x on (—1,1), this is the Jacobi weight function; see Table 1.1.
For complex z, the fractional powers are to be understood in terms of their
principal branches. The quantity ug crucial for the existence of the polynomials
T 1S o = fF w(z)(iz) "t dz. To compute it, we apply Cauchy’s theorem, using
the contour C;, ¢ > 0, consisting of dD; with a small semicircle of radius e
about the origin spared out. This gives

0= /Fw(z)(iz)*ldw (/__1+/1) w(z)(ix)ldstr/cs w(z)(iz)~! dz,

where ¢ is the upper semicircle of radius ¢ centered at the origin. Letting € | 0,
one gets

0:u0—i][ de—ﬂ'w(O),

-1 T
where the integral is a Cauchy principal value integral, that is,

1
uozw—i—i][ wdw.

-1

Hence, Re o # 0, and the polynomials orthogonal on the semicircle with respect
to the Jacobi weight function do indeed exist.

1.8.2 Recurrence relation

Since the inner product (1.8.2) clearly satisfies the shift property (1.3.1), the
orthogonal polynomials 7y, if they exist, must satisfy a three-term recurrence
relation. The precise details are contained in the following theorem.

Theorem 1.68 Under assumption (1.8.3), the (monic complex) polynomials
() = (- ;w) orthogonal with respect to the inner product (1.8.2) satisfy
the recurrence relation

Tret1(2) = (2 — log)mR(2) — Bemi—1(2), k=0,1,2,...,

o o (1.8.13)

where the coefficients oy, P are given by
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040:90710,0, ap :0;@70;6,1 71(1]6, k= 1,2,3,..., (1814)
ﬁk = 9}671(916,1 - iak,l), k= ]., 2, 3, ey (1815)
with 0,, defined in (1.8.9) [or (1.8.10)] and a,, in (1.8.5).

Remark to Theorem 1.68 The coefficient (§y is arbitrary, but may conve-
niently be defined by [y = . Alternative expressions for the oy, are
mo

b
ag = —2, ap = —Op1 + ——,
Ho Or—1

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

where by, are the coefficients in (1.8.5).

Proof Writing the three-term recurrence relation in the form (1.8.13), we de-
termine ay, 3. Inserting (1.8.8) into (1.8.13) yields, for k > 1,

Pr+1(2) —i0kpr(2) = (2 —iak)[pr(2) —i0k—1pk—1(2)] = Br[pr—1(2) —10k—2pr—2(2)].
Now substitute zpy(z) and zpg_1(2) from the recurrence relation (1.8.5) to obtain

lar +i(0k — Ok—1 — o)) (2) + [br — Br — Op—1(ak +iak—1)|pr—1(2)
Hi[BkOk—2 — bp—10k—1]pr—2(2) =0, k> 1.

Since {p,} are linearly independent, one concludes that

ar +i(0p — k-1 — ) =0, k>1,
b — B — Or—1(ax +iag-1) =0, k>1, (1.8.16)
BrOk—2 —bp—10—1 =0, k>2.

The last relation in (1.8.16), in conjunction with (1.8.10), yields (1.8.15) for
k > 2. The first relation in (1.8.16) gives (1.8.14) for k > 1. To verify (1.8.15) for
k =1, it suffices to apply the second relation in (1.8.16) for kK = 1 and combine
the result with (1.8.10) and (1.8.14) for k = 1. With oy, Bk thus determined, the
second relation in (1.8.16) is automatically satisfied, as one checks readily from
(1.8.10). Finally, from m1(2) = z — icg = p1(2) — 6y = 2z — ap — 10y one obtains
the formula for «p in (1.8.14). O

The alternative formulae in the Remark follow from the relations (1.8.14)
and (1.8.15) by applying (1.8.10).

The existence of the polynomials 7 (- ; w) is guaranteed for any weight func-
tion w that is symmetric on (—1,1) and does not vanish at the origin.

Theorem 1.69 If the weight function w satisfies
w(—z) =w(z), w(0)>0, (1.8.17)

then
o = mw(0), (1.8.18)

and the system of orthogonal polynomials {my(-;w)} exists uniquely.
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Proof Proceeding as in Example 1.67, one finds

0=po— i][l w;x) dz — 7w(0).

—1

Here, the Cauchy principal value integral vanishes because of symmetry, and
(1.8.18) follows. o

Symmetry also simplifies the formulae for the recursion coefficients in (1.8.13),
since a = 0 for all k¥ > 0. Hence,

ao =00, ar=0, 01, OBr=0;i_ (k>1), (1.8.19)

and by (1.8.10) and (1.8.18),

mo bl
0o = b = -
O qw(0) ' 6y
By, = g 1204 bam (1.8.20)
bibs - - bam—1 m=1,2,3,... .

Ormi1 = o L
PN 60 boby - - b

Example 1.70 Gegenbauer weight w*) (z)=01- 22)’\’%, A > f%.

Here (cf. Table 1.1)

I(A+ 1)

y k23— 1)
P Ak N+ A—1)

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

and from (1.8.20) one finds by induction

o D\ + 1 T(3(k+2)T(\+ (k +1))
)= —

= k > 1.
Ak T(E(k+1)T(A+ 3k) -

O

)

FA+5)
T T(A+1)’

For A = § (i.e. w(z) = 1), this reduces to

1.8.3 Zeros

Similarly as for ordinary and Sobolev orthogonal polynomials, the zeros of m, (- ) =
(- ;w), here too, can be characterized as eigenvalues of a certain matrix, this
time a complex matrix, giving rise to complex eigenvalues.
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We let again 7 (z) = [m0(2), m1(2), ..., Tn-1(2)]" and introduce the (complex
tridiagonal) matrix

iao 1 0
B1 iy 1
ﬂz 1052 1

Jn(w) = o (1.8.21)

ﬁn—2 ian—Q 1

0 ﬁn—l ian—l i

in order to write (1.8.13) in the form
z2m(z) = Jp(w)w(2) + mp(2)en. (1.8.22)

In the same manner as before in §1.3.2 and §1.7.2, there follows:

Theorem 1.71 The zeros 71,72, ...,Tn of Tn(-;w) are the eigenvalues of the
matric J,(w) in (1.8.21), with w(7,) being an eigenvector belonging to the eigen-
value 7, .

If the weight function w is symmetric, then 3, = 67_, is positive (cf. (1.8.20))
and a similarity transformation with the diagonal matrix D,, = diag(1,i6p, 120061,
309010, ...) € C"*™ transforms (1.8.21) into a real (nonsymmetric) tridiagonal
matrix

(67} 90 0
790 a1 91
S —91 a9 92
—iD, " J,(w)D,, = - - . . (1.8.23)

*9n73 Qp—2 61172

L 0 *01172 On—1 |
The zeros 7, therefore, are the eigenvalues of the real matrix on the right in
(1.8.23) multiplied by i.

Example 1.72 Gegenbauer weight function w® (z) = (1 — 22)> =2, A > -3
It can be shown (Gautschi, Landau, and Milovanovi¢, 1987, §6.3) that all
zeros T of m,(-;w™), n > 2, are simple, distributed symmetrically with
respect to the imaginary axis, and are all contained in the open half-disk D =
{z € C: |z| <1, Imz > 0}. The inclusion statement may well hold for arbitrary
Jacobi weight functions w(*%)(z) = (1—2)%(1+2)?, but this is still a conjecture.
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1.9 Notes to Chapter 1

The standard text on orthogonal polynomials is Szegd (1975). It deals largely
with classical orthogonal polynomials and polynomials orthogonal on the unit
circle. Many topics not considered in this book can be found there, among them
asymptotics and inequalities of orthogonal polynomials and their zeros, and ex-
pansions in orthogonal polynomials. A text similar in outlook, though limited
to polynomials on the real line, is Suetin (1979). The theory of orthogonal poly-
nomials for more general measures of orthogonality is treated in Freud (1971)
and, more recently, in Stahl and Totik (1992). The latter is a particularly rich
source on nth-root asymptotics. Another useful source on asymptotics is Van
Assche (1987), whereas Deift (1999) develops asymptotics from the rather differ-
ent viewpoint of Riemann—Hilbert problems. A text strongly rooted in continued
fraction theory and recurrence relations is Chihara (1978). For orthogonal poly-
nomials with exponential weight functions, see the research monograph Levin
and Lubinsky (2001). Orthogonal polynomials with respect to discrete measures
are dealt with extensively in Nikiforov, Suslov, and Uvarov (1991). The roles
of classical orthogonal polynomials in algebraic combinatorics, or in stochastic
processes, are discussed, respectively, in Bannai (1990) and Schoutens (2000).
Bultheel and Van Barel (1997) consider orthogonal polynomials in the context
of rational approximation and linear algebra.

While in this book only polynomials are considered that are orthogonal rela-
tive to a single measure, there are interesting polynomials—the so-called multiple
orthogonal polynomials—that satisfy orthogonality relations relative to a finite
number r of measures supported either on mutually distinct intervals, or on one
common interval. These arise in simultaneous rational approximation of r func-
tions. For a detailed account of multiple orthogonal polynomials, see Aptekarev
(1998) and Nikishin and Sorokin (1991, Chapter 4), for a number of concrete
examples involving continuous and discrete measures Van Assche and Cousse-
ment (2001), Coussement and Van Assche (2003), Aptekarev, Branquinho, and
Van Assche (2003), Arvesd, Coussement, and Van Assche (2003), Beckermann,
Coussement, and Van Assche (2004), and for computational aspects Milovanovié
and Stani¢ (2003).

For recent expositions of orthogonal polynomials on the unit circle and re-
lated quadrature methods, see, for example, Jones, Njastad, and Thron (1989),
Gragg (1993), Bultheel, Gonzdlez-Vera, Hendriksen, and Njastad (1994), Daruis
and Gonzdlez-Vera (2001), and Bultheel, Daruis, and Gonzélez-Vera (2001), the
last work exhibiting the close connection between Gauss quadrature formulae
on [—1,1] and Szegd quadrature formulae on the unit circle for measures ap-
propriately related. For Jacobi-type weight functions, Szegé orthogonal polyno-
mials and quadrature rules have been obtained in Daruis, Gonzalez-Vera, and
Njastad (2001). Rational Szegd quadrature formulae exact on spaces of ratio-
nal functions having prescribed poles are discussed in Bultheel, Gonzdlez-Vera,
Hendriksen, and Njastad (2001). Formally orthogonal polynomials on arcs in the
complex plane and related (complex) Gaussian quadrature formulae are consid-
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ered in Saylor and Smolarski (2001) in connection with the biconjugate gradient
algorithm of numerical linear algebra.

Orthogonal polynomials of several variables and matrix orthogonal polyno-
mials are beyond the scope of this book. For the former, see, for example, Dunkl
and Xu (2001), and for the latter, Sinap and Van Assche (1996) and Freund
(2001).

§1.1. There is a theory of formal orthogonal polynomials which is based on
three-term recurrence relations with arbitrary real or complex coefficients oy,
B # 0, and associated complex Jacobi matrices (cf. also §1.6). These are of
considerable interest in such areas as the iterative solution of large systems of
linear algebraic equations and Padé approximation. For a recent account, see
Beckermann (2001).

§1.2.4. There is some work, particularly by Italian researchers, on s-orthogonal
polynomials and generalizations thereof, called o-orthogonal polynomials; see, for
example, Gautschi (1981b, §2.2.3). Interestingly, the Chebyshev polynomials T,
(cf. Table 1.1) are s-orthogonal on [—1, 1] for each s = 0,1,2,... with respect
to the Chebyshev weight function w(t) = (1 —t2)~1/2,

§1.3. For Jacobi matrices that are positive definite (and hence have only
positive eigenvalues), one can use the Cholesky decomposition of the Jacobi
matrix to arrive at a pair of coupled two-term recurrence relations. The potential
advantages of two-term vs three-term recursion are discussed in Laurie (1999b).

§1.4.1. It is difficult to trace the origin of Theorem 1.45. Jacobi must have
been aware of it; the technique in the proof of this theorem of dividing one
polynomial by another is due to Jacobi (1826).

§1.4.2. Gauss (1814), in an attempt to improve upon the Newton—Cotes
formula, discovered the quadrature rule named after him in the simplest case
dA(t) = dt on [—1, 1] using continued fractions. The generalization to arbitrary
weight functions is due to Christoffel (1877). The original reference to Theorem
1.48 is Markoff (1885).

Gauss-type quadrature rules (with dA(¢) = dt) having prescribed nodes on
the boundary of, or outside, the support interval have been studied already
by Christoffel (1858). Radau’s formula, which is a special case, is mentioned
in Radau (1880), while the Lobatto formula appears in Lobatto (1852). Anti-
Gauss rules, introduced by Laurie (1996), are (n + 1)-point rules having degree
of exactness 2n — 1, which integrate polynomials of degree 2n + 1 with an error
that is equal in modulus, but opposite in sign, to the error of the n-point Gauss
rule. Modified anti-Gauss rules are defined and applied to two-sided estimation
of integrals in Calvetti and Reichel (2003a).

The problem of approximating r ( > 1) weighted integrals of the same function
by a Gauss-like quadrature rule having the same set of nodes has been considered
in Borges (1994). Although not explicitly stated by the author, the problem is
related to multiple orthogonal polynomials.

Extensions of Gaussian quadrature formulae to matrix-valued weight func-
tions and their relation to orthogonal matrix polynomials is discussed in Duran
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and Polo (2002) and Duran and Defez (2002). Other generalizations involve
exactness for systems of nonpolynomial functions. For recent work on this, in-
cluding computational algorithms, see Cheng, Rokhlin, and Yarvin (1999); the
case of rational functions is discussed in §3.1.4.

§1.6. Kernel polynomials for positive definite measures d\ were introduced
by Stiefel (1958) and applied to problems of numerical linear algebra. For the
extension to quasi-definite measures, see Chihara (1978). The exposition in §1.6
follows closely the treatment in Gautschi (1982a). The argumentation in the
proof of Theorem 1.57 goes back to Stiefel (1958, §5), but does not require the
assumption of positive definiteness of (-, - )gx. The second remark to Theorem
1.57 is due to Chinellato (2003).

§1.7. Simultaneous least squares approximation to a function and its deriva-
tives has already been studied by Lewis (1947), where the emphasis is on the
Peano representation of the error. The use, in this context, of polynomials orthog-
onal with respect to a Sobolev inner product was first suggested by Althammer
(1962), who considered s = 1, dA\g(t) = d¢t, d\;(t) = vdt on [—1,1] where v > 0
is a constant. The problem, and in particular the polynomials involved, were
subsequently studied by Grébner (1967) and Brenner (1969). Since these early
days, the literature on the subject has mushroomed enormously, most of the work
having been done for its own sake, with little regard to applications. Recent sur-
veys can be found in Marcelldn, Alfaro, and Rezola (1993), Marcelldn, Pérez,
Pinar, and Ronveaux (1996), Meijer (1996), and an extensive bibliography in
Marcelldn and Ronveaux (1995).

For very special measures there are recurrence relations of a different type,
which are shorter than (1.7.4); see, for example, Marcelldn and Ronveaux (1990),
Evans, Littlejohn, Marcelldn, Markett, and Ronveaux (1995), Gautschi (1997¢),
and the Notes to §2.5.

§1.8. Polynomials orthogonal on the semicircle were first introduced by
Gautschi and Milovanovié¢ (1986a) and given a more definitive treatment in
Gautschi, Landau, and Milovanovi¢ (1987). The theory has been extended to
arbitrary arcs in the complex plane by de Bruin (1990), Milovanovi¢ and Ra-
jkovié (1990), (1994). For polynomials orthogonal on radial rays in the complex
plane, see Milovanovié¢ (2002), and Milovanovi¢ and Cvetkovié (2004) for polyno-
mials formally orthogonal with respect to the complex measure d\(t) = te'™* dt
on [—1,1].
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COMPUTATIONAL METHODS

The fundamental problem is to compute the first n recursion coefficients oy, (d)\),
Br(dA), k=0,1,...,n—1 (cf. §1.3.1), where n > 1 is a (typically large) integer
and d)\ a positive measure given either implicitly via moment information or
explicitly. In the former case, an important aspect is the sensitivity of the problem
with respect to small perturbations in the data (the first 2n moments or modified
moments); this is the question of conditioning. In principle, there is a simple
algorithm, essentially due to Chebyshev, that produces the desired recursion
coefficients from given moment information. The effectiveness of this algorithm,
however, depends critically on the conditioning of the underlying problem. If
the problem is ill-conditioned, as it often is, recourse has to be made either
to symbolic computation or to the explicit form of the measure. A procedure
applicable in the latter case is discretization of the measure and subsequent
approximation of the desired recursion coefficients by those relative to a discrete
measure.

Other problems calling for numerical methods are the evaluation of Cauchy
integrals of orthogonal polynomials and the problem of passing from the recur-
sion coefficients of a measure to those of a modified measure—the original mea-
sure multiplied by a rational function. Finally, Sobolev orthogonal polynomials
present their own problems of calculating recursion coefficients and zeros.

2.1 Moment-based methods

Orthogonal polynomials as well as their recursion coefficients are expressible in
determinantal form in terms of the moments of the underlying measure. Indeed,
much of the classical theory of orthogonal polynomials is moment-oriented. This
is true, in particular, of a classical algorithm due to Chebyshev, which generates
the recursion coefficients directly from the moments, bypassing determinants.

The use of moments, unfortunately, is numerically problematic inasmuch as
they give rise to severe ill-conditioning. In many cases, particularly for measures
with bounded support, it is possible, however, to work with the so-called “mod-
ified moments,” which lead to better conditioned problems and a more stable
analog of the Chebyshev algorithm.

2.1.1  Classical approach via moment determinants

Asin (1.1.5), we let A, denote the Hankel determinant of order n in the moments
tr = pr(dX) given by (1.1.1),

52
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Ho  p1 v fln1

l’l’l ,LLQ e un

Aog=1, A, =] . . |, n=1,23,.... (2.1.1)
Hn—1 Mn * " h2n—2

In addition, we define

Ho M1 - Hn—2  Hn
M1 M2t Pn—1 Hn41
Ap=0, Aj=p, Ay=| . o

Hn—1 HUn ** H2pn—3 H2n—1
(2.1.2)
Thus, Al is the Hankel determinant A, with the penultimate column and the
last row removed. By transposition, this is the same as the Hankel determinant
A, 41 with the penultimate row and the last column removed.

Theorem 2.1 Let mi(-) = mi(-;dA) be the monic orthogonal polynomial of
degree k with respect to the measure d\ (cf. Definition 1.3). Then,

/’[/O Ml... l’l’k
|| B2 e A/
H=—1 : o=t R k=12, . (2.1,
ﬂ-k() Ak : . . Ak + ’ ’ ( 3)
Hk—1 Mk = H2k—1
1 t ... ¢tk

Proof The determinantal expression in (2.1.3) is clearly a monic polynomial of
degree k. Denote it by di(t). Let Co, Cy, ..., C) be the (signed) cofactors of the
elements in the last row of Ag4q. From

Mo p1 o Mk
Mmoo p2 ot Mkl
t"di(t) = — | : o,

Hk—1 HE - H2k—1
t’r‘ t’r‘+1 .. tr+k‘

using Laplace expansion of the determinant with respect to the last row, one
gets

k
1
trdi(t) = — Yy Cut™t.
=230
£=0
Thus, upon integration,

TR
td () dNE) = — > Cuptpye =0, r=0,1,....k—1,
Lrae oo =53 Cure=o. o

since the sum is the Laplace expansion with repect to the last row of the Hankel
determinant Ay in which the last row has been replaced by one of the earlier



54 COMPUTATIONAL METHODS

rows. This proves orthogonality of dj to all polynomials of lower degree; hence,
by uniqueness, dj, = 7. The coefficient of t*~! in the determinant of (2.1.3) is
the (signed) cofactor of *~1, which is —A}. O

Theorem 2.2 The recursion coefficients oy = ai(dN), Br = Br(dA) (cf. Theo-
rem 1.27) for the monic orthogonal polynomials 7 (-;d\) are given by

/ /
_ A AL

Oék—Ak+1 —A—k, k:0,1,2,..., (214)
Api1 Dk
ﬁk:%, k=1,2,3,.... (2.1.5)
k
Proof By (1.3.3) and (1.3.4), one has
o= UIT) s g g T sy,
(ks Tk (Th—1, Th—1)
On the other hand, using (2.1.3),
A A
(tmy, m1) = <tk+1 - A_ktk 4 ,7rk> = (" m) - A—’f (t*, ™),
k k

which holds also for £ = 0. By an argument similar to the one in the proof of
Theorem 2.1 and noting the sentence immediately preceding Theorem 2.1, one
finds ,

(tk+1,7rk) _ M Ak+1 )

k _ _
= (t",m) = (mh, k) = AL

Therefore,

ap = <A;c+1 YA Ak+1> /Ak+1 _ Bk A

A Ap Ay A App Ay
IRPAY Ar App1Ap
B = = > .
NN AZ

d

Remark to Theorem 2.2 If one defines A_; = 1, eqn (2.1.5) holds also for
k=0, since Ay = pp = Fo (cf. (1.3.6)).

The formulae (2.1.4) and (2.1.5) are not recommended as a method for com-
puting the recursion coefficients. For one, they require the evaluation of deter-
minants or, equivalently, triangular factorization of the respective matrices. This
can be bypassed by Chebyshev’s algorithm (cf. §2.1.7). For another, the problem
solved by (2.1.4) and (2.1.5), namely the computation of the coefficients a (dA)
and [3;(dA), from the moments of d)\, can be severely ill-conditioned (cf. §2.1.6).
Nevertheless, formulae (2.1.4) and (2.1.5), when evaluated in higher-precision
arithmetic, do have applications, for example, in testing the accuracy of the
nodes and weights of Gaussian quadrature rules; cf. Gautschi (1983).
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2.1.2  Condition of nonlinear maps

Consider first the simplest map R — R defined by y = f(x), where f is a real-
valued nonlinear function of a real variable x. With x assumed fixed, our interest
is in the effect of a small perturbation Ax of x upon the value y of f. We denote
by Ay the change in y caused by Az. Assuming f differentiable at x, one has by
Taylor’s formula

Ay =~ f'(z)Ax, (2.1.6)

an approximation that, in the limit as Az — 0, becomes an identity. Thus, in
terms of absolute perturbations, the value of |f/(x)| measures the sensitivity of
f at the point x with respect to small perturbations.

Definition 2.3 If f : R — R is differentiable at the point x, then

(condaps f)(z) = |f'(z)]| (2.1.7)

is called the absolute condition number of f at the point x.

In practice, it is often more relevant to know the sensitivity of f in terms of
relative perturbations. Thus, assuming « # 0 and y = f(z) # 0, writing (2.1.6)

equivalently as
4y zf(@) Az
y o fle) oz

motivates the following definition.
Definition 2.4 If f: R — R is differentiable at © # 0 and y = f(x) # 0, then

zf'(x)
f(z)

is called the relative condition number of f at z.

(2.1.8)

(condye f)(z) = (2.1.9)

Remark to Definition 2.4 If x = 0 and y # 0, one should consider an ab-
solute perturbation of x and a relative perturbation of y, and the other way
around if z # 0 and y = f(x) = 0. The respective condition numbers then are
(cond f)(x) = |f'(x)/f(x)] and (cond f)(z) = |zf'(x)|. If z =y = 0, the appro-
priate condition number is the one in Definition 2.3. Since these modifications
create discontinuities in the behavior of the condition number, it is preferable,
and in fact quite natural, to use relative error only if the quantity in question is
greater than 1 in modulus, and absolute error otherwise. This gives rise to the
mollified condition number

(condmor f)(z) = —F———, (2.1.10)

where m(-) is the mollifier function

1 it <1,
mit) = { [t|  otherwise. (2.1.11)
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A map f: R — R is called ill-conditioned at the point x if its condition
number at z is much larger than 1 (typically by many decimal orders of magni-
tude) and well-conditioned otherwise. A condition number of the order 10¢ means
roughly a loss of d decimal digits when the data are perturbed by one unit in the
last decimal. Whether or not this is acceptable depends both on the accuracy
desired and the precision available. For example, if the working precision is 15
decimal digits, and the condition number is 108, the result will be accurate to
about 15 — 8 = 7 digits, which is acceptable if one needs 7-digit accuracy or less.

Suppose now that f is a map R™ — R” defined by y = f(x), where f =
[f1, f2, -+, fn]T is a vector of n nonlinear real-valued functions f, = f,(z) in m
real variables = [21, %2, ..., Zm] . The analog of the derivative in (2.1.6) then
is the Fréchet derivative

Ofh 0h .. Of1

OJx1 Oxa OTm,

Of> Ofa Of2

af(m) Ox1 Oxza T Bz

= o (x 2.1.12
e (2112)

Ofn Ofn .. Ofn

Ox1 Ozo OTm

that is, the linear transformation defined by the Jacobian matrix of f at . This

suggests

Definition 2.5 If f: R™ — R"” is Fréchet-differentiable at the point x € R™,

then

of(x)
ox

(condaps f)(z) = H , (2.1.13)

where the norm on the right is an appropriate matrix norm, s called the absolute
condition number of f at x.

Since orders of magnitude is all that counts when considering the conditioning
of maps, and since matrix norms are equivalent, the choice of norm in (2.1.13)
is not all that critical. Choices frequently made are either the infinity norm

U@ s S| 2@ (2.1.14)
Ox 1<v<n oz,
or the Frobenius norm
f (ZZ J(;”:C > . (2.1.15)
F =1 Iz

In analogy to Definition 2.4, one can define a relative condition number as
follows.
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Definition 2.6 Let f : R™ — R" be Fréchet-differentiable at * = [x1, 2, .. .,
Tp) T, where x, #0, p=1,2,....,m, and y = f(x) = [y1,Y2,---,Yn]* be such
that y, = fu(x) #0, v =1,2,...,n. Let C(x) € R"™™ be defined by

2u(0fy () /0x)
Cz) =lcu(x)], coulx) =270 =1,...,n; u=1,....m
@) = (@) con(e) =| LS "
(2.1.16)
Then, a relative condition number of f at * may be defined by
(condyer f)(z) = ||C ()], (2.1.17)

where the norm on the right is an appropriate matriz norm. If one of the compo-
nents of x or of f(x) vanishes, c,,(x) must be modified as described in Remark
to Definition 2.4. Using the mollifier function (2.1.11), one may also take

copla) = m(x,)|0f,(x)/0x,]| .
" m(f,(@))

(2.1.18)

Definition 2.6 provides the most detailed description of the conditioning of
f in terms of relative perturbations. It essentially takes each component f, of f
and measures its relative condition with respect to one single variable x,; this
is the meaning of ¢,,(x). One can thus think of C'(x) as a relative condition
matriz. To obtain a condition number, one takes a norm of C(x).

Remark to Definition 2.6 A simpler, but less detailed, definition of a rela-
tive condition number, which is meaningful for any @ # 0 and f # 0, is

]| |0F (2)/0|[gn <m
1 (@)l ’

where the norms on the right are suitable vector and matrix norms. In general,
however, the condition number so defined can be misleading, since norms have a
tendency to destroy detail. A simple instance of this is given in Gautschi (1997b,
Chapter 1, p.26) and more relevant instances are discussed in Examples 2.15
and 2.16.

(condye) f)(x) = (2.1.19)

2.1.3  The moment maps G,, and K,

There are several moment maps of interest in computing orthogonal polynomials,
depending on what is to be computed and from what kind of moment informa-
tion. A first map, denoted by G,,, relates to the computation of n-point Gauss
quadrature rules, that is, the computation of the n weights A\, = A& and n nodes
7, =75 in (1.4.7). These are collected in the vector

vy =~dN) = A, Aoy A, T Ty T T (2.1.20)

The simplest, but what turns out to be an ill-conditioned, map G,, is the one
that takes the first 2n moments
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H = /L(d)\) = [M(),Ml,...,,ugn,l]T, My = /Rtr d)\(t), (2121)

into the vector ~,
G, : R™ SR p . (2.1.22)

Other, hopefully better conditioned, maps G,, take as input modified moments
m = m(d\) = [mg,m1,...,ma,_1]T. In the most general case, these are defined
in terms of a basis {pk}iial of Py,—1, where p;, = pj,, may depend on n. In

fact,
mg = m(dA) == /pk(t) dA(t), k=0,1,...,2n—1, (2.1.23)
R
and
G,: R™ - R*™ mis . (2.1.24)

Example 2.7 Powers pi(t) = th k=0,1,...,2n— 1. In this case, m = p and
one has the map G, of (2.1.22).

Example 2.8 Orthogonal polynomials pr(-) = pr(-;d€), k =0,1,...,2n — 1,
the first 2n monic polynomials orthogonal with respect to a positive measure
d¢. (Nonmonic orthogonal polynomials are also used sometimes.) By choosing
d¢ near dX in some sense, one hopes to arrive at a map G,, in (2.1.24) that is
well, or at least better, conditioned (cf., e.g. Example 2.29).

Example 2.9 Bernstein polynomials prn(t) = Bk n(t), t € [0,1], where

on—1
Bin(t) = ( nk ) th(1 —t) 1=k k=0,1,...,2n — 1. (2.1.25)

These are appropriate for measures dA supported on [0, 1].

Example 2.10 Lagrange interpolation polynomials. Given 2n distinct nodes

to,t1,...,tan_1 in the support interval of dA, one takes
2n—1 ¢ "
— e
Pron(t) = Lean(t),  Lran(®) =[] . k=0,1,...,2n—1.  (2.1.26)
oo te— e
04k

The second type of map, K,, relates to the computation of the first 2n
recursion coefficients o, = o, (dA), 8, = B, (dN), v =0,1,2,...,n—1 (cf. §1.3.1),
which again are collected in a vector

pP = p(d)\) = [040, ceey Ozn_l,ﬁo, N ,ﬁn_l]T. (2127)

Thus,
K, : R*™ - R? p (resp. m) — p, (2.1.28)

where, as before, p resp. m is the vector of the first 2n ordinary resp. modified
moments. The latter are defined in (2.1.23) and may be chosen as in Examples
2.7-2.10.
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In principle, the map K,, can be represented as a composition of two maps,
K,=H,oG,, (2.1.29)

where G,,, as above, maps p (resp. m) into the Gauss rule v, and H,, maps the
Gauss rule into the recursion coefficients,

H,: R™ R ~—p. (2.1.30)

Since, as will be seen later in §3.1.1, the map H,, is generally well-conditioned,
the condition of K, is more or less the same as the condition of G,,. Hence, we
will often consider the latter instead of the former.

2.1.4  Condition of G, : p+—

Let n be a fixed, but arbitrary, integer >1 and the measure d\ positive definite
on P. Then A,, > 0 by Theorem 1.2, and Theorem 2.1 shows that 7, ( - ; d\) exists
and depends continuously and regularly on the moments p,., r =0,1,...,2n—1,
in a neighborhood of the given moment vector p(d\). The same is true, therefore,
of the zeros 7, of m,, that is, of the Gaussian nodes, and also of the Gaussian
weights A, in view of (1.4.5) and (1.4.4). It makes sense, therefore, to talk about
the condition of the map G, : p+— v at p = p(dX).
We begin by considering the absolute condition number of Definition 2.5,

G, (1)
dG, =13, >
(eond G ) = | “5
where || - || is the infinity norm (2.1.14). Since the Gauss quadrature formula is
exact on Py, _1, there holds
ST =g, r=01,....2n—1. (2.1.31)
v=1

The map G, therefore, amounts to solving the nonlinear system (2.1.31) for
AyvosAns T, - -y T (The system is actually linear in the As.) If F',, denotes
the map v — p defined by (2.1.31), then by an elementary computation

oF,,
=TA,
oy
where A € R?"*27 is the diagonal matrix
A=diag(1,...,1,A1,..., An) (2.1.32)
and T a confluent Vandermonde matrix
1 ... 1 0 . 0
L o Tn 1 1
T=| % - 27 s 27, . (2.1.33)
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Since the map G, is the inverse of F',,, one has

len OF, "' . |
= =A"'T 2.1.34
o ( v > ’ (21,84
and thus
(cond G,)(p) = ||AIT 1. (2.1.35)

A lower bound of the condition number (2.1.35) can be found if one assumes
that the measure d\ has support contained in the positive real line R .

Theorem 2.11 Let dX be a positive definite measure having support in Ry and
let mp(+) = (- ;dN) be the monic polynomial of degree n orthogonal with respect
to dA. Then, the absolute condition number (2.1.35) satisfies

. 1 [ (=1)]?
(cond Gy,)(p) > min (1, — )\V> . 12[1”12”{(1 vy e (2.1.36)

where A\, and 7, are the weights and nodes of the n-point Gauss quadrature rule
(1.4.7).
Proof Recalling that A\, > 0 (cf. Theorem 1.46), we have from (2.1.35) that

1
> 3 1 - -1 . 2.1
(cond Gy,) () mln( » ax, )\V) 1T (2.1.37)

The infinity norm of 77" has been studied in Gautschi (1963) and further es-
timated in Gautschi (1968). In particular, it has been shown (Gautschi, 1968,
Theorem 2.1) that

n 2
1T~ > max { (1+7) 1+ 7
~ 1<v<n v e

nFY
Writing the expression in curled brackets in the form
HZ:1 (1+7)°
(1 + TV) Hp.;éu(TV - TH)Q

and noting from 7, () = [;,_, (t — 7,) that m,(~1)
70,(7) = 1,12, (T — ) yields

(=) IT=1 (1 + 74) and

p=1

HT71|| > [ﬂ'ﬂ(il)P

min {1+ )l ()P}

Together with (2.1.37), this proves the theorem. O
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The lower bound in (2.1.36) is computed by the OPQ routine acondGlow.m.

Remark to Theorem 2.11 The bound in (2.1.36) remains unchanged if m,
is multiplied by any constant c,, and hence does not depend on the particular
normalization of the orthogonal polynomial.

Example 2.12 Chebyshev measure on [0, 1].
Here, dA(t) = [t(1 — t)]~'/2 dt and, taking advantage of the Remark to The-
orem 2.11, one can take 7, (t) = T, (2¢ — 1). Then,

[ (=D = [Tu(=3)]" = [T.(3)]%, (2.1.38)
and since (cf. (1.4.17))

2v—1
2n

T, = %(1 +cosb,), 6,= , (2.1.39)

one has
(1) = 2T} (21, — 1) = 2T} (cosb,,).
Differentiating the identity T,,(cos@) = cosnf (see (1.5.2)) gives T (cosf) =
nsinnf/ sinf, and thus
sin n6, 2
sin 6, ’

(14 7)) (1,)]? = (% + %Cos&l,) - 4n? (

The minimum of this expression taken over v = 1,2,...,n is less than, or equal
to, its value at any fixed v = vy. Taking vy = | 5] + 1, hence sinnf,, = (—-1)"°,
and cosf,, = 0, sinf,, = 1if nis odd, cosb,, = —sin(w/2n), sinb,, = cos(w/2n)
if n is even, one finds, using cos(w/2n) > 1/v/2 for n > 2, that

myin{(l + 1)L (1))?} < (1 + 7)1 (10)]2 < 1207, n > 2. (2.1.40)

Moreover, A, = mw/n (cf. (1.4.20), transformed to the interval [0,1]), so that
Ay < 1ifn >4, and thus

1
min <1, 7A> =1, n>4 (2.1.41)

max,,

Combining (2.1.38), (2.1.40), and (2.1.41) in (2.1.36) yields

LC)) (2.1.42)

(cond G,,) () > 122 >

A more quantitative bound can be obtained by noting that y; = Tj(3) satis-
fies (see (1.5.8))

Yet1 — Oy +yk—1 =0, yo=1, y1 =3,
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so that from the theory of linear difference equations with constant coefficients,
yn =Tu(3) =5 (17 +15), t1=3+V8, t,=3-V8.
There follows T, (3) > $t7, and thus, from (2.1.42),

(cond G (1) > %, n> 4. (2.1.43)

It is seen that the condition number grows exponentially fast with n, at the rate
exp[nIn(17 + 64/8)] = exp(3.52549 . ..n), which, incidentally, coincides with the
rate of growth of the (Turing) condition number for the nth-order segment of
the Hilbert matrix as estimated by Todd (1954).

Although Example 2.12 may appear to be rather special, it is actually in-
dicative of a much wider class of measures (supported on [0,1]), the so-called
Szegd class (cf. (1.3.10)), for which it is known that the Gauss nodes 7, = 75 as
n — oo indeed assume the arccos-distribution of (2.1.39).

For measures supported on an infinite interval, which are likely to have mo-
ments p, that grow rapidly, a relative condition number, for example (2.1.17),
may be more appropriate. Simple results such as (2.1.36) then no longer exist,
but in turn, no assumptions are required on the support of dA. Applied to the
map G, (p), and using the mollified condition number of (2.1.18), one obtains

Theorem 2.13 Let d\ be a positive measure. Then, the relative condition num-
ber of Gy (u), according to (2.1.17) and (2.1.18), is given by

(cond G,)(p) = [C()], (2.1.44)
where
C(u) = [emn(W)]2=1,
and
oua(pe) = AT Do ) = )T e

Aem(Tx)
k=1,2,...,m; A=1,2,...,2n.

(2.1.45)

Here, (T_l)rs denotes the element of T~ in row r and column s and m(-) is
the mollifier function (2.1.11).

The elements of T~ ! are computed by the 0PQ routine Tinv.m, and the rela-
tive condition number (2.1.44), in the infinity norm, by rcondG.m with
iopt=1.

The simpler, but more global, relative condition number (2.1.19) applied to
the map G,,, when using infinity norms, takes the form

_ oo AT o

(cond Gn)(#) e

(2.1.46)

It is computed by the 0PQ routine gcondG.m.
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It is interesting to compare the theoretical condition numbers with error
magnifications observed numerically. We do this by applying the Chebyshev al-
gorithm of §2.1.7, which actually implements the map K,, : p — p, but whose
condition is similar to the one of G,; cf. the remark at the end of §2.1.3. By “er-
ror magnification” we mean the absolute value of the observed error divided by
the machine precision, where “error” is a “mollified” error, that is, the absolute
error if the respective quantity is less than 1 in modulus, and the relative error
otherwise. We illustrate this for the Legendre, Laguerre, and Hermite measures,
using the OPQ routines Table2_1.m, Table2 2.m, and Table2_3.m.

Example 2.14 Legendre measure dA(t) = dt on [0, 1].

The moments u, = 1/(r + 1), r = 0,1,2,..., are between 0 and 1, and
the same is true for the nodes 7, and weights A, of the Gauss quadrature rule.
Therefore, both absolute and mollified relative condition numbers, and even the
simplified condition number in (2.1.46), are appropriate. The three columns after
the first in Table 2.1 display the lower bound of the condition number in (2.1.36),
the infinity norm of the condition matrix in (2.1.44), and the simplified condition
number in (2.1.46), for n = 2,5, 8,11, 14. The remaining two columns show the
maximum observed error magnifications mag a and mag (8 in the coefficients ay,
resp. Ok, k=0,1,...,n—1.

Table 2.1 Condition number and error magnification
for Legendre measure on [0, 1].

n (2.1.36) (2.1.44) (2.1.46) maga  magf
2 1.16(1) 3.17(1) 4.02(1) 2.00(0) 6.25(2)
5 1.34(5) 4.72(5) 4.95(5) 3.32(3) 5.04(2)
8 220(9) 1.21(10) 1.24(10) 2.77(8) 1.30(6)
1 4.62(13) 3.45(14) 3.48(14) 8.33(12) 5.50(11)
14 1.15(18) 1.07(19) 1.08(19) 4.85(16) 4.31(17)

—_

It can be seen that all three condition numbers grow very rapidly, the first,
being a lower bound, at a slightly slower rate. The simplified condition number
(2.1.46), in this example, is practically identical with the more detailed condition
number in (2.1.44). The actually observed error magnifications exhibit the same
trend of rapid growth, but are generally a few orders of magnitude smaller than
predicted, and this in spite of additional errors committed during the execution
of the algorithm. The reason for this seems to be a certain amount of internal
cancellation of errors.

Example 2.15 Generalized Laguerre measure d\(t) = t®e~tdt on [0, 00] with
1

The case a = 0 of ordinary Laguerre measures would be atypical inasmuch
as Matlab produces exact integer results, at least up to n = 11, and hence zero
errors. This is not so for nonzero o, say a = —2

3
Here, the moments p, = T(a+r+ 1), r =0,1,2,..., grow very rapidly, so
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that the absolute condition number in (2.1.36) is inappropriate and (2.1.46) is
likely to be too pessimistic. This is confirmed in Table 2.2 giving information

Table 2.2 Condition number and error magnification
for Laguerre measure with parameter a = 0.5.

n (2.1.36) (2.1.44) (2.1.46) maga  magf
2 1.83(0) 3.62(0) 7.57(0) 8.00(-1) 2.50(-1)
5 2.62(1) 1.25(3) 1.20(6) 3.36(2) 2.37(2)
8 2.32(2) 4.32(5) 1.52(13) 2.19(6) 7.77(5)
11 1.16(3) 2.10(8) 2.01(21) 3.03(9) 2.36(9)
14 4.61(3) 1.10(11) 1.36(30) 4.47(11) 2.26(11)

analogous to that in Table 2.1: the column headed by (2.1.36) has little to do
with the actual error magnifications in the last two columns, and the one headed
(2.1.46) is grossly misleading, overestimating the error growth by many orders of
magnitude, especially when n is large. The relative condition number in (2.1.44),
on the other hand, predicts the error magnification rather accurately.

Example 2.16 Hermite measure dA(t) = e~ dt on R.

While the moments p, for r odd are zero, those for even r are I'((r 4+ 1)/2)
and as in Example 2.15 grow rapidly. Not only is the absolute condition number
in (2.1.36) inappropriate, but the lower bound in fact is not even applicable. As
can be seen from Table 2.3, no errors have been observed in the as, which are
all zero, and the error magnification in the (s is more or less as predicted by
(2.1.44), but decidedly lower than in Example 2.15. As in the previous example,
the condition number (2.1.46) is not a reliable indicator of error growth.

Table 2.3 Condition number and error magnifica-
tion for Hermite measure.

n (2.1.36) (2.1.44) (2.1.46) maga magf

2 265(0) 454(0) 0 0.00(0)
5  — 1.07(1) 420(1) 0  1.33(0)
8 — 997(1) 221(4) 0 6.57(1)
11—  151(3) 336(7) 0 2.21(3)
14— 2.88(4) 1.28(11) 0  1.50(5)

2.1.5  Condition of G, : M — 7y

As was already mentioned at the beginning of §2.1, modified moments can be
expected to yield maps G, that are better conditioned. This will now be analyzed
in the case where modified moments are defined in terms of monic polynomials
p(+) = pr(-;de) orthogonal with respect to a positive measure d¢ (cf. Example
2.8). The support of d¢ may be bounded or unbounded, and need not necessarily
coincide with the support of the given measure d\. (See, however, the remarks
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after the proof of Theorem 2.17.) All moments of d¢ are assumed to exist.
It will be convenient to consider the slightly modified map

G,: R =R m -, (2.1.47)

where m = [mq, m1,...,M2,_1]" is the vector of normalized modified moments
1

Mk = —== Mg, dk:/p%du, k=0,1,...,2n -1, 2.1.48

NG A i (1) de(t) ( )

with my, as defined in (2.1.23). This has the theoretical advantage of making
the my, independent of the normalization of the orthogonal polynomials {py}.
For algorithmic purposes, however, the passage from m to m is not required,
and in fact not recommended; cf. §2.1.7. The additional diagonal map introduced,
D,, : m — m, of course, is harmless, since each individual transformation my, —
my, involves just one multiplication and is therefore perfectly well-conditioned.

We study the condition of G, in terms of the Frobenius matrix norm || - || .

With 7, = 7,(d)\) and A, = A (d)\) denoting the nodes and weights of the
Gauss quadrature rule (1.4.7), we denote by h, and k,, as in (1.4.13), the ele-
mentary Hermite interpolation polynomials associated with the nodes 11, ..., 7,
which satisfy

hy(T4) = 6up, hi,(1Tu) =0,
vyp=1,2,....,n. (2.1.49)
kV(T#) = 07 k;/(TlL) = 51/;L7

Theorem 2.17 The absolute condition number of the map én, in the sense of
Definition 2.5, with || - || the Frobenius norm, is given by

(cond G,,) () = { /R gn(t; dX) dé(t)}l/Z, (2.1.50)

where
n

gn(t;dX) =) <h3(t) + %2 kﬁ(t)) (2.1.51)

v=1

and hy, k, are the elementary Hermite interpolation polynomials (1.4.13) asso-
ciated with the Gaussian nodes Ty, ..., Tn.

Proof The map G,: m— v, similarly as in (2.1.31), amounts to solving the
system of nonlinear equations

1 n
N > Apk() =, k=0,1,...,2n—1. (2.1.52)
v=1

If F,, denotes the map v — m defined by (2.1.52), it is elementary to show that
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oF,,

=D 'PA
o~ ’

where D and A are diagonal matrices of order 2n,

D = diag(\/do, V/d,...,\/dan—1 ), A =diag(l,...,1,\,...

and

po(T1) -+ po(Ta) pé(ﬁ) pé(Tn)
pi(m1) - pi(7a) pi(rm) - Py

P =
p2n71(7_1) e panl(Tn) p/2n—1(7-1) e p/2n—1(7_n)

Therefore, noting that én is the inverse map of f‘n, one has

~ ~ \ -1
aGn aFn -1 -1
— = =A""P D
om ( o~y )

and, thus, B
(cond G,,)(m) = |[A'P'D||p.

(2.1.53)

) )\n)

(2.1.54)

(2.1.55)

(2.1.56)

The principal issue at hand is the inversion of matrix P in (2.1.54). To
accomplish this, we expand the Hermite polynomials h, and &, in the orthogonal

polynomials {px},

2n 2n
hy (t) = Z al/upu—l(t)a ky, (t) = Z buupu—1<t)a
p=1 pu=1

and solve the system of linear equations

n
Z{pu—1<7'k)“>\ +pL—1(TA)Un+A} =v,, p=12,...,2n,

A=1

(2.1.57)

whose coefficient matrix is P. Multiplying the puth equation by a,, and adding
over ;1 =1,2,...,2n, one obtains, in view of the first of (2.1.57) and (2.1.49),

2n
u,,:E puvy,, v=12...,n
pu=1

Similarly, multiplying the uth equation by b,, and adding yields

2n
un+,,:§ bouvy, v=12,...,n.
pu=1
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There follows
plo [A] . A=lav, B= bl (2.1.58)

Since

e e 1
(A 1P 1D)1/;4 =V du—lauua (A 1P 1D)n+u,u = )\_ du—lbuua v=1,...,n,

174

(2.1.59)
one obtains )
B B n n 1
AT PT'D[E =" dus (azﬂ + A—2b3“> . (2.1.60)
v=1 p=1 v
On the other hand,
2n 2n
[ @0 = [ 3 anpis®) D cvnpaa() et
R R p=1 k=1
2n
= 3" it [ Dua®pacs ()
pr=1 R
2n
- Z du-ray,
p=1
by virtue of the orthogonality of the py. Similarly,
2n
/ k2(H)de(t) = dy b3,
R )
Therefore,
e - 1
AP = [ 3 (20 + a0 ) ac
v=1 v
which in view of (2.1.56) and (2.1.51) proves the theorem. O

Theorem 2.17 shows clearly how, for given n, the absolute condition of é’n
depends on the two measures, dA and d/¢, involved. The dependence on dA man-
ifests itself entirely through the Gaussian nodes and weights 7, = 7,,(d\) and
A = A (d)), belonging to the measure d), the former of which uniquely deter-
mine the Hermite polynomials &, and k,. The influence of d/ is usually weaker
inasmuch as this measure only plays a role as an integration measure in the
integral on the right of (2.1.50).

The polynomial g,(-) = gn(-;d)\) has some noteworthy properties: it triv-
ially is positive,

gn(t) >0 onR, (2.1.61)

and it satisfies
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gn(m) =1, g, (r)=0, v=12,...,n, (2.1.62)

as follows immediately from (2.1.49). These properties suggest that g, cannot
deviate too much from 1 on the support of d\, especially if the latter is a finite in-
terval and the nodes 7, have an arccos-distribution on that interval. (For equally
spaced T, the polynomial g,, could well exhibit large oscillations reminiscent of
those occurring in Lagrange interpolation.) Since g,, outside the support of dA
grows very rapidly, it is prudent to choose d¢ to have its support contained in, or
identical with, that of d\. For large classes of measures with compact support, it
is in fact necessary to have supp(d¢)=supp(d\) if exponential growth of the con-
dition number is to be avoided; see Beckermann and Bourreau (1998, Theorem
11).

In Gautschi (1986), a distinction is made between weak and strong nodes 7,,,
for which ¢//(7,) < 0 resp. g//(7,) > 0. Between consecutive weak nodes, g, very
likely (though not necessarily) remains < 1, whereas in the neighborhood of a
strong node, g, assumes values larger, and potentially very much larger, than
1 on either side. It is also very likely that between consecutive strong nodes g,
remains > 1.

An elementary computation based on (1.4.13) and (2.1.51) will show that

1 |
290 (1) = 26,(7) = 6[6,(7)]" + 2

1 1 1
ZQZZ(TU—Tk)(TU—n) -° Zn—m N

P
k#v Z#;

The node 7, therefore, is weak or strong depending on whether the expression

on the right of (2.1.63) is negative or positive.

Example 2.18 Chebyshev nodes 7, = cos8,,0, = 2v—1)7/2n,v=1,2,...,n.
These, for each n = 2,3,..., on the basis of (2.1.63) turn out to be all weak

nodes (Gautschi, 1986, Theorem 4.1). In this case, g,(t) indeed is <1 for all

—1 <t <1; cf. Example 2.20.

Theorem 2.19 The relative condition number of G, (M), according to (2.1.17)
and (2.1.18), is given by

(cond Gy, )(m) = ||C ()], (2.1.64)
where
C(m) = [eyu (M)}, -1
and
cl,#(/n\i) = /d 1 m(mu71)|aw| Cn+l/,,u(m) 41 m(m#,1)|b,,ﬂ|

Aom(r)

(2.1.65)
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Here, a,, and by, are the coefficients in the expansions (2.1.57) of h, and
ky, du—1 the constants defined in (2.1.48), and m(-) is the mollifier function
(2.1.11).

Proof The results (2.1.64) and (2.1.65) are immediate consequences of (2.1.55),
(2.1.59), and (2.1.18). 0

OPQ routines for the absolute condition number (2.1.50) and for the relative
condition number in (2.1.64) are acondG.m and rcondG.m, respectively.

In order to compute the absolute condition number, note that g, is a polyno-
mial of degree <4n — 2, so that the integral in (2.1.50) can be evaluated exactly
(up to rounding errors) by means of the (2n)-point Gauss quadrature rule asso-
ciated with the measure d¢. This is unproblematic since d¢ is usually one of the
classical integration measures and, besides, the integrand is positive. A similar re-
mark applies to the evaluation of the quantities a,,, = d;h Jo ho (8)pp—1(t) de(2)
and by, = d 21 Jg ko (t)pu—1(t) dé(t), which are needed to compute the relative
condition number

As regards the computation of the polynomials h,, k,, and g,, recall from
(1.4.13) that the former two are expressible in terms of the elementary Lagrange
polynomials ¢, of (1.4.4) and ¢,,(7,,), which in turn can be written as

) =t —1.)p) twnt), (1) =0, (2.1.66)
where w,, (t) = [[_,(t — 7) and
n n 1
Pv = g (Ty - Tu)a Oy = ; T — T, . (2167)
nFY HFEV

2
[(t — 7)p] 1) , (2.1.68)

one gets from (1.4.13)
(1 —2(t —7,)0,)l2(t)
(et ()"

ho(t) = (1= 2(t = 7)o ) E5(t) =

)

and thus from (2.1.66) and (2.1.68),

(1= 20t =)o)t = m)p]

ho (1) = a
O = S =)

(2.1.69)

Similarly,
[(t = 7)) 2 (t = 70)

(e[t = 7))

ky(t) = (2.1.70)
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Using (2.1.69) and (2.1.70) finally yields
Z:=1[(t - Tu)Pu]74 ((1 — Q(t _ Tu)Ul,)z + %(t _ Tu)2>
<Z::1[(t - Tn)pn]_l)‘l '

The OPQ routine gn.m computes g, (t) from the representation (2.1.71).
Example 2.20 Chebyshev measure d\(t) = (1 —t2)~*/2dt on [~1,1].

It was conjectured in Gautschi (1986, §4.1) and proved by Fischer (1998) that
foralln > 2

gn(t) = (2.1.71)

gn(t;dN) <1 on [-1,1]. (2.1.72)

Theorem 2.17, in this case, implies that
(cond Gy, )(m) < / ae(t), n>2, (2.1.73)
R

provided the support of d/ is contained in [—1,1]. Rather remarkably, the ab-
solute condition of G,, is uniformly bounded in n, and this regardless of the
particular choice of d¢, that is, the particular choice of the modified moments.

2.1.6 Condition of K,,: m— p

Although the map K, can be expressed in terms of the map G,, via the com-
position (2.1.29) with a well-conditioned map H,,, it is possible to analyze the
condition of K, directly, indeed for arbitrary modified moments as defined in
§2.1.3.

Note, to begin with, that the first 2n modified moments

mk:/pk(t)d)\(t), k=0,1,...,2n—1, (2.1.74)
R

are expressible linearly in terms of the first 2n ordinary moments, the matrix
involved being nonsingular because of the py forming a basis of Py, by as-
sumption. Conversely, therefore, the first 2n ordinary moments are expressible
as a nonsingular linear transformation of the first 2n modified moments. From
(1.3.3) and (1.3.4), it can be seen that the recursion coefficients ay = ax(dA),
Br = Br(dX\), k =0,1,...,n — 1, are rational functions of the first 2n ordinary
moments, with positive denominator polynomials in some neighborhood of the
given moments g = p(dA). The same is, therefore, true for the modified mo-
ments. It thus makes sense to talk about the condition (cond K, )(m) of the
map K, : m — p at the given vector m = m(d\) of modified moments.

Since {p; ?Zal is a basis of Py, _1, every real polynomial ¢ € Py,_1 has a

unique representation
2n—1

q(t) = > cilalp;(t) (2.1.75)
§=0
in terms of the polynomials p;, the coefficients c¢;[g] being linear continuous
functionals ¢; : P2,—1 — R. In order to compute the Jacobian matrix 0K, /0m,
the following lemma will be useful.
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Lemma 2.21 Let ¢ € Ps,—1 be a polynomial which depends on the first 2n

modified moments mqg, m1,...,Mon_1 and has continuous partial derivatives in
the neighborhood of some point m = [mg, my, ..., man—1]. Then,
8;:% /Rq(t) dA(t) = cklq] +/ 88375,3 dA(t). (2.1.76)
Proof From (2.1.75) one has
2n—1
/Rq(t) ) = Y eilam;. (2.1.77)
j=0

Differentiating with respect to my, yields

2n—1
Oc;lq]

o
éﬁﬁbé (t) dA(t) +—§: o, ™

Since ¢;[-] is a continuous linear functional, differentiation of the functional ¢;
with respect to my can be interchanged with the application of the functional
to the derivative. Thus,

o2 [y z 2],
7%M+/ (MM)

8mk

the last equation following from (2.1.77) with ¢ replaced by dq/9my. This proves
the lemma. O

Theorem 2.22 Let 7 (-) = 7 (-;d)\) denote the orthonormal polynomials with
respect to the measure d\ (cf. §1.3.2). Then,

Ja
0K, Y. 1) Oaj oB 00;
— 8m = _ J RnXZn M J RnXZn
om B | om {amk} < T Om [8mk] < ’
om
(2.1.78)
where
oo ~ a0; ~ .
8—mjk = ck[t241], 8—mjk =ckte;], 7=0,1,...,n—1; k=0,1,...,2n —1,

. . (2.1.79)
and Yo, Y1, ..., Yan_1 are polynomials defined by

w2] ﬁ] (~_? (t) t)) )
Pajs1(t) = /B Hm(xﬁl)—¢E@4@@@L (2.1.80)

j=0,1,...,n—1,
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with ©_1 and By defined by ©_1 = 0 resp. fo = [, dA(t). (Note that Uy is a
polynomial of exact degree r for r =0,1,...,2n —1.)

Proof Differentiating the orthonormality relations

/fri(t)frj(t)d)\(t) =0 (i<j), /ﬁf(t) d\(t) =1 (2.1.81)
R R

with respect to my and using Lemma 2.21, one obtains from the first relation,
for i < j,

om;(t)
8mk

or;(t)
5‘mk

0 = ck[mi7;] +

75(4) dA(E) + /R (1) ()

= Ck[ﬁiﬁj] + /Rﬂz(t) agj (k) d)‘(t)a

where the second equality follows from orthogonality. Thus,

/Rm( ) a;jfk) dA(t) = —cg[fimr;), i <. (2.1.82)

The second relation in (2.1.81), similarly, gives

0=l +2 [ 1,0 52 axe)

that is,

/Rffj (t) o7, () dA(t) = —gela7]. (2.1.83)

3mk

Next, we differentiate the three-term recurrence relation (see (1.3.13))

\/ﬁj+17~rj+1(t) (t* Oéj 7'(‘] \/ﬂjﬂ‘j 1 , j: 0,1,2,... 5 (2184)

with respect to my to get

0+/Bj+1 37Ta+1(t)
Bmk J"rl( ) ﬁ]+1 M
oa 0 ' omi_1(t
~ 2% () + (¢ - ay) ;;fk) - - VR
(2.1.85)

To focus on the derivative of 341, we multiply (2.1.85) by 7;41 and integrate.
Using (2.1.83) with j replaced by j 4+ 1 and orthonormality of the 7y, one finds

D el = [ apma@ F o, @1s

3m k 3m

Now note from the three-term recurrence relation (2.1.84), with j replaced by
j+1, that
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(t = o)Tj41() = /Bjr2 Tjga(t) + (a1 — ) T30 (8) + /Bjr 75 (2).
Inserting this into the right-hand side of (2.1.86) and using again orthonormality
and (2.1.83) gives

0/ 5
j“*%\/ﬂgﬂck j+1 *%\/@Hck[ﬂf]’

8mk
that is,
9/ Bin —
amJ BJ""lck j+1 7T2
k

or, multiplying by 2./8;+1,

IBjt1 - .

#mk = B (T — 75))- (2.1.87)

This holds not only for 7 > 0, but also for j = —1, since 5y = fR 1-dA(t), hence,
by Lemma 2.21,

9bo
8mk

= ex[1] = Bocx[1/Bo) = Bock[s — 724]
since 73 = 1/ and 72, = 0.

To isolate the derivative of «; in (2.1.85), we multiply by 7; and integrate.
Similarly as above, but now using (2.1.82), one gets

+ [=anm
R
and from (2.1.84) solved for (¢ — «;)7;(t), using again orthonormality,

Oa;
Bit1 k[T Tjv1] 8mjk Vv Bj ¢k [Tj-174],

aaj

. or;(t
Bjv1 ck[TiTjp1] = -3 (1)

8mk

o dA(D),

that is,
Oa . . .
e = VB Ty — /B i) (2.1.88)

Equations (2.1.88) and (2.1.87) (with j replaced by j — 1) prove (2.1.79) in view
of (2.1.80). 0

Corollary 1 to Theorem 2.22 Let ¥ € R27%27 he the matrix with elements
(@) = cplthe], k = 0,1,...,2n—1; £ = 0,1,...,2n — 1. Then, the absolute
condition number of K, at the point m, with the matrix norm being the infinity
or Frobenius norm, is given by

(cond K,))(m) = ||¥]. (2.1.89)
Specifically,

2n—1 2n—12n—1 1/2
- B - o o
9l = s, > fulfl |\P||F—<Z ch[w]) C(2100)

{=0 k=0
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Proof Matrix ¥ differs from 0K, /@m in (2.1.78) only in the ordering of the
rows. Since neither the infinity nor the Frobenius norm depends on the ordering
of rows, eqn (2.1.89) follows immediately from Definition 2.5 of the absolute
condition number. Equation (2.1.90) follows trivially from (2.1.79). O

Corollary 2 to Theorem 2.22 The relative condition number of K, in the
sense of (2.1.17) and (2.1.18) is given by

(cond K,)(m) = ||C(m)|, (2.1.91)
where
C(m) = [ejr(m))7i
and
e (m) = m(me)|ck [Po; ]| L hamn(m) = m(ma)|ck [1a;]]

m(oy) m(3;) (2.1.92)

j=0,1,...,n—1.
Here, the polynomials vg,¢1, . .., an_1 are as defined in (2.1.80) and m(-) is
the mollifier function (2.1.11).
Proof An immediate consequence of Theorem 2.22. O

Corollary 3 to Theorem 2.22 Let 7;(-) = m(-;d\) denote the monic or-
thogonal polynomials with respect to the measure d\ (cf. Definition 1.3), and
define

1 20 g2
Po;(t) = m (72 (t) — Bime 4 (1)),
Yojq1(t) = =——— (mj(t)mj1 (t) — Bimi—1m;(2)), (2.1.93)

BoBi--- By
i=0,1,...,n—1,

where for j = 0 the empty product of the (s in the first relation is to be taken
equal to 1. With ¥ € R?"*?" defined by () = cx[1)¢], there holds

(cond K,)(m) = || ¥, (2.1.94)
with the norm || - || as in Corollary 1.
Proof One easily checks, on the basis of (1.3.12), (1.3.7), and (2.1.80), that
Voj = o5 and Poj11 = Pajta. U

It may be worth noting that the condition of K depends on the measure
d\ entirely through the polynomials 1y resp. ¥g. The choice of the modified
moments is reflected in the linear functionals c;.
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Example 2.23 Chebyshev measure on [0, 1] and ordinary moments.

As in Example 2.12, we take d\(t) = [t(1 — t)]~'/2dt and assume m = pu,
that is, pr(t) = t*, or cx[q] = ¢™(0)/k! in (2.1.75). Well-known properties of
Chebyshev polynomials can be used to show that (Fisc@er, 1996, pp. 229-230)
Y1 = %Tf7 Yy = %Tg, and g1 = i(T;j+1 - T2*j—1)a Paj = 11_()(T2*J - T2*j—2)a
j > 1, where T (t) = Ti(2t — 1) are the “shifted” Chebyshev polynomials. It
then follows from Corollary 1 to Theorem 2.22 that (Fischer, 1996, Theorem 2)

[e.°]

oK,
op

where Us,_3 is the Chebyshev polynomial of the second kind of degree 2n — 3
(cf. (1.5.5)). It is interesting to compare this with the lower bound for (cond G,,) ()
in (2.1.43). Equation (2.1.95) gives

OK,|  2(17—6v8) N
H 7 - (17 +6V8)™, (2.1.96)
whereas (2.1.43) is
(cond G,) () > 481?12 (174 6V8)™. (2.1.97)

Thus, the exponential rate of growth is exactly the same in either case, although
the coefficient in (2.1.97) naturally is smaller than in (2.1.96).

Example 2.24 Chebyshev measure on [0, 1] and Bernstein polynomials.
Choosing for py the Bernstein polynomials (cf. Example 2.9), one computes
from (2.1.89) that (Fischer, 1996, Theorem 3)

(cond K ) (1) ~ %, /% VLR (2.1.98)

This still exhibits exponential growth, though at a considerably slower rate than
in (2.1.96).

Example 2.25 Chebyshev measure on [—1, 1] and Lagrange interpolation poly-
nomaals.

Choosing for py Lagrange interpolation polynomials (cf. Example 2.10), one
finds, rather surprisingly, that (Fischer, 1996, Theorem 5)

(cond K,,)(p) < 2n, (2.1.99)

independently of the choice of interpolation nodes (as long as they are distinct
and contained in [—1, 1]). Slow polynomial growth, as in (2.1.99), looks extremely
attractive, but unfortunately no algorithm is presently known that would com-
pute recursion coefficients from Lagrange modified moments. (The latter could
be computed by Gaussian quadrature.)
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2.1.7  Modified Chebyshev algorithm

For the choice of modified moments indicated in Example 2.8, which involves
orthogonal polynomials pi(-) = pr(-;d¢), we now develop an algorithm imple-
menting the map K, : m — p. The algorithm is a generalization from ordinary
to modified moments of an algorithm due to Chebyshev (1859, Oeuvres I, p. 482);
in Gautschi (1982b, §2.4) we, therefore, called it the modified Chebyshev algo-
rithm. It actually can be applied with any system of monic polynomials {px}
that satisfies a three-term recurrence relation

pk+1(t) - (t - a/k)pk(t) - bkpk—l(t)a k= 07 17 27 ceey
p-1(t) =0, po(t)=1

with ar € R and by > 0. In the case ax = by = 0, it reduces to Chebyshev’s
original algorithm.
We introduce the “mixed moments”

Ope = / me(®pe(t) ANE), k0> —1, (2.1.101)
R

(2.1.100)

where 7 () = m,(-;d)\) are the monic orthogonal polynomials with respect to
the given measure dX (cf. Theorem 1.27). By orthogonality, one has oy = 0 for
k > ¢, and since tpg_1(t) = mr(t) + - -+, where dots stand for a polynomial of
degree <k, there holds

/]R 72(t) dA(t) = /]R e (Ot () ANE) = o, > 1.

The relation oj11 -1 = 0, together with the three-term recurrence relation for
7 (see (1.3.2)),

Tet1(t) = (t — aw)mi(t) — Beme—1(t), k=0,1,2,...,
m1(t) =0, mo(t) =1,

(2.1.102)

thus yields, again using orthogonality,
0= /[(t — o) (t) — Bem—1(8)|pr—1(t) AA(t) = ok — BeOk—1,6—1,
R

that is,

B = —2Ek  p—1,2,3,.... (2.1.103)

Ok—1,k—1
(Recall that g = [, dA(t) = myg.) Similarly, ox41% = 0 gives

0= / [t — o) () — Bumes (8)]pi(t) dA(E)
R

= /Rﬂk(t)tpk(t) d)\(t) — arOkk — BrOk—1k-
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Using (2.1.100) in the form

tpi(t) = prt1(t) + awpr(t) + bipre—1(t) (2.1.104)

then yields
0 =0k k+1 + (ar — )okk — BrOk—1,k,

hence, together with (2.1.103) and the fact that o_; y =0,

001
ag =ag+ —,
g00
Ok—1,k Ok,k+1
Q= a — + , k=1,2,3,....
Ok—1,k—1 Okk

The os, in turn, satisfy the recursion
Okt = Op—1,041 — (Qk—1 — @¢)0k—1,6 — Bi—10k—2,0 + beok—1.0-1,

as follows from (2.1.102) (with & replaced by k—1) and (2.1.104) (with k replaced
by £). Thus, to compute the first n recursion coefficients from the first 2n modified
moments, one has the following algorithm.

Algorithm 2.1 (Modified Chebyshev algorithm)

Initialization:
my
ag =ag + —,
mo
Bo = mo,
(2.1.105)
o_10=0, £=1,2,...,2n—-2,
oo =mg, £=0,1,...,2n—1.
Continuation (if n > 1): for k=1,2,...,n—1do
Okt = Ok—1,6+1 — (-1 — aZ)Uk—l,Z — Br-10k—2.¢
+boog—10-1, C=kk+1,....2n—k—1,
(2.1.106)
Ok,k+1 Ok—1,k
o = ag + — ,
Okk Ok—1,0—1
Okk
B = ——.
Ok—1,k—1

The algorithm requires as input {mg}fzal and {ak,bk}ZZBQ, and produces

{a, ﬁk}g;é. The complexity in terms of arithmetic operations is O(n?).
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Computing stencil

k A
ki
n=1]. © [®
e e © o
o]0 o @ @ o
@ 0@ © © © © o /
-~ %017
T00000000¢ - 0,,=
0 2n-1

Fic. 2.1. The modified Chebyshev algorithm, schematically.

The algorithm is summarized schematically in Fig. 2.1. The computing sten-
cil indicates the location of the five entries in the o-tableau that are involved in
relation (2.1.106). The circled entry in the stencil is the one the algorithm com-
putes in terms of the other four. The entries in boxes are those used to compute
ag and . The OPQ routine chebyshev.m implements the algorithm.

The success of Algorithm 2.1 depends on the ability to compute all required
modified moments my accurately and reliably. Most frequently, these moments
are obtained from recurrence relations, judiciously employed, as, for example, in
the case of Chebyshev or Gegenbauer moments (Piessens and Branders (1973),
Lewanowicz (1979), (1994a)). Sometimes they can be computed directly in terms
of special functions, or in integer form (Gautschi (1970, Examples (ii) and (iii)),
Wheeler and Blumstein (1972), Blue (1979), Gautschi (1979), Gatteschi (1980)).

Another possibility is to run Algorithm 2.1 with approximate modified mo-
ments obtained by discretizing the integral defining them; see §2.2.6.

2.1.8 Finite expansions in orthogonal polynomials

Mixed moments and the recurrence relation for them have other applications;
for example, to convert a finite expansion of a polynomial in terms of orthogonal
polynomials into one in terms of another set of orthogonal polynomials. Before
discussing this, we develop an efficient algorithm for evaluating certain finite
expansions.

2.1.8.1 Clenshaw’s algorithm Let yi = yr(t) be functions satisfying a three-
term recurrence relation
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Yk+1 = (tfak)yk *ﬂkykfh k 10,1,2,... ; (21107)

with given initial values yo and y_;. We are interested in finite sums

r(t) =Y ciy;(t). (2.1.108)
§=0
The following algorithm is an efficient way to evaluate them.

Algorithm 2.2 (Clenshaw’s algorithm)
Initialization:

Up = Cp, Upt1 = 0. (2.1.109)

Continuation (if n > 0): for k=n—1,n—2,...,0do

U = (t — o) Ug+1 — Be+1Uk+2 + Ck- (2.1.110)
Result:
7(t) = uoyo — Boury—1. (2.1.111)
The validity of Algorithm 2.2 is best seen by writing (2.1.107) in matrix form
as
Ly(t) =P, P = [y(),*ﬂoyflaow'wO]T € Rn+17
where
1 0 Yo(t)
ag—t 1 y1(t)
L=| A a—tl oyt = | )
OT ﬁn—l Qp—1 —-t1 yn(t)

The recurrence relation in Algorithm 2.2 is then simply L'u = ¢, where uT =

[ug, U1, ..., un], €t = [co,c1,- .., cn). Thus,
r(t) =c"y(t) =c"L ' p= (L") 'e)Tp=u"p,
proving (2.1.111).
Algorithm 2.2 is implemented in the 0PQ routine clenshaw.m.

In the case y; = 1 of monic orthogonal polynomials, one has yg = 1, y_1 = 0,
so that r(t) = ug. For the important special case of a Chebyshev expansion,

s(t) = $do + Y d;Ty(t), (2.1.112)
j=1

Algorithm 2.2 can be given the following form.
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Algorithm 2.3 (Clenshaw’s algorithm for a Chebyshev expansion)
Initialization:
Up =dpn, Upt1 =0, vpqe2=0. (2.1.113)

Continuation (if n > 0): for k=n—1,n—2,...,0do
Vg = 2t0p41 — Vg2 + di. (2.1.114)

Result:
s(t) = 3(vo — va2). (2.1.115)

(The last relation in (2.1.113) seems redundant, but is included to make the
algorithm work also for n = 0.) To verify Algorithm 2.3, one must first write
(2.1.112) in terms of the monic Chebyshev polynomials, T} (t) = Tj(t)/27~"
(j > 1), T9(t) = To(t), so that ¢g = ido, ¢; = 297'd; (j > 1). Moreover,
the recursion coefficients are o, = 0, 57 = %, O = i (k > 2); cf. Table 1.1.
Algorithm 2.2 then becomes

Uy = 2" Yd,, Upp1 =0,
1 _
Up = tugy1 — UE+2 + 2F=1dy,
k=n—-1,n—-2,...,1,

ug = tul — %Uz + %do

Letting vy = ug/2871 (k > 1), vo = ug yields Algorithm 2.3 except for the last
step of the recursion, which should be vy = tv; — v2 + do/2, but instead defines
vy = 2tvy — v2 + dp. To compensate for this, one writes

vo = tvy — v2 + Ldo = tvy +vf — 2tvy — do + Ldo
= —tv; — 1do+v§ = —vo — v2 + 3do — 2do + v

:*’00*1}2#“’06,

that is, 2v9 = v§ — vz, and hence the result (2.1.115) for s(t) = vo.
Algorithm 2.3 is implemented in the 0PQ routine clenshaw_cheb.m

2.1.8.2  Conversion algorithm Let {ps} be the monic orthogonal polynomials
of §2.1.7 satisfying the three-term recurrence relation (2.1.100) with coefficients
ar € R and by > 0 and orthogonal with respect to a measure df if by > 0.

Consider
n

p(t) = cape(t). (2.1.116)

£=0

Let {m} as in §2.1.8.1 be another set of monic polynomials, orthogonal with
respect to the measure d), satisfying the three-term recurrence relation (2.1.102)
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with coefficients oy and (. The problem is to find the expansion of p in terms
of the 7,

p(t) = vk (t), (2.1.117)

k=0

knowing the expansion (2.1.116). An algorithm that computes the coefficients v
from the known coefficients ¢, is called a conversion algorithm.
We start by expressing py in terms of the my,

y4
pe(t) =Y dumr(b). (2.1.118)
k=0

By orthogonality of 7y,

(Pes T )ax = de (T, Tk )ax = dek Pk, Tr)ds

or, by the symmetry of the inner product,

dge = 22 k=0,1,....0, (2.1.119)
Okk

where oy are the mixed moments of (2.1.101). Inserting (2.1.118) and (2.1.119)
in (2.1.116) yields

n

n 14 n
Pty = ept) = e T () = > (J%k ZUuCz) Tk (t),
=k

=0 (=0 k=0 k=0
that is,
1 n
Ve = — oxece, k=0,1,...,n.
Okk —k

Since og0 = Bo, 0—1,¢ = 0k,—1 = 0, and oy = 0 for k > ¢, we can compute oy,
k=0,1,...,n; £ =k, k+1,...,n by the scheme indicated in Fig. 2.1, but solving
for the East entry in the computing stencil rather than for the North entry. Thus,
one computes oy in the order o1, 011; 002,012,022} - . -} Oon, Oln, - - - , Onp; USING
the recursion in (2.1.106). This gives rise to the following algorithm.

Algorithm 2.4 (Conversion algorithm)

Initialization:
000 = ﬁ07
o_10=0, £=0,1,...,n, (2.1.120)
Ok,k—1 = Ok+1,k—1 =0, k= 0,1,...,n.

Continuation (if n > 0): for £ =0,1,...,n—1 do
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Okt+1 = Oy, + (r — ap)ore + Bror—1,0 — beoke—1,

k=0,1,...,0+1.

(2.1.121)

Conversion:

1 n
= = SN owmen, k=0,1,....n. 2.1.122
= Z k ( )

The algorithm is implemented in the OPQ routine convert.m.

2.1.9 FEzamples

Our interest, as in Examples 2.14-2.16, is again to compare theory with practice,
that is, to see how condition numbers correlate with actual error growth. The
precise meaning of the latter is described in the paragraph preceding Example
2.14.

We begin with a measure of discrete type for which Chebyshev originally,
in connection with discrete least squares approximation (cf. §3.2), developed his
algorithm.

Example 2.26 d\y(t) = (1/N) k 0 O0(x — k/N)dt

The monic orthogonal polynomials 7x(-) = mi(-;dAn) are the discrete
Chebyshev polynomials transformed to the interval [0, 1). Although the recursion
coefficients are known explicitly (cf. Commentary to Table 1.2 regarding discrete
Chebyshev polynomials), it is instructive to examine the condition of the map
G, both in the case of ordinary moments

1 N r
ur:/ " dAn (t Z< ) r=0,1,...,2n—1 (2.1.123)
O :

(the case considered by Chebyshev), and modified moments; for example, those
relative to monic shifted Legendre polynomials P9 (cf. Table 1.1),

N-1

1
1
mT:/ PO(t) dAn(t) ZP*0< ) r=0,1,...,2n—1, (2.1.124)
0

=0

where n < N — 1. In the former case, we compute the lower bound of Theorem
2.11 for (cond G,)(p), in the latter case the integral expression in Theorem
2.17 for (cond G,,)(). Both are appropriate since all moments and recursion
coefficients are less than 1 in modulus. The Gaussian nodes 7, and weights A\,
needed for this computation are generated by the methods of §3.1.1 using the
known recursion coefficients of d\ .
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Table 2.4 Condition number and error magnifi-
cation for discrete 20-point Chebyshev measure on
[0,1) using ordinary moments.

n (2.1.36) maga  magf

2 1.11(1) 2.25(0) 1.25(-1)
5 1.24(5) 4.34(4) 2.32(3)
8 250(9) T7.71(8) 3.40(7)

11 1.00(14) 2.60(13) 1.01(12)

Table 2.4, computed with the OPQ routine Table2_4.m, illustrates (once again!)
the ill-conditioning of the map G,, (). Here, N = 20 and n = 2,5,8,11, and ac-
curacy is seen to be lost at a rate somewhat faster than one decimal digit per
degree!

More stable, though not entirely unproblematic, is the modified Chebyshev
algorithm using the Legendre moments (2.1.124). This is shown in Table 2.5,
computed with the OPQ routine Table2 5.m, for N = 10, 20, 40, 80 and selected
values of n. It is seen that as n approaches N, the condition of G,,(m), and with

Table 2.5 Condition number and error magnification for discrete N-point
Chebyshev measure on [0,1) using Legendre moments.

N n (2.150) maga magf N n (2.150) maga magf

10 5 247(0) 5.00(-1) 6.25(2) 40 15 3.71(1) 6.75(0) 2.00(0)
10 5.01(4) 4.05(3) 1.22(2) 25 2.34(6) 4.67(5) 4.65(4)
20 5 1.01(0) 2.50(-1) 6.25(-2) 35 8.22(14) 1.10(14) 3.97(12)
10 2.50(1) 9.00(0) 1.22(0) 80 10 9.26(-1) 2.50(-1) 6.25(-2)
15 3.67(4) 1.90(4) 1.37(3) 20 1.56(1) 4.00(0) 7.19(-1)
20 3.72(10) 1.65(10) 2.00(8) 30 1.04(4) 1.89(3) 3.10(2)
40 5 8.90(-1) 2.50(-1) 2.00(0) 40 1.29(8) 1.03(7) 1.43(6)
10 1.73(0) 5.00(-1) 2.00(0) 50 4.45(13) 2.00(12) 1.62(11)

it the error magnification, grows very significantly. The reason for this lies in the
distribution of the Gauss nodes 7, for dAy, which, though apparently all weak
in the sense described before Theorem 2.19, become more equally spaced as n
approaches N. (They are equally spaced for n = N.) The Hermite interpolation
polynomials h, and k, in (2.1.51), therefore, begin to exhibit the violent oscil-
lations characteristic of equally spaced points, which lead to large peaks of g,
between the first few, and last few, Gaussian nodes 7, and to large maxima at
the end points of [0,1]. Related to this is an instability phenomenon associated
with the three-term reccurence relation; cf. §2.2.3.1.

The next two examples illustrate cases of almost perfect stability.
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Example 2.27 dA(¢) = t*In(1/¢)dt on [0, 1], o > —1.

Here, the modified moments m, with respect to the monic shifted Legen-
dre polynomials pi(t) = (k!?/(2k)!)Px(2t — 1) can be obtained in closed form;
cf. Gautschi (1979). If « is not an integer, for example, one finds

@) 1 1 . 1 1 L a41-p
2T 04—}—1+Z a+l+p a+l-—p Ha—l—l—i—p’
p=1 p=1

r=0,1,2,....

(2.1.125)
(Similar formulae hold for integral «; see Blue (1979) for @ = 0 and Gautschi
(1979) for o > 0. Modified moments relative to shifted Jacobi polynomials of the
more general measure t*(1 —¢)?In(1/t)dt, « > —1, 3 > —1, are computed ex-
plicitly in Gatteschi (1980).) The modified Chebyshev algorithm for this example
is implemented in the OPQ routine r_jaclog.m. Using it for a = —%,O, % yields
the results in Table 2.6, displayed in a format similar to the one adopted in Ta-
ble 2.5. The errors are computed by comparison with quadruple-precision results

Table 2.6 Condition number and error magnifi-
cation for the measure in Example 2.27 using Leg-
endre moments.

a n (21.50) maga  magp

—5 25 5.35(1) 1.65(1) 4.12(0)
50 1.49(2) 3.72(1) 9.38(0)
75 2.72(2) 3.72(1)  9.38(0)
100 4.18(2) 3.72(1) 9.38(0)
0 25 5.39(1) 5.00(-1) 9.38(-2)
50 1.50(2) 7.50(-1) 2.50(-1)
75 2.73(2) 1.50(0) 3.75(-1)
100 4.19(2) 1.50(0) 3.75(-1)
1 25 5.46(1) 7.50(-1) 1.25(-1)
50 1.51(2) 7.50(-1) 1.25(-1)
75 2.74(2) 1.25(0) 2.81(-1)
100 4.21(2) 1.50(0) 3.44(-1)

obtained by the ORTHPOLq routine qtest2.m. For the details of the computa-
tions, see the OPQ routine Table2 6.m. The first 100 recurrence coefficients for
the three values of o are available to 25 decimal places in the OPQ file abjaclog.

The condition of én(ﬁ) is seen to remain relatively small, even for values
of n as large as 100, and the error magnification even smaller. The gradual (but
slow) increase of (cond G,,)(m) can be ascribed to a phenomenon similar to
the one observed in Example 2.26, except that this time not all nodes 7, are
weak, but only about the first two-thirds of them (when ordered increasingly).
All remaining nodes appear to be strong, giving rise to the development of peaks
and final upward surges of g, as in Example 2.26. The height of the peaks,
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nevertheless, is much lower here than before.

Some of the entries in the columns headed maga and mag are seen to be
identical for different values of n. This is because the maximum error magnifi-
cation in ay, or B may be attained at the same value of k for different values of
n.

Example 2.28 d\(t) = t*[In(1/¢)]?dt on [-1,1], a > —1.

With pj, again the monic shifted Legendre polynomials, the modified moments
can be obtained from those of Example 2.27 by differentiation with respect to «
and changing the sign. The result is

(2r)! 2

r — 1-
S Gy

2(a+1)81 +2(a+ 1)} — 2(a + 1)°S, I,

where
T

p
9y = :
! ;(p+a+1)(a+1—p)

- p
Mo =
’ Z (p+a+12(a+1-p)
a+1+p
Example 2.29 d\(t) = w(t) dt on [—1,1] with w(t) = [(1 — k*?)(1 — t3)]~ /2,
0<k<l
This is an example already considered by Christoffel (1877, Example 6) and

much later by Rees (1945). What intrigued Christoffel was the fact that the
orthogonal polynomials 7,(-) = 7.(-;d\), when considered as functions of z =

fot w(t) dt, constitute a sequence of doubly periodic functions orthogonal in the

sense

K
/ m(t)ms(t)de =0, r#s,

—-K

where K denotes the complete elliptic integral K = fo t) dt. Rees called the
polynomials m, elliptic orthogonal polynomials and the measure may be called
elliptic Chebyshev.

Since (1—k2t?)'/2 is analytic in a neighborhood of [—1, 1], the elliptic orthog-
onal polynomials must be “close” to the Chebyshev polynomials of the first kind
and the associated Gaussian nodes 7, close to Chebyshev points. As a matter
of fact, numerical evidence suggests that for all 0 < k£ < 1, and all n, the Gauss
nodes 7, = 7" (d\) are all weak nodes and, moreover, the polynomial g, (-;d\)
never exceeds 1 on [—1,1] (cf. Examples 2.18 and 2.20). This has been verified
for values of n as large as 80, and values of k as close to 1 as k? = 0.999. It
appears, therefore, that the absolute condition of G,,(m) is uniformly bounded,
irrespective of the choice of modified moments. For the latter, it seems natural to
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take those relative to the monic Chebyshev polynomials py = Tp, pr = 21~ *T,
k = 1,2,... . The modified Chebyshev algorithm then is found to work ex-
tremely well, producing results essentially accurate to machine precision for all
values of n and k referred to above. (The errors were determined by comparison
with quadruple-precision results obtained by the (simplified) ORTHPOLq routine
qtestl.) For numerical illustrations, see the OPQ routine Example2_29.m, which
uses the routine r_elliptic.m that implements the modified Chebyshev algo-
rithm for this example.
The computation of the modified moments

1
m, = / pr(t)dA(t), r=0,1,2,..., (2.1.126)
-1

however, is not entirely trivial. A procedure that has been utilized in Gautschi
(1982b, Example 4.4) is the following. Let ¢ = cosd in (2.1.126) to write

" dg 1 T cosrf
= r = de. (2.1.127
mo /0 (1 — k2 cos? 6)1/2° m or—1 /0 (1 — k2 cos? 9)1/2 ( )

Then, put ¢ = 7/2 — 0 in the Fourier expansion

1

_ 2 )
(1 — k2sin?)1/2 Co(k”) + 22 C, (k%) cos2ny

n=1

and substitute the result in (2.1.127). By virtue of the orthogonality of the cosine
functions, one obtains

mo = WCO(k2),
U , (2.1.128)
m27‘:(71) 22T—_10’r‘(k )7 T:172737"'7
while, of course, ma,—1 = 0, r = 1,2,3,... . On the other hand, y,, = C,(k?),
n=0,1,2,..., is a minimal solution in the sense of Definition 1.42 of the three-

term recurrence relation

1—|—q2

(n+ %)yn—&-l +n yn+(n_ %)yn—l :Oa n= 1a273a"'7 (21129)

where
k2
2 k24 2(1 - k2)Y2

q (2.1.130)

and it satisfies

Y+2) yn=1 (2.1.131)
n=1

(see Luke (1969, p.36)). Our continued fraction algorithm in Gautschi (1967a,
eqn (3.9)), in conjunction with the normalizing condition (2.1.131), then yields
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the Fourier coefficients C,,(k?), hence the modified moments in (2.1.128), very
accurately and efficiently. The algorithm works well even when k? is quite close
to 1. Note, in fact, that (2.1.129) is a difference equation of Poincaré type, with
characteristic equation

14+¢°

u? + u+1=0, 0<g<l,

having two real roots u; and ug with |ui| > 1 > |us| and

U1

U2

1
q_2 .

(The minimal solution y,, = C,,(k?) “corresponds” to us.) If k* = 1—¢,0 < e < 1,
then by (2.1.130),

1L [(144e
@ \1-+e
so that, when k? = 0.999, for example, one has ¢ = 1073, hence |u; /uz| ~ 1.13,

which is still an adequate separation of the roots for the minimality of the solution
Yn to take hold. The algorithm is implemented in the OPQ routine mm_ell.m.

2
) =144y + 8+ 126/ + 1662 +0(¢?), ¢ — 0,

Example 2.30 A measure of interest in the diatomic linear chain model (Wheeler,
1984) (cf. also Example 1.12).

This is the measure
Flt= st =)t - )t - )} V2dt, te0,5]UI5, 1],

dA(t) = 3

0 otherwise,

(2.1.132)
supported on two separate intervals, [0, 1] and [2, 1], at each end point of which
there is a “singularity of Chebyshev type.” Although the recursion coefficients
ag(dA) and Bx(dA) can be computed in closed form (cf. Gautschi (1984b)), the
example is interesting since it provides a case for illustrating the proper choice
of modified moments.

One could be tempted, and in fact it was tried in Wheeler (1984), to take
modified moments based on the shifted Chebyshev polynomials, that is, to take
de(t) = 71 [t(1 —t)]~*/2dt on [0, 1]. (For the accurate calculation of these mod-
ified moments, we refer to the cited article.) This, however, leads to serious
instabilities. The reason is the particular pattern in which the Gaussian nodes
7, = 7,(d\) are distributed. In view of Theorem 1.21, they are necessarily con-
strained to stay in the two support intervals except when n is odd, in which case
one node is at the midpoint ¢t = % As a consequence, the polynomial g, (-;d\)
wiggles rapidly on these two intervals, remaining <1 there, but shoots up to a

huge peak (double peak, if n is odd) on the central interval [%, %] When n = 40,
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for example, the peak value is of the order 10%°. Since the support of the chosen
d/ is the whole interval [0, 1], the integral in (2.1.50) extends also over the center
interval and therefore, of necessity, is very large. For example,

1/2

1
{/ gn(t;dN) de(t)} =2.0x 107 if n = 40,
0

and hence the same large magnitude for the condition number (cond G,,)(m).
Clearly, the “hole” [%, %] must be avoided at all cost. A possibility in this regard,
suggested by Wheeler (1984), is

arey = § 18T I s 9 - YA, te0 51Uz, 1],

0 otherwise,

(2.1.133)
for which the corresponding modified moments as well as the polynomials pi =
pi(+;dl) are explicitly computable (Wheeler, 1984). The polynomial g,, being,
of course, the same as before, one now has

1/2
(cond G,,)(m) = {/ gn(t;dN) cw(t)} <1 (2.1.134)
[0,51U(3.1]

for all n, in striking contrast with the previous choice of d/.

The last example is one in which the modified Chebyshev algorithm fails.

Example 2.31 The half-range Hermite measure dA(t) = e~ dt on [0, 00).

We apply the modified Chebyshev algorithm with two choices of modified
moments, the first relative to monic Hermite polynomials, pkH = 275H,, the sec-
ond relative to monic Laguerre polynomials, p¥ = (—1)*k!Lj (cf. Commentary
to Table 1.1). The respective recursion coefficients are

ar =0 (k>0); by=+m, b =25k (k>1) (Hermite) (2.1.135)

and
ar =2k+1(k>0); bo=1, by =Fk* (k>1) (Laguerre). (2.1.136)
H o0

For the Hermite moments mj/ = [ pff (t)e=** dt, one finds from the recurrence

relation for the Hermite polynomials, integration by parts, and from the identity
H| = 2kHj_1, that

mfl = Lpfl 1(0), k=12,
mil = L /r.

Here, pfl | (0) = 0if k is even, and pfl , (0) = (—=1)*=D/2(k—1)1/2F"1((k—1)/2)!
if k£ is odd. The latter can be computed recursively. The modified Chebyshev

(2.1.137)
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algorithm furnished with the data in (2.1.135) and (2.1.137) performs as shown
in Table 2.7 in a format similar to the one in Table 2.6. (High-accuracy values
of the ai(d)\) and Sr(dA) were obtained in quadruple precision by methods
discussed in §2.2. The first 100 of them are available to 25 decimal places in
the OPQ file abhrhermite.) It seems natural, here, to show the relative condition
numbers of (2.1.64), although the absolute condition numbers of (2.1.50) are
almost the same, but consistently a bit larger.

It is seen that the modified Chebyshev algorithm becomes quickly unstable,

Table 2.7 Condition number and error magnifi-
cation for the half-range Hermite measure using
Hermite moments.

n (2.1.64) maga magf

2 1.94(1) 1.50(0) 5.00(-1)
4 4.60(3) 1.21(2) 3.75(1)
6 1.67(6) 3.15(3) 3.65(3)
8 6.79(8) 4.81(6) 1.69(6)
10 2.91(11) 2.62(9) 1.10(9)

though not quite as fast as predicted by the cond2ition numbers.
For the Laguerre moments mj, = [, pE(t)e™" dt, one finds from the explicit
power representation of the Laguerre polynomials that!

k

> (-1

p=0

(—1)k!
2

L KID((p+1)/2)
(k—p)lpt?

. k=0,1,2,.... (2.1.138)

mk =

The terms in the sum for p even and for p odd can be generated recursively from
initial values /7 resp. —k.

With these Laguerre moments, and the data in (2.1.136), the modified Cheby-
shev algorithm, surprisingly, is found to perform worse than with Hermite mo-
ments, in spite of the fact that the Laguerre measure has support identical to
the one of d\, unlike the Hermite measure. The latter, however, has a stronger
damping power as || — oo, which probably accounts for its better performance
in the modified Chebyshev algorithm. The results are shown in Table 2.8.

Tables 2.7 and 2.8 are computed with the OPQ routines Table2_7.m and
Table2_8.m.

As Example 2.31 demonstrates, there are limitations in the potential useful-
ness of moment-related methods, particularly for measures d\ having unbounded
support. Fortunately, there are other methods available that work also in these

'Equation (5.29) in Gautschi (1984c) contains a misprint: the factor k! in the summation
on the far right should be k!2.
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Table 2.8 Condition number and error magnifi-
cation for the half-range Hermite measure using
Laguerre moments.

n (2.1.64) maga  magp
2 9.54(1) 2.70(1) 3.75(-1)
4 241(6) 2.56(6) 5.63(4)
6 2.99(11) 2.15(11) 7.20(9)
8 8.73(16) 1.40(17) 6.28(15)
10 5.45(22) 1.40(17) 6.10(18)

difficult circumstances, although they may be more labor-intensive and also re-
quire a certain amount of creativity on the part of the user. These will be dis-
cussed in the next section.

2.2 Discretization methods

The basic idea behind discretization methods is very simple. One approximates
the given measure d\ by a discrete N-point measure d )\, computes the recursion
coefficients o v = ar(dAN), Bk, v = Ok(dAn) of the discrete measure dAy, and
then lets N go to infinity. If the discretizations are done in a meaningful manner,
the process will converge in the sense that, for fixed k, limy_,oc o n = ai
and imy_.oo O, v = Ok, where ag = ag(dA) and B = Br(dN) are the desired
recursion coefficients of the given measure. There are, however, a number of
issues—some theoretical and some practical—that need to be considered. The
first concerns the question of convergence, the second the problem of computing
recursion coefficients of discrete measures, and the third and most important
one, appropriate choices of discretizations. These issues will be discussed in turn
in §2.2.1-2.2.4. Nontrivial examples illustrating the power of these methods will
be given in §2.2.5. The same apparatus of discretization, created to approximate
inner products, can be applied to approximate modified moments instead, which,
in combination with the modified Chebyshev algorithm, then provides another
approach toward computing recursion coefficients. This will be briefly discussed
in §2.2.6.

2.2.1  Convergence of discrete orthogonal polynomials to continuous ones

We first assume that the measure d is supported on a finite interval, say [—1, 1],
and that the support points of dAy are also contained in [—1,1].

It is reasonable to expect that the discrete orthogonal polynomials 7, n () =
(5 dAN) converge to the continuous orthogonal polynomials 7, (- ) = 7, (- ;dA)
as N — oo if the inner product

(P, Dary = /Rp() )dAn (t Zwyp (2.2.1)
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(where t, and w, depend on N) converges to (p,q)axr as N — oo whenever p
and ¢ are polynomials. This is borne out by the following theorem.

Theorem 2.32 Let d\ be a positive measure on [—1,1] having finite moments
of all orders (cf. §1.1.1) and dA\n the discrete measure (2.2.1) with t, = t, N
distinct numbers in [—1,1] and w, = wy, n > 0 for each N. Assume that

lim (pa q)d/\N = (p7q)d)\ pr € IP7 qc IP7 (222)

N—o0

where P is the class of real polynomials. Then, for any fized k, the recursion
coefficients oy, n and B N for the discrete orthogonal polynomials relative to the
measure d\y converge to those of the continuous orthogonal polynomials,

Jmagy = ag, - lim Br,N = B, (2.2.3)
where o, = ag(dN), Br = Bk(dN). Furthermore,
A}im T (t; dAN) = (8 V) (2.2.4)

uniformly for t in [—1,1].
Proof The proof is based on the formulae (cf. Theorem 1.27)

¢

akzm, E=0,1,2,..., (2.2.5)
(ﬂ'k,ﬂ'k)d)\

By = o T)ax k=1,2,..., (2.2.6)

(7Tk71 ) kal)dk '

where 7 (- ) = mx(-;dA) are the (monic) orthogonal polynomials relative to dA,
and the corresponding formulae

(U, N s T, N )dAy

QN = . k=0,1,2,..., (2.2.7)
(T, N> T, N )dAw
Ben = (Tie.¥ T )t k=1,2,... (2.2.8)
’ (Th—1,N» Th—1,N )dAy Y
for the discrete polynomials. By definition,
Bo=(1,1)ax, Ponv=(1,D)ary- (2.2.9)
We begin with the observation that for any f, g € C[—1, 1] there holds
[(f, 9)arw | < [[fllscllglloc (1, 1)ann » (2.2.10)

where the infinity norm is the one with respect to the interval [—1,1].
Proceeding by induction on n, assume that (2.2.4) is true for some n = s and
n = s — 1. (This is trivial when s = 0.) In order to prove (2.2.4) for n = s+ 1, it
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suffices to prove (2.2.3) for k = s since this, by the three-term recurrence relation
Ts+1,N(t) = (t —as N)7s, N (t) — Bs,nTs—1,n(t) and the induction hypothesis, will
imply ms11,§(t) = (t—as)ms(t) — Bsms—1(t) = ms41(t). In order to prove (2.2.3),
on the other hand, it suffices to show that all the inner products appearing in
(2.2.7) and (2.2.8), when k = s, converge to the corresponding ones in (2.2.5)
and (2.2.6) as N — oco. We show this for the inner product (s, n, s, N )dry; fOr
the others, the proof is analogous.
We have

(7TS,N77TS,N)(1AN = (ﬂ-s + (ﬂ-s-,N - 7'(‘5),7'(‘5 + (ﬂ-S’N o ﬂ-s))d)\N (2211)

= (s, Ts)dry + 2(Ts, T, N — Ts)drny + (Ms.N — T, Mg N — Ts)dAn -

The first term on the far right, by (2.2.2), converges to (7, 7s)ax. To the second
term we apply (2.2.10) with the result that

|(7Tsa7TS,N — Ts)aan| < ||7T5HooH’/Ts,N = Tslloo (1, D) dnn -

Since by assumption (1,1)aa, — (1,1)ar and by the induction hypothesis,
Ts, N — Ts, the bound on the right tends to zero. By the same reasoning, the
last term in (2.2.11) also tends to zero. Consequently,

lIm (75w, Ts,N)ary = (T, Ts)dn.
N—oo

O

Note that according to the last relation in the proof of Theorem 2.32, one
has ||mp N llaxy — ||7nllax, which, combined with (2.2.4), shows that Theorem
2.32 also holds for orthonormal polynomials (cf. §1.3.2), that is,

lim 7, (t;dAN) = 7n(E; dA). (2.2.12)

N—o0

Theorem 2.32 has the following simple corollary.
Corollary to Theorem 2.32 Let n be fixed and the zeros of 7, in decreasing
order, be denoted by 71,7,...,7, and those of m, n, in the same order, by
TI,N,T2,N,- -+, Tn,N- LThen, under the assumptions of Theorem 2.32, there holds
lim 7, n =7, Nlim T, N(To.N) = Tm (7)), v =1,2,...,n; m # n.
— 00

N—o0
(2.2.13)

Proof The first relation in (2.2.13) is a consequence of the continuity of poly-
nomial zeros. The second relation follows from

7T-77L,N(7_1/,N) - ﬂ-m(Tu) = (Wm,N(TU,N) - ﬂ—m(TI/,N)) + (ﬂ-m(TI/,N) - 7T’m(Tu))

by observing that |7, N (T N )=Tm (TN )| < [|Tm.N—Tm|lec — 0and mp, (10, 5) —
Tm(7) as N — oc. O
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Remark The first relation in (2.2.13) can be interpreted by saying that the
nodes of the n-point Gauss quadrature rule for dA\y (cf. §1.4.2) tend to the
nodes of the n-point Gauss quadrature rule for d\. The same holds also for the
respective weights A ' and AG. This follows by applying the second relation in
(2.2.13) (for orthonormal polynomlals) to the formula (cf. eqn (3.1.7))

v, —1 -
ZZLZO 7qu,N(Tv,N)

2.2.2 A general-purpose discretization procedure

. v=1,2,...,n (2.2.14)

Discretizations (p,q)axy of (p,q)ax as in (2.2.1) can be obtained by applying
suitable quadrature formulae. We illustrate this in the case dA(t) = w(t)dt,
where w is continuous on (—1,1) but may have integrable singularities at 1.
We seek an approximation of the form

1 N
/_1 F@w(t)dt 22> " wy f(t,)w(t), (2.2.15)

which can then be used, with f(t) = p(t)q(t), to obtain the discrete inner product
(2.2.1). There are of course other possibilities, for example, weighted quadrature
rules f_ll f@w(t) dt = Z,]Ll wy, f(t,), the construction of which, however, will
depend on the particular nature of the weight function w. The choice (2.2.15) is
made with the intention in mind of providing a general-purpose discretization.
Since w may be singular at the end points £1, the nodes ¢, are preferably chosen
away from these points unless one wants to play the risky game of “ignoring” the
singularity (cf. Davis and Rabinowitz (1984, §2.12.7)). Moreover, a high degree
of exactness is desirable whenever w happens to be smooth on [—1,1]. This
suggests to use an interpolatory quadrature rule (cf. §1.4.1) and nodes ¢, that
are denser near the end points +1; for example, exhibiting an arccos-distribution.
A quadrature rule that fits this bill is the interpolatory quadrature rule based
on the Chebyshev points, also called the Fejér quadrature rule. Thus, its nodes
are

w—1
tF = cosF, 0F = ”2N m v=12,...,N, (2.2.16)
and its weights are explicitly known,
F cos 2n6f B
wu—— 22 = | v=L2....N (2.2.17)

Fejér (1933) indeed has shown that w’ > 0 for all v, and, therefore, by a well-
known theorem of Pélya (cf. Davis and Rabinowitz (1984, p. 130)), the Fejér
quadrature rule converges for continuous functions. In particular, (2.2.15) with
t, = t&' w, = wl, converges as N — oo whenever f is a polynomial and w
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continuous on [—1, 1]. Interestingly, convergence persists even if w has integrable
singularities at +1 provided w is monotonic nearby (Gautschi, 1967b). Little is
known, however, about the rate of convergence in such cases, and it may well
be that convergence is quite slow (cf. Example 2.33). Fejér quadrature rules are
generated in the OPQ routine fejer.m.

If d\ contains also a discrete component, it suffices to add this component
to the discrete approximation of the absolutely continuous part of dA. This does
not affect in any way the convergence properties of the discretization.

An arbitrary support interval [a, b], —co < a < b < 00, can be reduced to the
canonical interval [—1, 1] by a suitable transformation of variables,

b 1
/ F(tyw(t)dt = / o)) (7)dr. (2.2.18)

If [a,b] is finite, a linear transformation will do, otherwise a simple fractional
transformation. In our work, we have used

ib—a)T+3(b+a) if —co<a<b<oo,

1—71

— if —co=a<b< o0,
o(r) = 1+7 (2.2.19)

1

a—+ T if —oco<a<b=o0,
1—7

1_7—7_2 if —co=a<b=cc.

The 0OPQ routine quadgp.m in combination with the routine fejer.m provides
the quadrature nodes and weights for use in (2.2.18) if one applies the Fejér rule
to the integral on the right.

Such transformations, in fact, can be useful also if, in an attempt to speed
up convergence, one decides to partition the interval [a,b] into a number of
subintervals and to apply Fejér quadrature to each one of them. But how should
such a partition be produced? Here is a systematic way of going about it. Assume,
for the sake of argument, that the singularity lies at the left end point a and
that b is a regular point. Suppose also that we are trying to achieve a result with
error <e and are willing to use Fejér rules with as many as Nyax points, but
not more, on each subinterval. Pick a t{ with a <t < b (and fairly close to a).
Apply the n-point Fejér rule to the interval [a,t9] with n = 2,3,... and monitor
the absolute value of the difference bewtween two successive approximations to
the integral. If this difference becomes <e for some n < Npax, increase t(lJ to t%
and try again on the interval [a, t1]. Otherwise, decrease t{ and repeat until the
error condition can be satisfied with n < Npax. Eventually, a t; will be found for
which the Fejér rule with about Np,.x points applied to [a, t1] yields the desired
accuracy. We accept t; as the first point of the partition. The same process is
then repeated on some interval [t1,19], t; < t3 < b, to produce the second point
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to of the partition, and so on. The process terminates once the right end point
of a subinterval reaches the end point b.
Example 2.33 f(t) =1 and w(t) = t'(1 —t)! =t on [0, 1].

By the symmetry w(1l —t) = w(t), it suffices to compute

/1w(t) dt = 2/1/2w(t) d. (2.2.20)

With the choice ¢ = %10*14 and Npax = 50, the partition procedure described
above, when applied to [0,1/2], produces the partition [0,0.5] = [0,0.00115] U
[0.00115,0.0844] U [0.0844, 0.5]. Applying the composite Fejér rule on this parti-
tion, using n quadrature points on each subinterval until an n = N is reached
for which the total error is < e yields N = 108 (in Matlab) with the result
having an error of 0.4996 x 10714, (Quadruple-precision computation of the in-
tegral yields the value 0.617826964729011473 ..., which was used as a reference
value for computing errors.) The fact that N is rather larger than Ny,.x may
at first surprise, but on reflection (and testing) can be ascribed to the more
rigorous testing against the exact result as opposed to comparing two consecu-
tive approximations, as was done in the generation of the partition. In contrast,
applying the Fejér rule with N = 108 and N = 3 x 108 = 324 over the whole
interval [0, 1/2] yields 0.6178269656443711 resp. 0.6178269647402954 with errors
0.9154 x 10~ and 0.1128 x 10~ '°. The partition of the interval thus proves to
be beneficial in this example. See the 0PQ routine Example2_33.m for details.

Example 2.34 The integral fooo e dt = %\/77

Here, f(t) = 1 and w is the half-range Hermite weight function. With the
same choice of € as in Example 2.33, but Npy.x = 20, the partition becomes
[0,00] =[0,1.013] U [1.013,3.639] U [3.639, c0], on which the Fejér composite rule
with N = 22 points on each subinterval yields the desired accuracy . See the
OPQ routine Example2_34.m

2.2.3 Computing the recursion coefficients of a discrete measure

We discuss two procedures, one already briefly alluded to by Stieltjes (1884,
p. 415 or p. 383 of (Buvres, Vol. I) in 1884, and another implementing ideas of
Lanczos and Rutishauser.

2.2.3.1 Stieltjes procedure The formulae (2.2.7) and (2.2.8) for the recursion
coefficients provide a natural framework for computing them. All inner products

N
(0, Dary = »_ wop(t,)g(ty) (2.2.21)

appearing in these formulae indeed are finite sums and therefore trivial to com-
pute. The only problem is the appearance of the polynomials 7, v and 7p—1 N
themselves, which are not known. However, they can be built up successively, and
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in tandem with the recursion coefficients, by the three-term recurrence relation
(cf. §1.3.1).

Trt1,n(t) = (t — o, N) T, v (t) — Br,nTe—1,n(E), k=0,1,...,N—1. (2.2.22)

Since mg,ny = 1, the coefficient o, n indeed can be computed from (2.2.7) with
k =0, and so can By v = (1,1)ary. This allows us to compute 71 n(t), for all
values t = t,, needed, by means of (2.2.22) with k£ = 0. In possession of the values
m1,n(ty) and mo N (t,), the formulae (2.2.7) and (2.2.8) now become applicable
and yield aq y and 1 n. This, in turn, can be used in (2.2.22) to generate w2 .
In this manner, alternating between (2.2.22) and (2.2.7), (2.2.8), we can proceed
until all recursion coefficients, or as many as are needed, have been computed.
The procedure is implemented in the OPQ routine stieltjes.m.

The procedure is not entirely foolproof, numerically. For one, there is some
danger of overflow or underflow occurring during the course of the procedure.
This may happen for one of two reasons: over- resp. underflow of the weights w,,
or over- resp. underflow of the orthogonal polynomials 7, y or, more precisely,
of their squared norms. A remedy in the former case is to multiply all weights
by a sufficiently large resp. small number ¢ prior to running the procedure. In
the latter case, a scaling of the polynomials is required, which is most easily
accomplished by multiplying 7oy by ¢ (assuming 7_; x = 0). In either case, the
recursion coefficients remain the same except for Gy n, which, at the end, must
be divided by c.

A potentially more serious problem is the tendency of the recurrence rela-
tion (2.2.22) to develop instabilities as k approaches N. The phenomenon—a
type of pseudostability—has been pointed out and analyzed in Gautschi (1993b),
(1997a, §3.4.2). If it occurs, and it is likely to do so if the support points t, n
are equally, or nearly equally, spaced, then the numerical performance of the
Stieltjes procedure is seriously impaired in its advanced stages. Nevertheless, in
applications such as discretization methods it is usually the case that N is much
larger than the number of recursion coefficients to be computed. The problem of
pseudostability then need not be of any concern.

Example 2.35 The discrete Chebyshev polynomials, revisited.

The Stieltjes procedure is applied to generate the (known) recursion coeffi-
cients ay, v and (B, n of the equally spaced and equally weighted discrete mea-
sure of Example 2.26. The results, produced by the OPQ routine Table2_9.m, are
shown in Table 2.9. The columns headed err« and err 3 display the absolute
errors in the a- and (-coefficients for selected values of n and, at the bottom of
each record, the largest errors taken over all n, 0 <n < N — 1.

As is evident from these results, when N is large, a good portion of the higher-
order coefficients a,, x and 3, y has extremely poor accuracy, the relative size
of this portion growing with N.

The example also provides an illustration of the underflow problem mentioned
above: when N = 320, the squared norms of the polynomials 7 ny were found
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Table 2.9 Errors in the recursion coefficients of discrete Chebyshev polyno-
mials computed by the Stieltjes procedure.

N n err o err 3 N n err a err 3
40 <37 <1.0(-14) <1.0(-14) 160 82 2.143(-15) 3.490(-15)
38 2.577(-13) 3.370(-15) 89  8.978(-11) 1.208(-11)
39 1.932(-11) 1.257(-13) 96 8.466(-07) 1.026(-07)
1.932(-11) 1.257(-13) 103 1.874(-02) 2.195(-03)
80 <55 <1.0(-14) <1.0(-14) 1.952(-01) 7.075(-02)
56 1.266(—14) 1.422(-15) 320 <115 <1.0(-14) <1.0(-14)
60 2.478(-11) 1.769(-12) 116 2.287(-14) 3.990(-15)
64 9.651(-08) 5.504(-09) 127 1.238(-10) 2.204(-11)
68 1.197(-03) 5.132(-05) 138 1.768(-06) 2.967(-07)
2.756(-01) 5.650(-02) 149  3.483(-02) 7.498(-03)
160 <81 <1.0(-14) <1.0(-14) 1.416(-01) 6.224(-02)

to underflow beginning around k = 245. The results of Table 2.9, in this case,
were obtained by scaling the polynomials by the factor ¢ = 10°°.

We add another, more favorable, example lest the reader dismisses Stieltjes’s
procedure as untrustworthy.

Example 2.36 The discrete Fejér measure on [—1, 1], that is, the inner product
(2.2.21) in which t, = t£', w, = wl are the Fejér nodes and weights (2.2.16),
(2.2.17).

As demonstrated by the OPQ routine Table2_10.m, using the same values
of N as in Table 2.9, the results of Stieltjes’s procedure are now perfect in all
respects. The maximum errors for each N are shown in Table 2.10. (Reference

Table 2.10 Maximum errors in the recursion co-
efficients of discrete Fejér polynomials computed
by the Stieltjes procedure.

N err o err 3

40 2.585(-15) 1.055(-15)
80 3.088(-15) 1.388(-15)
160 6.594(-15) 2.442(-15)
320 1.254(-14) 4.829(-15)

values to 18 decimal places for the (-coefficients are available in the OPQ files
befej407befej320.)

Example 2.36 provides additional support for the use of Fejér quadrature
in discretization processes when no better and more natural alternatives are
available.

2.2.3.2 A Lanczos-type algorithm Given a real symmetric matrix A, there ex-
ists an orthogonal similarity transformation Q*AQ = T to a tridiagonal sym-
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metric matrix T having nonnegative elements on the two side diagonals. In gen-
eral, the orthogonal matrix Q and the matrix T are uniquely determined by A
and the first column of Q (cf. Parlett (1998, §7-2)). Lanczos’s algorithm (see also
§3.1.7.1) is a method that produces @ and T, given A.

With the nodes ¢, and positive weights w, of the discrete inner product
(2.2.1), we form the vector /w and diagonal matrix D; defined by

N t10---0

Vo= |V b= |1

JON 00ty

Then, it is true (cf. §3.1.1.1) that there exists an orthogonal matrix Q; of order
N such that

1 o"|| 1 yw | |1 0 1 J/Bonel
vw - fover | (2.2.24)

0 Q| |vw D, 0 Q VBover Jn(dAy)

where el = [1,0,...,0] € RY and Jy(d\y) is the Nth-order Jacobi matrix
(cf. Definition 1.30) of the discrete measure dAy in (2.2.1). Thus, we are in the
situation described in the opening paragraph of this subsection, where

T T
1 Vo 1o
A= Y Q- : (2.2.25)

vw D, 0 @

and T is the “extended” Jacobi matrix on the right of (2.2.24). The nonzero ele-
ments of the latter are precisely the recursion coeflicients oy, n and G n that we
wish to determine. Since A is given, and so is the first column e; € RV of Q,
the Lanczos algorithm can, in principle, be applied to compute the desired recur-
sion coefficients. We say “in principle” since, unfortunately, the process is numer-
ically unstable. A stable variant, however, following ideas of Rutishauser (1963),
has been developed by Gragg and Harrod (1984), who use a sequence of Givens
rotations to construct the orthogonal similarity transformation in (2.2.24). The
construction is summarized in their pseudocode RKWW, which we transcribed
into Matlab to produce the OPQ routine lanczos.m.

(2.2.23)

Example 2.37 This repeats Example 2.35 with the routine lanczos.m used in
place of stieltjes.m.

It is found that all errors, when N = 40,80, 160,320, are now bounded,
respectively, by 4.996 x 10716, 1.554 x 10715, 2.554 x 10715, and 5.773 x 1015,
Thus, in this example, lanczos.m is vastly superior to stieltjes.m in terms of
accuracy. Timings, however, reveal that lanczos.m is about eight times slower
than stieltjes.m. For details, see the OPQ routine Example2_37.m.

There are instances in which Stieltjes’s procedure outperforms the Lanczos
algorithm outright; some are described in Examples 2.40 and 2.44 of §2.2.5.
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2.2.4 A multiple-component discretization method

We begin with an example intended to motivate the seemingly complicated pro-
cedure to be described later in this section.

Example 2.38 Chebyshev weight function plus a constant, w(t; ¢) = (1—t2)~1/2
+ con [—-1,1], ¢ > 0; see also Example 3.45.

What quadrature rule should be used to discretize w(t;¢)? It would be dif-
ficult to come up with one that can be applied over the whole interval [—1,1]
and would converge reasonably fast. The Fejér rule, for example, when ¢ = 1,
requires 690 points to integrate w(-; 1) just to get three correct decimal places,
and the Gauss-Legendre rule even more. Factoring out (1 —t%)~'/2 and applying
Gauss-Chebyshev quadrature to the rest, 14 ¢(1 —t2)'/2, works better, yielding
three decimal places with 29 points, but still requires 287 points to get five dec-
imal places. (See the OPQ routine Example2_38.m.) Clearly, it is more expedient
to discretize the two parts of the weight function separately and combine the
results. Thus, one treats the first term, (1 — #2)~/2, as a weight function and
applies Gauss—Chebyshev quadrature to the function 1, and then applies Gauss—
Legendre quadrature to the constant ¢ to deal with the second term. Taking M
points in each quadrature and adding the results yields an N-point discretization
with N = 2M which is exact for all M, even for M = 1.

In the context of generating the recursion coefficients Gy (w) of w(-;c) (all
ag(w) = 0) by the Stieltjes procedure, one needs to integrate not only w but also
polynomials against the weight function w. The degree of these polynomials is
at most 2n — 1 if we are interested in the first n coefficients 8y, 81, ..., Bn_1. The
choice M = n in the proposed procedure then performs all integrations exactly
by virtue of the two quadrature rules being Gauss rules. This means that the
2n-point discrete inner product generated by the procedure has recursion coef-
ficients Bk on(w), k =0,1,...,n — 1, which are identical with the corresponding
coefficients Oy of w that we set out to determine. We can compute them by either
the Stieltjes procedure or the Lanczos algorithm as described in §2.2.3.

As an aside, note that the orthogonal polynomials relative to the weight
function w( -;¢) (which, to the best of our knowledge, are not explicitly known)
may be thought of as “interpolating” between the Chebyshev polynomials (¢ = 0)
and the Legendre polynomials (¢ = o0). It is interesting, therefore, to observe
the behavior of the coefficients G (w(-;c)), k > 1, as a function of c¢. (The
first coefficient is By = m + 2¢ and has no resemblance with the corresponding
coefficient By = 2 for Legendre polynomials.) Graphs of the first four coefficients
are shown in Fig. 2.2; they are produced by the OPQ routine Figure2_2.m.

Example 2.38 suggests the idea of decomposing the given measure d\ into
one with multiple components. Thus, if dA(t) = w(t) dt is absolutely continuous,
for example, and has support [a,b], —co < a < b < oo, then the interval [a, b] is
decomposed into a union of m subintervals,
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BZ
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F1G. 2.2. Recursion coefficients for the weight function w( -; ¢) of Example 2.38,
0 <c<80.

la,b] = CJ la, bu], m=>1, (2.2.26)

which may or may not be disjoint, and each subinterval is endowed with its own
weight function w,,, which may or may not be identical with w. More precisely,
the integral of a polyomial f against the measure d\ is represented in the form

b m_ b,
/ FOywt)dt = / fu(t)w,(t) dt, (2.2.27)

where we allowed for the possibility that f,, differs from f and may depend on
i; in fact, f, may no longer be a polynomial but is assumed to be a smooth
function. It may also be the case that the union of intervals in (2.2.26) differs
from [a,b] (see, e.g. Example 2.44).

A simple illustration of (2.2.27) is provided by Example 2.38, where the weight
function w on [a,b] is a sum of two weight functions, w = w; + wy. In this
case, m = 2, and the two intervals [a,,b,] are both equal to [a, b], but the first
carries the weight function w; and the second wsy. Alternatively, one may simply
want to partition the interval [a, b] into smaller subintervals as in Examples 2.33
and 2.34, and keep the original weight function w the same in all subintervals.
Yet another scenario is the situation in which the original weight function has
multiple support intervals to begin with; these can then be taken as the intervals
[@u,by] in (2.2.26) or can be decomposed still further. In all these cases, f, is
the same as f. There are examples, however, where this is no longer true (see
Examples 2.40, 2.44, and 2.45).

Now in order to discretize (2.2.27), one applies a quadrature rule to each
constituent integral on the right. Depending on the nature of the weight function
wy, the rule could be a weighted quadrature, such as a Gauss rule relative to the
weight function w,, or the general-purpose Fejér rule as in §2.2.2. If one takes the
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same number M of nodes in each quadrature rule, one ends up with an N-point
discretization of (2.2.27) with N = mM. If the original measure d), in addition
to the absolutely continuous component has also a discrete p-point component,
one simply adds on this component and extends the (mM)-point discretization
to an (mM + p)-point discretization.

The multiple-component discretization procedure now consists in the fol-
lowing. Apply discretizations of the type described with a monotone increas-

ing sequence Mg, M1, Ma, ... of M-values to obtain discrete measures d Az, +p,
1=0,1,2,... . For each i, compute by one of the methods of §2.2.3 the discrete
recursion coeflicients ag] = QkmMi+p Bl[;} = BrmM;+p for k=0,1,...,n -1,

where n is the number of recursion coefficients desired. Continue until the pro-
cess converges. A convenient measure for convergence is the relative error in the
[-coefficients, since they are all positive. Thus, the iteration is stopped at the
first value of i > 1 for which

18 — gl < gl k=0,1,2,...,n—1, (2.2.28)

where ¢ is a given error tolerance. In view of (2.2.7) and (2.2.8), it is reasonable
to expect, and in fact is borne out by experience, that satisfaction of (2.2.28)
entails sufficient accuracy also for the a-coefficients ag]—absolute accuracy if
they are zero or small, and relative accuracy otherwise.

It remains to elaborate on the choice of the sequence {M;}. Through a bit of

experimentation, we have settled on the following sequence:

M;=Mo+24;, i=1,2,3,...,

. (2.2.29)
Ar=1, Ay=2U0n =23 ... .
The default value of My is My = 2n. However, one can do better. If the
quadrature rules used in the discretization process all have algebraic degree
of exactness > d(M) with d(M)/M = 6 + O(M~') as M — oo, then taking
My =1+ [(2n—1)/§] may well give exact answers after one iteration. This is
the case, for example, when all quadrature rules are Gauss rules, hence § = 2, in
which case My = n and the process terminates after one iteration. An instance
of this has been noted in Example 2.38. For interpolatory quadratures, one has
6 =1, giving My = 2n, the default value of Mj.
The procedure described is implemented in the OPQ routine mcdis.m. It out-
puts not only the desired recursion coefficients, but also Mcap, the value of M;
that achieves convergence, and kount, the corresponding number of iterations.

2.2.5  FEzamples

In this section, we demonstrate the considerable power inherent in the multiple-
component discretization method as a means for generating orthogonal polyno-
mials even relative to measures that are unconventional and highly nontrivial. In
a number of examples it will be shown how to take advantage of the flexibility
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built into the method in order to achieve efficiency and accuracy. At the same
time, comparisons will be made between the multiple-component discretization
method used with the Stieltjes procedure and used with Lanczos’s algorithm.

Example 2.39 Jacobi weight function plus a discrete measure.
The measure to be considered is the normalized Jacobi weight function on
[—1,1] with a discrete p-point measure added to it,

P
A = [B]]7 A=) A+ 1) dt+ > yd(t—t;)dt, a>-1, 8> —1, y; > 0.
j=1

(2.2.30)
Here, 3] = f_ll(l — t)*(1 + t)?dt and §(-) is the Dirac delta function. The
orthogonal polynomials belonging to the measure (2.2.30) are explicitly known
only in very special cases. The case of one mass point at one end point, that
is, p =1 and t; = —1, has been studied by Chihara (1985, §6(E)), who man-
aged to express the recursion coefficients in terms of the classical ones for the
Jacobi weight function.? The formulae are rather complicated; see, for exam-
ple, Gautschi (1994, eqns (4.19)—(4.21)). Adding a second mass at the other end
point makes the analytical determination of the recursion coefficients virtually
intractable, although analytic expressions of the orthogonal polynomials them-
selves in terms of hypergeometric functions are still known (Koornwinder, 1984).
Any kind of analytic treatment, however, will become quite unfeasible if further
masses are added, inside and/or outside the interval [—1,1]. It is, therefore, all
the more remarkable that, numerically, it makes no difference how many mass
points there are and where they are located. The procedure is always the same:
discretize the continuous part of the measure by the appropriate Gauss—Jacobi
quadrature, add on the discrete part, and then use either the Stieltjes or Lanczos
algorithm, as described in §2.2.3, to generate the recursion coefficients of the dis-
cretized measure. If we need n of each and use n-point Gauss—Jacobi quadrature,
then, as noted at the end of §2.2.4, the answers turn out to be the exact recur-
sion coefficients of (2.2.30) and no iteration is required. We found, however, that
Stieltjes’s procedure becomes extremely unstable if one or more mass points are
located outside the interval [—1,1]. In this case, the use of Lanczos’s algorithm
is imperative.

The 0PQ routine r_jacplusdis.mgenerates the recursion coefficients of (2.2.30)
for arbitrary values of the parameters subject to the conditions stated.

Table 2.11, computed by the 0PQ routine Table2_11.m, illustrates the per-
formance of the procedure in the case of one mass point of various strengths
located at the left end point —1. We generate 40 recursion coefficients for 100
values @ = —0.8(0.2)1.0, 8 = —0.8(0.2)1.0 of the Jacobi parameters, and with
masses y; = 0.5,2,10. In each run, we produce two results, one using Stieltjes’s

2Chihara takes the interval [0, 2] rather than [—1, 1]. There appears to be a typo in the first
formula of his eqn (6.23), which should have the numerator 283 + 2 instad of 23 + 1.
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Table 2.11 Stieltjes procedure wvs Lanczos algorithm in the multi-

ple-component method for Example 2.39 with one mass point at t = —1.
y o n Qp On discr o discr 8

0.5 0 3.7037037037(—2) 1.5000000000(+0) 1.18(-16) 0.00(+00)

6 3.2391629514(-2) 2.3060042904(-1) 1.39(-17) 1.11(-16)

17 4.4564744879(-3) 2.4754733005(—-1) 2.13(-16) 3.89(-16)

39 8.6966173737(—4) 2.4953594220(-1) 7.05(-16) 3.61(-16)

5.24(-15) 1.55(-15)

2 0 -4.8148148148(-1) 3.0000000000(+0) 1.67(-16) 1.48(-16)

6 3.2967435170(-2) 2.3019023360(-1) 1.21(-15) 8.33(-17)

17 4.4611147047(-3) 2.4754467376(-1) 1.76(-15) 3.89(-16)

39 8.6975321827(—4) 2.4953589362(—1) 1.85(-15) 2.78(—16)

4.78(-15) 1.47(-15)

10 0 -8.5858585859(~1) 1.1000000000(+1) 3.33(-16) 1.61(-16)

6 3.3122514092(-2) 2.3007952696(-1) 5.41(-16) 0.00(+00)

17 4.4623528161(-3) 2.4754396497(-1) 3.80(-16) 4.16(-16)

39 8.6977761461(—4) 2.4953588066(—1) 5.57(-17) 3.33(-16)

4.37(-15) 1.42(-15)

procedure and the other using the Lanczos algorithm, and determine their dis-
crepancy. (By discrepancy between two answers we mean their absolute or rela-
tive difference, as the answer is <1 resp. >1 in modulus.) The table shows the
recursion coefficients a,(dA\) and (,(dA) for « = —0.6, 5 = 0.4 to 10 decimal
places for selected values of n, followed by their discrepancies. At the bottom of
each record, the maximum discrepancy is shown, where the maximum is taken
over all n = 0,1,2,...,39 and all 100 Jacobi parameters. It can be seen that
the Stieltjes and Lanczos algorithms produce essentially identical results within
machine precision, although Lanczos is about eight times slower.

The results are very much alike if a second mass point is added at the end
point +1, or yet a third one at the origin (see the routine Table2_11.m). Mat-
ters change significantly (see the OPQ routine Table2_12.m) when a mass point
is placed outside [—1, 1], regardless of whether or not the other mass points on
[—1,1] are retained. This is illustrated in Table 2.12 for a single mass point of
strength y; = 1 at ¢ = 2. Since we allowed only one iteration in the multiple-
component discretization method (in theory, this yields exact answers), the rou-
tine mcdis.m, when using Stieltjes’s procedure (irout=1), returns with the mes-
sage that the error criterion could not be achieved. No such message is issued
when the Lanczos algorithm is used. The reason for this must be attributed to
the instability phenomenon, already mentioned in §2.2.3.1, inherent in Stieltjes’s
procedure, and this also explains the large values of the discrepancies seen in
Table 2.12.

Example 2.40 The generalized Jacobi measure.
This is the measure
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Table 2.12 Stieltjes procedure wvs Lanczos algorithm in the multi-
ple-component method for Example 2.39 with one mass point at t = 2.

Yy on Qp On discr a discr 8
1 0 1.2777777778(+0) 2.0000000000(+0) 0.00(+00) 0.00(+00)
6 ~1.9575723334(-3) 2.4959807576(-1) 3.07(-16) 2.78(-16)
17 —1.9175655273(-4) 2.4998241443(-1) 2.48(-15) 4.72(-16)
39 -3.4316341540(-5) 2.4999770643(-1) 2.37(-06) 7.60(-07)
1.00(+00) 7.50(-01)

At =@ =)@+ [] [t —tul™dt, a>-1, B> -1, (2.2.31)

n=2

n[—1,1], wherem > 2, =1 <ty < --- <t,, < 1, and 7, are nonzero parameters
with v, > —1. Some authors include a smooth factor ¢(t) in the definition of
the generalized Jacobi measure, but in the context of numerical quadrature ¢
can be absorbed by the integrand function f. If one defines t; = —1, t,,41 = 1
and correspondingly v = 3, ym+1 = @, one can write

m—+1

=[] It =t dt.
v=1

This suggests the decomposition

m
= Ul tial

and integration of a polynomial f against the measure d\ takes the form

u+1 m‘H
/f t) dA(t Z/ [t —t, " w,(t)dt, (2.2.32)

v= 1
vE#Euv£Ap+1
where
wu(t) = (tu_i'_l — )T (t — t)T, t, <t <ty (2.2.33)

is a Jacobi weight function on the interval [t,,t,+1] with parameters v,11, V.
The representation (2.2.32) is precisely of the form (2.2.27): on each interval
[ty, tut1], instead of the polynomial f one must integrate the function f,, obtained
from f by multiplication with the product appearing on the right of (2.2.32). It
is clear, then, how the inner product (p, ¢)qx must be discretized: apply a Gauss—
Jacobi quadrature relative to the interval [t,, t,41], with Jacobi parameters ;41
and 7, to each integral on the right of (2.2.32), where f = pq. This, in general,
will no longer produce exact answers as in the previous example since the product
in (2.2.32) is not a polynomial. However, convergence can be expected to be quite
fast; see Tables 2.13-2.14.
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The 0OPQ routine r_gjacobi.m implements this procedure and generates the
recursion coefficients of the measure (2.2.31) for any parameters satisfying the
conditions stated.

As a test example for r_gjacobi.m, we took the simple case m = 2, a =
8 = —1/2, ta = 0, 72 = 1. By symmetry, all ay(d)) vanish, and Si(d)\) can
be determined explicitly. Indeed, consider the polynomials pz and p, defined
by ok (t) = pif (t2), mart1(t) = tp,, (t?) (cf. Theorem 1.18). One easily checks
that these are (ordinary) Jacobi polynomials relative to the interval [0,1], in
fact p;(ac) = Gk(2, ,x), Py (x) = Gk(Z, ,x) in the notation of Abramowitz
and Stegun (1992, 22.2.2). Writing the recurrence relation mog41(t) = tma(t) —
Bormar—1(t) in terms of pz' and p; , one finds tp, (t2) = tp; (t?) — Baxtp,_, (1?);

hence,
t2
ﬁQk—M_’Cz_C; ast—oo, k2>1,

Pj—1(t?)

where ¢ and ¢, are the coefficients of 2*~1 in p{(z) and p;, (), respectively.
From 22.3.3 of Abramowitz and Stegun (1992), these are ¢, = k*/(2k — 1/2)
resp. ¢, = k(k+1)/(2k 4 1/2). There follows

B2 s (2.2.34)

BQk(d)\) =k m ) =

Similarly, one finds

k+1/2
m 3 k Z O. (2.2.35)

Bar+1(dA) = (k+1)

The 0OPQ routine gjactest.m calls on r_gjacobi.m to compute the first N
recursion coefficients, N = 10, 40, 80, 160, for the test example. It determines the
maximum absolute error in the a-coefficients and the maximum relative error
of the [-coefficients, and also prints the integers Mcap, kount from the routine
mcdis.m, which give an indication of the convergence behavior of the multiple-
component discretization method (for the error tolerance eps0=1000xeps). The
results are shown in Table 2.13. Convergence is seen to be very fast, and in fact

Table 2.13 Results for the test example.

N Mcap kount err o err 3

10 31 3 1.494(-15) 2.911(-15)
40 41 1 5.938(-16) 4.323(-15)
80 81 1 1.229(-15) 9.150(-15)
160 161 1 4.881(-15) 1.915(-14)

is achieved after one iteration when N > 40. The accuracy is as good as can
be hoped for. The results shown are those obtained using Stieltjes’s procedure;
Lanczos yields essentially the same answers but is about eight times slower.
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To illustrate our procedure on a more elaborate example, we consider the
(t,v)-configuration

t 1 1/2 0 1/2 1
v 1/2 1/3 1 —1/3 1/2

and use r_gjacobi.m to generate the first 160 recursion coeflicients. Selected
values of these coefficients are shown in Table 2.14 together with the corre-
sponding discrepancies (between the Stieltjes and Lanczos results). Shown at
the bottom of the table are the maximum discrepancies taken over all values
n=0,1,2,...,159. (For details, see the OPQ routine Table2_14.m.) The multiple-
component discretization method, run with an error tolerance eps0=1000 X eps,
converged in one iteration exiting with an M-value (cf. (2.2.29)) of M = 161.
Difficulties must be expected if some of the t,, are bunched together very closely,
as, for example, in the “crowding” phenomenon in Schwarz—Christoffel mappings
(Driscoll and Trefethen, 2002, §2.6).

Table 2.14 Stieltjes procedure vs Lanczos algorithm in the multi-
ple-component method for Example 2.40.

n Qp Gn discr discr 8

0 7.2811345991(-1) 3.2069708827(4+0) 1.11(-16) 0.00(400)

39 —4.4829921025(-3) 2.4184615756(—1) 9.01(-15) 1.67(-16)

79 —2.2131034661(-3) 2.4727751247(-1) 4.73(-15) 2.78(-17)

119 -3.2863129782(-3) 2.4909284690(-1) 5.33(-15) 3.89(-16)

159 —1.1138360928(-3) 2.4796821583(-1) 5.67(-15) 2.78(-17)
1.06(-14) 1.61(-15)

Example 2.41 The half-range Hermite measure dA(t) = e~ dt on [0, o], re-
visited.

We have seen in Example 2.31 that for this measure moment-related meth-
ods are ineffective. Discretization is here a more viable alternative, even though
there are no special features of the measure that would suggest particularly nat-
ural discretizations. We therefore use the general-purpose discretization based
on Fejér quadrature, but decompose the inverval into four subintervals, [0, oc] =
[0,3] U [3,6] U [6,9] U[9,00] (obtained by trial and error). This is implemented
in the OPQ routine r_hrhermite.m and run by the routine Table2_15.m with
N=40, Mmax=100, and eps0=1000x%eps. The multiple-component discretization
routine mcdis.m returns with output parameters Mcap==81, kount=1, indicating
convergence after one iteration. The results are displayed in Table 2.15, where
the errors err o and err 8 are obtained by comparison with quadruple-precision
results available to 25 decimal places in the OPQ file abhrhermite.
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Table 2.15 The multiple-component method (with Stieltjes’s proce-
dure) applied to Example 2.41.

n ap On err o err 3
0 5.6418958355(—1) 8.8622692545(—1) b5.55(-16) 2.22(-16)
1 9.8842539285(-1) 1.8169011382(-1) 1.78(-15) 1.67(-16)
6 2.0806203364(+0) 1.0023478510(4+0) 6.40(-16) 0.00(+00)
15 3.2142706361(4+0) 2.5009279171(4+0) 4.14(-16) 1.78(-16)
26 4.2030485789(+0) 4.3338679012(+0) 2.32(-15) 2.05(-16)
39 5.1315328869(+0) 6.5003562377(4+0) 2.42(-15) 5.47(-16)
3.02(-15) 1.33(-15)

Example 2.42 FEinstein and Fermi distributions.
Distributions frequently encountered in solid state physics are the Einstein
distribution

dA\(t) =e(t)dt, () = p— on [0, 0],
and the Fermi distribution
du(t) = e(t)dt, »(t) = a1 ™ [0, <],

as well as distributions involving powers of € and ¢,

D) = [ dt, dull() = [p] dt, > 1.

Table 2.16 Recurrence coefficients for Finstein measures computed
by the discretization method.

ron (AT By (AAIT erT o err 3
1 4 9.8286605540(0) 1.9473894450(1) 1.81(-1 7.30(-16
9 1.9881441597(1) 8.9117330865(1) 2.50(-15
19 3.9916946226(1) 3.7862460617(2) 5.34( 16
2.50(-15
15

15

2 4 5.2618141802(0) 5.6467693899(0) 2.19(-
9 1.0334264562(1) 2.4163978775(1) 1.89(~
19 2.0383323902(1) 9.8826669339(1) 0.00(+ 0

3.02(-15) 5.85(—

6)
)
)
) 4.65(-
)
)
)

With regard to the Einstein distribution, a natural discretization of the inner
product (u, )4y~ can be obtained by writing the respective integrals in the form

/Ooop(t)dA[’”l(w/OOOp(t) (ett_l)rdt %/pr(t/r) (%)Tetdt

(where p = wv) and applying M-point Gauss-Laguerre quadrature to the in-
tegral on the right. To obtain the first n = 20 recursion coefficients ay(dA"),
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Be(dX), & =0,1,...,n — 1, to an accuracy of about 14 decimal digits (eps0=
100xeps~ 2.22 x 10714) requires M = 121 for r = 1 and M = 81 for r = 2;
see the OPQ routine Example2_42.m. Selected results, with respective errors and
maximum errors, are shown in Table 2.16. The (mollified) errors (cf. the para-
graph preceding Example 2.14) are computed by comparison with quadruple-
precision results available to 25 decimal places in the OPQ files abeinsteini and
abeinstein2.

The results for the two Fermi distributions dull, » = 1,2, are quite similar
except that it takes larger values of M to achieve the same accuracy—M =161
and M=121, respectively. The reason for this is the location of the poles of
¢, which are twice as close to the real axis compared to the poles of . See
Example2 42.m for numerical results and abfermil, abfermi2 for quadruple-
precision values of oy (dul™), B(dul), r =1,2.

Example 2.43 Modified Finstein and Fermi distributions.

In applications to slowly convergent series (cf. §3.4, Examples 3.63 and 3.68—
3.69), it is required to deal with Einstein and Fermi distributions modified by
square-root factors,

AP @) =272 @),  dall @) =2 dpl) on [0,00].  (2.2.36)

In this case, the discretization used in Example 2.42 has to be modified to take
account of the square-root singularity at ¢ = 0. It was found convenient to
split the interval [0,00) into two parts, [0,10] and [10,00), and apply Gauss—
Jacobi quadrature with parameters a = 0, § = :l:% on the first, and Gauss—
Laguerre quadrature on the second interval. This works rather well, the values
of M required being M = 61 in all cases. Results for the modified Einstein
distributions dj\z], analogous to those in Table 2.16, are shown in Table 2.17.
For modified Fermi distributions, the results are very similar; see the 0PQ rou-
tine Example2_43.m. Quadruple-precision values of the first 80 recursion coeffi-

Table 2.17 Recurrence coefficients for modified Einstein measures
computed by a two-component discretization method.

ron an(dS\L:]) ﬂn(djx[ﬂ) err « err 8
1 4 1.0334741121(1) 2.1678201766(1) 5.16(_16) 0.00(+00)
9 2.0383465049(1) 9.3837339797(1) 1.22(-15) 1.06(-1
19 4.0417639589(1) 3.8835425850(2) 2.99(-15) 5.85(—

2.99(-15) 5.26(~
2 4 5.5191016116(0) 6.2493698392(0) 2.57(-15)

1

1

1

9 1.0586711541(1) 2.5398321854(1) 0.00(+00) 1.12(-1
19 2.0634174813(1) 1.0131580628(2) 5.17 1
1

cients, stored in the files absqpleinsteinl, absqpleinstein?2, absqplfermil,
and absqplfermi2, were used to compute the errors.
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Example 2.44 Logistic density function

e—t

Logistic density and distribution functions are widely used in applied statis-
tics; see, for example, Johnson et al. (1995, Chapter 23). Integrals involving the
weight function w are required in order to compute expected values of functions
relative to the logistic distribution. A representation of the type (2.2.27) for such
integrals is obtained in a natural way by splitting the integral into two parts,
one from —oo to 0 and the other from 0 to oo, and changing variables in the first
part. The result is

/_Oo f(ﬁ)w(t)dt:/Ow%wl(t)dw/om(ﬂwl(t)dt, (2.2.38)

1+et 1+e7t)2

where w; (t) = e™! is the Laguerre weight function. Since (1+e~%)? tends rapidly

to 1 as t — oo, the two integrals on the right are best discretized by applying
Gauss—Laguerre quadrature to the functions f(Ft)(1+e~*)~2. The performance
of the multiple-component discretization method can be easily tested since the
recursion coefficients are explicitly known: all a(dA) = 0 by symmetry, and Gy =
1, Be(d\) = k*n?/(4k% — 1), k > 1 ; see Chihara (1978, eqn (8.7)) where A = 0,
x = t/m. Table 2.18 (computed by the 0PQ routine Table2_18.m) shows selected
results when the routine mcdis.m is run with N=40 and eps0=1000xeps, and
with Stieltjes’s procedure used to compute the recursion coefficients. (Lanczos’s
algorithm gives essentially the same results but takes about 10 times as long.)
Again, the maximum errors are shown at the bottom of the table.

Table 2.18 The multiple-component discretiza-
tion method applied to Example 2.44.

n On 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)
26 1.6685802223(3) 1.23(-14) 6.81(-16)
39 3.7535340252(3) 6.24(-14) 4.48(-15)
6.24(-14) 8.75(-15)

Example 2.45 A weight function involving a modified Bessel function,
w(t) =t"Ko(t) on [0,00], a> -1 (2.2.39)

The recursion coefficients for this weight function can be used to generate
associated Gauss quadrature rules (cf. §3.1.1), which in turn are useful to obtain
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asymptotic approximations to oscillatory integral transforms (Wong, 1982). The
choice of decomposition and discretization appropriate here should reflect, and
make optimal use of, the special properties of the weight function w(t), especially
its behavior for small and large ¢. This can be done by observing that

Kol®) R(t) + I(t)In(1/t) if0<t<1, (22.40)
o(t) = 2.
t=1/2e71S(t) if 1 <t< oo,

where Ij is the “regular” modified Bessel function and R,S are well-behaved
smooth functions for which good rational approximations are available (Russon
and Blair, 1969). This leads naturally to a decomposition [0, co] = [0,1]U]0, 1]U
[0, 0] and

1

/ " ftyult) d = / [R() £ (1))t dt + / To(t) £(£)]t° In(1/t) dt
0 0 0

. (2.2.41)
+e—1/ [(L+ 6 25(1 ) £(1 + t)]e" dt.
0

Thus, in the notation of (2.2.27),

f1) = R(@®)f(t), wi(t) =t“on [0,1],
fa(t) = Lo() (1), wa(t) =t*In(1/t) on [0,1],
fa(t) =e A+ 1) V2S(1 + 1) f(14+1t), ws(t)=e"t on [0,00].

The appropriate discretization, therefore, is Gauss—Jacobi quadrature (with pa-
rameters 0 and «) of f1 on [0, 1], Gauss quadrature of f5 relative to the weight
function ws on [0, 1], and Gauss—Laguerre quadrature of f3 on [0, co]. While the
first and last quadratures are classical, the middle one is not, but can be accu-
rately generated by methods discussed in §3.1.1 once the recursion coefficients
for wy are known. These, in turn, can be computed by means of the modified
Chebyshev algorithm as described in Example 2.27.

The 0OPQ routine r_modbess.m implements this procedure for arbitrary pa-
rameter a.

As an illustration, we consider the integral (cf. Gradshteyn and Ryzhik (2000,

6.621.3)) PR
> -ty _ m a+
/0 1 Ko(1) d = S s

The routine Table2_19.m uses r_modbess.m to obtain Gauss quadrature ap-
proximations to this integral for selected values of «, requesting an accuracy of
10%eps = 2.22 x 107!, The number n of Gauss points required is shown in Table
2.19. The maximum relative error observed is 3.21 x 10712
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Table 2.19 Gauss quadrature of a Bessel func-
tion integral.

a 09 05 0 08 23 58
n 10 12 13 14 15 18

2.2.6 Discretized modified Chebyshev algorithm

We note that the idea of multiple-component discretization, embodied in eqn
(2.2.27), and subsequent discretizations of the subintegrals on the right of (2.2.27)
can be used to approximate any integral fR t)dA(¢). In the discretization
method of §2.2.4, the integral in question is an inner product, f(t) = p(t)q(t), and
the discretization procedure is used to approximate the inner product (p,q)ax
by a multiple-component discrete inner product (p, q)an,,,, (or more generally
(Ps @) drmars, if dX contains a p-point discrete measure); cf. the second paragraph
following eqn (2.2.27). The same procedure however could also be applied to

approximate modified moments, m, = fR pr(t , in the modified Chebyshev
algorithm. Here, f(t) = pr(t) (cf. (2.1.23)). Thus one constructs a sequence
of discretizations, as in §2.2.4, with M-values My, My, Ms,..., and for each i

applies the modified Chebyshev algorithm using discretized modified moments
mr = fR p7 d)\mM +p to generate approximate recursion coefficients ozk , ﬁk .
The same stopping criterion (2.2.28) as before can be used to terminate the it-
eration. In fact, it is essential that convergence be tested on the (s and not,
for example, on the modified moments, since the latter may vanish and, besides,
need not be required to have full relative precision (see Gautschi (1982b, p. 311)).
The procedure is implemented in the OPQ routine mcchebyshev.m.

It is important to realize, however, that any ill-conditioning present in the
modified Chebyshev algorithm must be expected to manifest itself also in its
discretized version. There are fewer such problems with discretization procedures
based on inner products.

Example 2.46 Example 2.29, revisited.

We have seen in Example 2.29 that computing exact values of modified mo-
ments (relative to Chebyshev polynomials) for the “elliptic” weight function
w(t) = [(1 — k>t2)(1 — t2)]~/2 can be highly nontrivial. Approximate values, on
the other hand, can easily be obtained via the Gauss—Chebyshev quadrature rule

M
/1 FOA =K V21 - )" 2 dt & % > Fltm)(1 = E22) 72,
-1 m=1

where t,, = cos((2m — 1)m/2M), by applying it with f(t) = 2'7"T,.(t) resp.
f(t) =1 to compute the modified moment m,., r > 1, resp. mg. The discretized
modified Chebyshev algorithm, run with k2 = 0.1,0.5,0.9, and 0.999, and with
N = 40, using the error tolerance epsO= 1000x eps, produces results essentially
identical with those of Example 2.29; see the 0PQ routine Example2 46.m.
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2.3 Computing Cauchy integrals of orthogonal polynomials

Cauchy’s theorem in the theory of complex variables expresses the value of an
analytic function at some point z by means of a contour integral extended over
a simple closed curve in the complex plane encircling the point z. The type of
integral involved is referred to as a Cauchy integral. The same integral is also of
interest if the function on the contour is not analytic and/or the contour is not a
closed curve but an open arc. One continues to call such integrals Cauchy inte-
grals. There is a vast literature on them and their applications; see, for example,
Henrici (1986, Chapter 14). Here we are interested in Cauchy integrals over an
interval on the real line involving a positive measure of integration dA and the
orthogonal polynomial 7, (-;d\) associated with this measure. Thus,

(Cm)(2;dN) = / BN g 0. (2.3.1)

R z—1

(We omit the factor 1/(27i) normally associated with Cauchy integrals, and for
convenience also changed the sign.) The support interval [a,b] of d\ is typically
a finite, half-infinite, or doubly infinite interval. In the first two cases, (2.3.1)
represents an analytic function in the connected domain C\[a, b], in the last case
two separate analytic functions, one in the upper half-plane and the other in the
lower half-plane.

Cauchy integrals of orthogonal polynomials (also known as functions of the
second kind) occur in many applications; for example, in the study of the Gauss
quadrature error for analytic functions, where they appear as numerator in the
kernel of the remainder term (Example 2.47), in modification algorithms in-
volving division of a measure by a polynomial (Example 2.49 and §2.4.1), in
the Stieltjes—Perron inversion formula recovering the measure of an orthogonal
polynomial from its recurrence coefficients (Example 2.50), and in evaluating
the Hilbert transform of a measure (Example 2.51). It is useful, therefore, to
have reliable methods available for computing Cauchy integrals. The method we
consider here is one that utilizes the basic three-term recurrence relation in the
complex plane (cf. §1.3.5).

2.3.1 Characterization in terms of minimal solutions

The integral in (2.3.1) is nothing but the function p,(z) already introduced in
(1.3.39),
(Cmn)(2z;dN) = pp(z;dN), n=0,1,2,... . (2.3.2)

If, as in Theorem 1.43, we define
p-1(z) =1 (2.3.3)

and assume that the moment problem for the measure d\ is determined, then
from Corollary to Theorem 1.43 we know that (2.3.2), (2.3.3), when z € C\[a, b],
is a minimal solution (cf. Definition 1.42) of the three-term recurrence relation
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Yrt1 = (2 — ax)yr — Bryr—1, k=0,1,2,..., (2.3.4)
where ai = ax(dX), Br = Ok (d)). Moreover,
polz) B But1 Put2 . _01,2,..., 2eC\[ab].

pn-1(2)  z—ap— z2—0py1— 2 — Qpio—
(2.3.5)

Computing p,(z) for z € C\[a, b] thus amounts to computing the minimal solu-
tion of (2.3.4) satisfying (2.3.3).

It is important to note that the “strength” of minimality of p,(z) weakens as
z approaches the support interval [a,b] of d\ and ceases altogether in the limit.
If z is in the open interval (a,b), then (2.3.1) has to be interpreted as a Cauchy
principal value integral,

pn(@) :é %d)\(t); (2.3.6)

it also satisfies the recurrence relation (2.3.4), but with initial values

dA(t)

x—t

pr(@) =1, polz) = ][ (2.3.7)

The p,(x) can be computed from (2.3.4) (where z = z) in a stable manner by
forward recursion. By Sokhotskyi’s formulas (cf. Henrici (1986, Theorems 14.1a—
¢)) one has
1

on(x) = 3 (hfﬂ pn(2) + liTm pn(z)) , (2.3.8)
where the two limits on the right are taken as z approaches x from above, resp.
from below, the real axis. Since z T x is the same as Z | z and p,(Z) = pn(2), we
can write (2.3.8) in the form

pn(x) = limRe p,(2). (2.3.9)

zlx
For each z, this requires only one evaluation of p,.

2.3.2 A continued fraction algorithm

There are a number of algorithms available for computing minimal solutions of
three-term recurrence relations (see, e.g. Wimp (1984)). In the case at hand, we
have found most satisfactory an algorithm developed in Gautschi (1967a, §3),
which is based on the continued fraction (2.3.5); see Gautschi (1981a, §5).

Suppose we wish to compute p,,(2), z € C\[a,b], for n =0,1,2,..., N. (The
value at n = —1 is known from (2.3.3).) Define

_ Pntl (2)

L on=-1,0,1,2,..., 2.3.10
on?) (2.3.10)

Tn
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and suppose for the moment that r, is known for some v > N. Then, by (2.3.5),

ﬁn ﬂn+1 6n+2
Tpo1 = s, mn=0,1,2,...,
Z—Qp— Z— Opt1— Z— Qpyo—

from which

Tn_lzL, n=v,v—1,...,0. (2.3.11)
Z—Qp—Ty
Since the initial value of the desired solution is p_1(z) = 1, we now obtain from

(2.3.10) that
p—1(z2) =1, pp(2) =rp_1pn-1(2), mn=0,1,...,N. (2.3.12)

This completes the algorithm under the assumption made.
The actual algorithm follows this procedure very closely, except that in place
of r, one uses zero. Thus, we define

A N N~ S (23.13)
Z—0p— Z— Qpi1— zZ—ay
and proceed according to
7“,[,”] =0, 7“,[;/11 = ﬂin[y], n=v,v—1...,0,
Z—Qn —Tn (2.3.14)
p[fll =1, pL’j] = rllyllpgil, n=0,1,...,N.
It will presently be shown that for any fixed n > 0,
lim pll = p,(2). (2.3.15)
Our algorithm consists in repeating (2.3.14) for a sequence of increasing values
of v until convergence in (2.3.15) is obtained for n = 0,1,..., N to within a

prescribed accuracy.

To convince ourselves of (2.3.15), we first provide the following alternative
interpretation of (2.3.14). Let n,[:] be the solution of the recurrence relation (2.3.4)
defined by the starting values

n’[jy] = 1’ 771[}/_"]_1 = O. (2.316)
The values of 77,[:] for —1 < k < v — 1 may be obtained by applying (2.3.4) in
the backward direction, starting at & = v. We then define

= 22 cn <, (2.317)
n-1
and will show that
yh = plvl, (2.3.18)

In this form, the algorithm is known as Miller’s algorithm; it was proposed by
J. C. P. Miller in 1952 in the context of computing spherical Bessel functions
(British Association for the Advancement of Science, 1952, p. xvii).
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Clearly, (2.3.18) holds when n = —1, since y[_l’]1 =p_1(2) =1= p[_”]1 For
n > —1, we note that

(V]

7’,[1"11:%, 0<n<v+l1.
h—1

Indeed, this is trivial for n = v 4+ 1, and for n < v follows from the fact that
the ratio on the right satisfies the same nonlinear recursion (2.3.11) satisfied

by rl] 1- By (2.3.17), we have ylf’]/y[y] = nk']/n[y] ; hence, yLV]/yLVll =Y

n— n—1 n—1° n—1-
0 <n < N. Thus, yl{j] satisfies the same recursion as pgf] in (2.3.14) and has the
same initial value 1, proving (2.3.18).

Now, let {yn} = {yn(2)} be any solution of the recurrence relation (2.3.4)
linearly independent of {p,} = {p.(2)}, so that by the minimality of {p,}

lim 2% —o.
n—oo yn

Since {777[{/]} is a solution of the same recurrence relation, it follows from the
theory of linear difference equations that

= ap, + 0y, (2.3.19)

for some constants al*!, b*l. In view of the two starting values (2.3.16), we have

a[l’]py + b[V]yV = 17
alp, 1 + by, 10 =0,

hence bl¥] = f(p,,H/y,,H)a[”], so that
g = (,)n _ Pv1 yn> ., n=-1,0,1,2,... .
yu+1
Inserting this in (2.3.17) and noting (2.3.18) finally yields
1‘7 Pr+1 gﬁ
o = p,, Yo+l Pn (2.3.20)
1

__Prar
P—-1Yv+1

By the minimality of {p,}, we have p,+1/y,+1 — 0 as v — oo, which proves
(2.3.15).

The continued fraction algorithm based on (2.3.14) for computing p,(2),
0 < n < N, is implemented in the 0PQ routine cauchy.m. Testing for conver-
gence in this routine is done on the quantities rkll, n=0,1,...,N, and only
after convergence has occurred are p,(z) generated according to (2.3.12). The
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routine, moreover, expects the user to provide a suitable starting value vy for
(2.3.14) to be employed with v-values vg, vy + 5,0 + 10,... until convergence.
Some classical measures d\ allow realistic starting values vy to be derived from
asymptotic properties of the solutions of (2.3.4); see Gautschi (1981a, §5). They
are implemented in the OPQ routines nu0jac.m, nu0lag.m, nuOher.m in the case
of Jacobi, generalized Laguerre, and Hermite measures, respectively.

2.3.3  Ezamples

In our first example we return to the Gauss quadrature formula (1.4.7) and
develop an alternative representation for the remainder term when the function
to be integrated is analytic. The expression for the remainder given earlier in
Corollary to Theorem 1.48 is of limited practical use since it requires knowledge
of a high-order derivative of the integrand.

Example 2.47 Remainder term of the Gauss quadrature formula for analytic
functions.

Theorem 2.48 Let d\ be a measure supported on the finite interval [a,b] and
D C C a domain in the complex plane containing la,b] in its interior. If f is
analytic in D, the Gauss quadrature remainder RS (cf. (1.4.7)) can be expressed

in the form
1
- %FKn(z)f(z)dz, (2.3.21)

where T is a simple closed curve in D encircling [a,b] (in the positive sense) and
K., the kernel of the remainder, is given by

pn(z;dN)
mn(z;dN)
Remark to Theorem 2.48 Ifn = 0, the quadrature sum is empty, and, there-
fore, RS (f) = [ f(t) dA(t

Proof Apply Cauchy’s formula to f, both in the integral and the quadrature
sum of (1.4.7), to obtain

dz + RS
/2771 r z—t Z2m Fz—TG +R(F).

Interchanging the order of integration, one finds

1
- f Kn(2)f(2)dz

n

dA(t) NG
Ko(z)= | 22— v > 0. 3.
w(2) /szt ;ZiTG, n>0 (2.3.23)

Kn(2) = Kn(z;d)) = n=0,1,2.... (2.3.22)

with K, in the form

By Theorem 1.47, the sum on the right equals 0,(z)/m,(2), so that (2.3.22)
follows from (2.3.23) and (1.3.40). O
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The 0OPQ routine kernel.m evaluates K,,(z), n =0,1,..., N, from (2.3.22) in
conjunction with the routine cauchy.m.
From (2.3.21) one obtains the simple error bound

12
RSN < ) e K (2100 - ma 2), (2.3.21)

zel

where ¢(T') is the length of the contour T, or else
1
YOl < — ; . 3.
RS < 5 maxl (50| § 17)]0a (2:3.25)

While the value of the error in (2.3.21) does not depend on the choice of the
contour I',; the bounds in (2.3.24) and (2.3.25) do. There are two classes of
contours I' often used in these bounds. Assuming [a,b] = [—1,1], they are the
circles

Cr={z€C: |z|=r}, r>1, (2.3.26)

and confocal ellipses
E={2€C: z2=1(pe" +p~te™™), 0<9 <21}, p>1, (2.3.27)

with foci at =1 and sum of semiaxes equal to p. As p | 1, the ellipse &, shrinks to
the interval [—1, 1], while with increasing p it becomes more and more circle-like.
Poles of f that may be present in the vicinity of [—1, 1] can thus be avoided by
taking p sufficiently small. Circular contours are less flexible in this regard.

Problems of interest in connection with the bounds in (2.3.24) and (2.3.25)
are (1) to locate and evaluate (or estimate) the maximum of the kernel K,, on
I'=C, resp. I' = &,, and (2) to optimize the bounds over r resp. p.

For the classical Gauss—Legendre formula (dA(¢) = dt on [—1,1]), a con-
tour map of |K1o(z;dt)|, produced by the 0PQ routine Figure2_3.m, is shown in
Fig. 2.3. The contours are symmetric with respect to both axes, so that the map
is shown only in the first quadrant of the complex plane. The curves correspond
to the moduli 107%,107%,1078,...,10719, as partially labeled in the figure.

The problem of computing recurrence coefficients for a modified measure—a
measure multiplied by a rational function—will be solved in §2.4 by means of
nonlinear recurrence algorithms. These, when the modification involves division
by a polynomial, also require Cauchy integrals and hence the application of the
continued fraction algorithm. Alternatively, as in Example 2.49, the use of ap-
propriate modified moments and the modified Chebyshev algorithm (see §2.1.7)
is another option.

Example 2.49 Division of a measure by a polynomial.

Let d\ be a positive measure on R and ¢(t) a polynomial having constant
sign as ¢ varies on the support interval [a,b] of d\. We wish to compute the
recurrence coefficients dy, and [y for the modified measure dX = dA\/q. (When
q is negative on [a,b], the measure d\ will be negative definite, hence Bo < 0.
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F1a. 2.3. Contour map of the kernel Kjo(z) for Gauss—Legendre quadrature.

One could avoid this by multiplying ¢ by —1, but we will not bother doing this
here.) It suffices to consider linear and quadratic divisors since algorithms that
work for these can then be applied in succession after ¢ has been factored into its
linear and quadratic factors. Thus, we may assume that ¢ is either ¢(t) =t —
or q(t) = (t — z)? + y?, y > 0, where in the first case [a, ] is not all of R and z
outside of [a,b]. The modified measure, therefore, is either

< dA®)

dAH) = 722, zeR\[ab] (2.3.28)
dA(t) = (t_d;)iglﬁ . TER, y>0. (2.3.29)

To compute &y, ﬁk, k=0,1,...,n, we propose to use the modified Chebyshev
algorithm, using the polynomials 74 ( - ;d\) to define the modified moments my,
(cf. (2.1.23)),

mkz/nk(t;dA)dX(t), k=0,1,...,2n—1. (2.3.30)
R
In the case (2.3.28), this yields
t;dA
—— / et AN 31 = —pu(a), (2.3.31)
R t—x

where pg(x) is the Cauchy integral (Cmy)(z;dA) of (2.3.1). In the case (2.3.29),
we let z = x 4 iy and write

11 (1 1
(x—t)2+y2 2y \z—t Z—t
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to obtain

my, = / BN gy gy = e (2.3.32)
r (x —1)2 +y? Im z

In either case, the continued fraction algorithm of §2.3.2 can be applied to com-
pute the modified moments in (2.3.30), which then can be employed by the
modified Chebyshev algorithm to compute the recurrence coefficients &, and ﬁk.
This is implemented in the OPQ routines gchril.m and gchri2.m. Numerical
examples and comparisons with other (more efficient) modification algorithms
will be given later in §2.4.6.

The case where n = 0 in (2.3.1) or (2.3.6) is not without interest, as the
remaining two examples are to show.

Example 2.50 Stieltjes—Perron inversion formula.

Assume dA(t) = w(t)dt in (2.3.1) absolutely continuous, and suppose we
know the recurrence coefficients «y, and 5y of dA. We may be asked to determine
the support interval [a,b] of dA and to compute w(z) for any = € (a,b). In a
sense, this is the inverse of the main problem considered in this book. We will
not consider here the first part of the problem—that of determining [a, b]. There
is a detailed discussion of this in Chihara (1978, Chapter 4). A solution of the
second part can be given in terms of the Stieltjes—Perron formula (cf. Henrici
(1986, §14.6)), which in our notation asserts that

w(z) = — 2 Tim Tm po(2), = € (a,b). (2.3.33)
T zla

To implement this computationally, put z = x + iy and let y approach 0
over a sequence of monotonically decreasing values y = y;, j = 1,2,... . If we
denote z; = x+iy;, w; = —Im po(z;)/7, then lim; .o, w; = w(x). Each w; can be
computed by the continued fraction algorithm (2.3.14), where z = z; and N = 0,
hence p[oy] = r[_yll Thus, only backward recursion is required in (2.3.14). It is in
this part of the algorithm where the known recurrence coefficients ay, and 3 find
their use. Since the minimality of {p,(z;)} weakens with increasing j, larger and
larger values of v will be needed to achieve convergence in (2.3.15). Moreover,
convergence of w; to w(z) as j — oo may be quite slow, all of which suggests
that the method as described may be impractical. This indeed is found to be
true. Nevertheless, the method can be turned into a viable algorithm, at least
for finite intervals [a, b] and for accuracy requirements that are not too stringent,
if the generation of the w; is combined with a suitable convergence acceleration
procedure. Specifically, we have chosen y; = 277, j = 1,2,..., and applied to
wj, j = 1,2,..., the well-known e-algorithm (cf. Brezinski and Redivo Zaglia
(1991, §2.3)).

The algorithm is embodied in the 0PQ routine SPHT .m, with iopt=1, which for
given J > 1 generates w;, j = 1,2,...,J, and applies on them the e-algorithm.
The latter is provided in the routine epsalg.m, a simple implementation of the
“progressive form” of the e-algorithm.
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A feel for the method can be obtained by applying it to the recurrence co-
efficients of the Jacobi polynomials with parameters a and (§ and regenerating
from them the Jacobi weight. We considered selected values of a and 3 in the
region —1 < a < 3 < 1 and selected z-values in —1 < z < 1, and computed
wj, j =1,2,...,J, to a prescribed accuracy epsO. Among these, w; is the most
accurate approximation to w(x); we want to observe how much the e-algorithm
can improve it. Using J = 9 and eps0=10"%, we found that w; approximates
w(z) generally to within an error of 1073, whereas the e-algorithm was able, in
general, to reduce the error to 1072 — 10~%, but occasionally to an error as small
as 1072, For x very close to the end points of [—1,1], the procedure becomes
ineffective; see the OPQ routine SPjac.m.

A more interesting example is provided by the recurrence coefficients oy =
ag], B, = ﬁ,[:] of the first numerator polynomlals 7r[ ]( ;dt) of the Legendre
measure (cf. Definition 1.35), that is, a%l = ak_H, 5[1] ﬂkL,_H, k=0,1,2,...,
where aé and ﬁlf are the ordinary Legendre coefficients. The corresponding
measure is known to be dAM () = wl(¢) dt, where

1
n(l+¢)/(1— )+ x2

wm(t — , —l<t<l1

(cf. Example 1.37). For 8" one must take the integral f_ll wl(t)dt (not BL),
which was found (numerically) to be 1/6. We applied SPHT.m with iopt=1 for
= 0and J =9, asking for an accuracy of eps0=10"% and limiting v in (2.3.14)
to v < numax=4000. (The actual value of v that yielded convergence was found
to be v = 3895.) We used the standard estimate nu0=.75xnumax=3000. The
results are displayed in the upper part of Table 2.20, which in the second column

Table 2.20 Stieltjes—Perron inversion for the first numera-
tor Legendre polynomzals.

Vi err wy eIT €2 CIT €4 CeIT E¢ eIT €8

1 3.715(-2) 4.583(-3) 2.456(-5) 5.718(—8) 5.140(-)

2 2.107(-2) 8.626(-4) 9.450(-7) 9.632(-9)

3 1.118(-2) 1.865(-4) 1.148(-8) 1.147(-8)

4 5.754(-3) 4.327(-5) 9.628(-9)

5 2.918(-3) 1.042(-5) 3.435(-7)

6 1.469(-3) 2.555(-6)

7 7.370(-4) 8.330(-7)

8 3.691(-4)

9 1.847(-4)
T 2 4 .6 .8 9 .99
errwy 1.859(—4) 1.898(—4) 1.995(—4) 2.294(—4) 2.858(—4) 1.005(-3)
erres 9.197(—8) 1.108(~7) 6.150(—7) 5.965(-9) 5.315(-6) 7.315(-4)
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shows the errors |w; —w(z)|, j =1,2,...,J, and in the subsequent columns the
errors of the respective accelerated approximations produced by the e-algorithm.
As can be seen, the best of these, rather remarkably, is about 10~8, which is
smaller than the requested accuracy by two orders of magnitude. Similar results
were obtained for other values of x, although the effectiveness of the procedure
deteriorates as x approaches 1. This is shown in the lower part of Table 2.20,
which displays errwg and erreg for selected values of x. (For the corresponding
negative values the results are the same by symmetry.) The computations are
performed in the OPQ routine Table2_20.m.

Unfortunately, and not unexpectedly, the procedure has difficulty with un-
bounded intervals [a, b] because of the exceedingly high values of v required to
achieve convergence in (2.3.15) when z approaches [a,b]. Even a sequence y;
converging to zero more slowly than 277 proved unsuccessful.

Example 2.51 Hilbert transform of a measure.

Given a measure d\(t) = w(t) dt, its Hilbert transform is defined by

h(z) = (Hw)(z) :== ]é w(t) dt, a<xz<b, (2.3.34)

t—zx

where [a,b] is the support interval of dA. (We omit the factor 1/7 normally
associated with Hilbert transforms.) By (2.3.7), h(x) is the same as —pg(x), and
thus by (2.3.9),

h(z) = — lzlfrml Re po(2). (2.3.35)

The same procedures as developed in Example 2.50 and implemented in
SPHT .m are again applicable, the only difference being that in place of the imag-
inary part we now use the real part of pg(z). The Jacobi weight function w(t) =
(1 —t)*(1 + t)® now presents a more interesting example since computing its
Hilbert transform is a highly nontrivial task (cf., e.g. Gautschi and Wimp (1987)).
We illustrate the procedure in the two cases a« = 3 = f% anda =f = % (Cheby-
shev weight functions of the first and second kind). For these, the Hilbert trans-
form is known explicitly: h(x) = 0 on (—1,1) in the former, and h(x) = —7z on
(—1,1) in the latter case. Table 2.21 shows the results for the same z-values as
in the lower part of Table 2.20; the first two lines correspond to a = (3 = —%,
the next two lines to a = 3 = % See the OPQ routine HTjac.m.

2.4 Modification algorithms

Let dX be a positive measure and
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Table 2.21 Hilbert transform of two Chebyshev measures.

z 0.2 0.4 0.6 0.8 0.9 0.99

errwy 1.305(-3) 3.188(-3) 7.190(-3) 2.272(-2) 6.666(2) 2.114(0)
erres 8.584(-7) 8.072(-7) 2.563(-7) 2.046(-6) 1.411(-3) 6.661(-1)
errwy 1.252(-3) 2.678(-3) 4.602(-3) 8.181(-3) 1.267(-2) 4.286(-2)
erreg 2.285(-8) 1.043(-7) 2.438(-8) 3.858(-8) 9.364(-6) 3.187(-2)

m

4
ut) =+ [Jt—un), ot)= ][]0 (2.4.1)
A=1

p=1

two real polynomials, relatively prime and not vanishing on the support [a, b] of
dA, the sign + or — in the former being chosen so that the ratio u/v is positive
on [a,b]. We consider the modified measure

dA(t) = @dA(t), t € [a,b)], (2.4.2)

and pose the problem of determining the recurrence coefficients of the modi-
fied measure, & = ak(dj\), Br = ﬁk(dj\), from those of the original measure,
ar = ag(dA), Br = Br(dX). Methods that accomplish the passage from the as
and (s to the as and Bs are called modification algorithms. They can be broken
up into elementary steps, since the transition from d\ to d) need not be accom-
plished all at once but can be carried out one factor of u resp. v at a time. It
suffices, therefore, to consider real linear factors u(t) = ¢t — z and real quadratic
factors u(t) = (t — 2)? + y? and analogous divisors. The respective modification
algorithms are developed in §2.4.2-2.4.5. Examples are given in §2.4.6.

More classical is the related problem of expressing the orthogonal polynomials
n = mn(-;dA) in terms of the 7, = m,(-;d)). Solutions involving determinants
will be briefly given in §2.4.1.

2.4.1 Christoffel and generalized Christoffel theorems

Christoffel was the first to express u(- )7 (-;d\) in the case v(t) = 1 and dA(t) =
dt in determinantal form as a linear combination of 7, Tp41, - - . , Tnte (Christof-
fel (1858)). It was only 100 years later, in 1959, that the general case with v(t) # 1
was solved by Uvarov (1959), (1969). For simplicity, we will assume that the ze-
rOS U1, Us,...,ur of u and vy,vs,...,v, of v are simple; extensions to multiple
zeros are straightforward and involve derivatives of orthogonal polynomials. The
results take on different forms depending on whether m < n or m > n.

Theorem 2.52 (Uvarov) Let m < n and assume that u and v in (2.4.1) have
only simple zeros. Then,
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w(t)m (t; d\) = const x

Tn-m(t) ++ Tn1(t) mn(t) Tnsr(t) -+ Tge(t)
Tn—m(u1) - Tp_1(u1) T (u1) mg1(ur) - Tnge(ur)
(2.4.3)
Tn—m(Ug) - Tn_1(tg) Tp(ue) Tng1(ue) - Tnype(ue) |
Pr—m(v1) -+ pn_1(v1) pn(v1) ppy1(vi) -+ ppye(vr)
Pr-m(Vm) * = Pn—1(Vm) Pn(Vm) Prnii(Vm) = - Prre(Vm)
where
pk(z):AMdA(t), k=0,1,2,... . (2.4.4)

Note that we have here another application of the Cauchy integrals of or-
thogonal polynomials.

The special case m = 0 is Christoffel’s theorem, and (2.4.3) along with (2.4.5)
may be referred to as generalized Christoffel theorems. If the new polynomial
T (- ;dj\) is to be monic, the const in (2.4.3) has to be equal to the reciprocal of
the (signed) cofactor of the element 7,4, in the determinant of (2.4.3).

In the case m > n, a similar formula holds.

Theorem 2.53 (Uvarov) Let m > n and assume that u and v in (2.4.1) have
only simple zeros. Then,

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

0O 0 0 --- 0 7T0(t) 7T1(t) 7Tn+€(t)
00 0 0 molur) m(ur) - Tnyelu)
(2.4.5)
00 0 --- 0 WO(Ug) Wl(ué) "'7Tn+€(uf) ’
1 v ’U% ---Uln_n_l po(vl) p1('U1) pn+€(vl)
L om vpy - 0" po(0m) p1(vm) -+ Pt (V)

with p(z) as defined in (2.4.4).

These results continue to hold for complex uy and v, if orthogonality is
understood in the sense of formal orthogonality (cf. §1.6.1).

While Christoffel theorems are mathematically interesting and have found
applications (in the asymptotic theory of orthogonal polynomials, for example),
they are, in this generality, less useful for computational purposes. When m and
n are small, however, the theorems will be used to derive modification algorithms.
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2.4.2  Linear factors

Consider the modification

dA(t) = (t — 2)dA(t), z € C\[a,b]. (2.4.6)
Here, m = 0, £ = 1, and the monic polynomial 7, () = m,(-; dj\), by (2.4.3), is
given by

Tn (t) Tn+1 (t)
Tn(2) Tny1(2)
—n(2)

Tn+41 (z)
7n(2)

(t = 2)7n(t) = = Tn41(t) = Ta (1),
that is, 7, is the kernel polynomial of (1.6.5), in agreement with Theorem 1.55.

In this and the following subsection, we shall use the notation

Ty = Tn(2) = ) g9 (2.4.7)
n(2)
which is well defined since z is outside the support interval of d\. Thus,
(t — 2)7n(t) = mpa1(t) — rpma(t). (2.4.8)

To obtain the connection between the new recurrence coefficients &y, Bk for
{#n} and the old ones, ai, Bi for {m,}, we write (t — 2)t7(t) in two different
ways. First, we use the three-term recurrence relation for 7, in (2.4.8) to write

(t — z)tfrk(t) = tﬁk+1(t) — Tk tﬂk(t)
= T2 (t) + g1 a1 (8) + Brr1mr(t) — 7r[Thg1 (8) + o (t) + Brmr—1(t)]

(
= Trt2(t) + (1 — 1) Tht1 (8) + (Bog1 — recu)me(t) — riBrmr—1(t),
(2.4.9)
and then use the three-term recurrence relation for 7y in combination with (2.4.8)
to write

(t = 2)tAR(t) = (t — 2)[Frsa (8) + Gnn(t) + Brrn1 (1)
ka2 () = o1 Mgt (8) + Gk [Trp1 (8) — i ()] + Bilm(t) — ri—1mr—1(t)]

= Thp2(t) + (G — 1) T () + (B — ru) T (t) — 11 Brmi—1 (2).
(2.4.10)
Comparing the coefficients in these two identities then yields

Ok — Tkl = Qg1 — Tk,
Br — TGOk = Br1 — TR,

Tk—18k = 7.5k,
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and thus, from the first and third relations,

Qfp = Qpy1 +Thp1 — Tk, k>0,
Br = 1k0k/Tk—1, k>1.

The middle relation is automatically satisfied, as can be verified by expressing
0Br and &y in terms of B and ay, and using the relation

Thil = 2 — Qht1 — Brt1/Ths (2.4.11)

which follows from the recurrence relation for {7 }. The constant fo, in line with
our convention (1.3.6), should be defined by

/ dA() = /(t ) dA() = /(t g+ ag — 2) dA®t)
R R R
= / w1 (t) dA(t) + (oo — z)/d)\(t),
R R
hence, since the first integral on the right vanishes by orthogonality,

Bo = (ao — 2)fo.

We thus arrive at the following algorithm.
Algorithm 2.5 (Modification by a linear factor)

Initialization:
ro = 2 — (o, T1:ZA—C¥1—,61/T0, (2412)
&o=o1+r1—r0, Po=—"100o. o
Continuation (if n > 1): for k=1,2,...,n—1do
Thl = 2 — Qg1 — Bet1/Th,
Ok = Qpq1 + Thyl — Tk, (2.4.13)

Br = Brre/rh—1.

Note that the algorithm requires a,, G, in addition to the ay, By for k < n —1.
Algorithm 2.5 is implemented in the OPQ routine chril.m.
2.4.3 Quadratic factors

The modified measure to be considered here is

dA(t) = (t — 2)(t —2) dA(t) = ((t — 2)* + y?) dA(2), (2.4.14)

where z =z + iy, x € R, y > 0. We are now in the case m = 0, £ = 2 of (2.4.3),
where u; = z and us = Z, and consequently
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An elementary computation will show that
(t—2)(t — 2)7n(t) = Tnta + SnTnt1 + tnmn(t), (2.4.15)

where

r
n+1 / n+1 2
Sn = — <n+1+ 7 Tn)? tn = Y |70 ]

n n
Here, the notation
=Rer,(2), rl =Imr,(2), |[ra?> = |ra(2)]?, n=0,1,2,...,
is used, where r,(z) continues to be the quantity defined in (2.4.7). To the iden-
tity (2.4.15) we now apply the same procedure that was used in (2.4.8)—(2.4.10),
expanding (t — z)(t — Z) -t (¢) in two different ways into a linear combination
of the five orthogonal polynomials 743, Tg42, ..., Tx—1. Comparison of the re-

spective coefficients yields five equations relating the new recurrence coefficients
to the old ones. The first and last of these equations are, respectively,

Sk+1 + G = Sk + g2, k>0,

tho1 Ok = tiB, k> 1.

For 3y, we have

Bo = /R ((t—2)* +y°) dA(t) = /R ((t = a0+ ap — 2)* +57) dA(?)
— /]R ((t—a0)? + (ao — 2)? + y%) dA(D),

where [o(t — ag d)\(t fR m1(t) dA(t) = 0 has been used in the last equality.
Furthermore (cf. (1.3.7

/R (t — a0)? dA(E) = [m | = Bofir.

so that
Bo = Bo(B1 + (a0 — ) +92).

Making use of (2.4.11) again, we are led to the following algorithm.
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Algorithm 2.6 (Modification by a quadratic factor)

Initialization:
ro=2z—Qp, T1L=2—0] *51/7’07 Tg =2 — Q2 *52/"%
1 /!
7 r
~ / 2 7 / 1 7
Oco=0z2+7“2+ﬁ7“1—<7“1+ﬁ7"o)’ (2.4.16)
1 0

Bo = Bo(B1 + |ro]?).

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

Thi2 = 2 — Qg2 — Brg2/Tht1,

" "
T T

N / k+2 7 / k+1 7

Qap = gy + Tht2 + 7 Thk4+1 — (Tk+1 + — Tk), (2417)
Th+1 Tk

Pt 2
B — 3 k41" k—1 Tk
k= ki[r,,]Q r
k k—1

Here, we need ay, By for k < n + 1. Algorithm 2.6 is implemented in the 0PQ
routine chri2.m.

In the special case where d\ is a symmetric measure (hence ay, = 0 for all k)
and x = 0, that is, for

dA(t) = (2 +y?)dA(t), dA symmetric,

Algorithm 2.6 simplifies since all 7, are purely imaginary.

Algorithm 2.7 (Modification by a simplified symmetric quadratic factor)
Inatialization:

o=y, =y+p/y, 15 =y+B/r],

; (2.4.18)
a0 =0, fo=Po(BL+y%).
Continuation (if n > 1): for k=1,2,...,n—1do
Ters =Y F Bz T, (2.4.19)

Gr =0, [Br=/Prry/Th_1-

Algorithm 2.7 is implemented in the 0PQ routine chri3.m. Algorithms 2.6 and
2.7 both appear to be numerically stable.
Another quadratic factor of interest is

dA\(t) = (t —2)?d\(t), = €R, (2.4.20)

which still produces a nonnegative definite measure d but one that will vanish
inside the support [a, b] of dX if  is in (a,b). In this case, one could be tempted
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to apply the algorithm for linear factors twice in succession, with the same value
of z. But that could be risky since the underlying assumption m,(z;d\) # 0,
all n, may no longer be true. It is possible, however, to solve the problem by
techniques of numerical linear algebra (cf. Gautschi (2002, §3.3)): apply one
step of the QR algorithm with shift x to the Jacobi matriz J,12(d\) of order
n+ 2 (cf. (1.3.15)) and discard the last two rows and columns of the resulting
matrixz to obtain J,, (dj\) This is implemented in the OPQ routine chri7.m.

2.4.4 Linear divisors
Let
dA(t) = —(z’ z € C\[a, ], (2.4.21)

where [a, b] is the support interval of d\. We are in the case { =0, m =1, v1 = 2
of Theorem 2.52, and therefore, letting 7, () = m,(-;d\),

Tn—1(t) T (t)
pn—1(2) pn(2)
—7pn,1(z)

pn<z)

Fu(t) = Pt (2)

= m(t) — Tn-1(t), n>1.

In analogy to (2.4.7), we now redefine r,, to be

_ pn+1(z)

, n=-1,0,1,2,...; p_1(z)=1, (2.4.22)
pn(2)

Tn = rn(2)

where the last relation is consistent with (2.3.3). Thus,
Tn(t) = mn(t) — rno1mn_1(t), n=1,2,.... (2.4.23)

Expressing ¢ (t), as in §2.4.2-2.4.3, in two different ways as a linear combination
of k41, Tk, Tk—1, and m,_o, and comparing coefficients, yields for k > 2

Qp = o+ 71— TE-1, (2.4.24)

Br = Br—1Tk—1/Tk—2-

The same argument confirms the validity of the first relation in (2.4.24) for k = 1,
and for k = 0 it gives
6[0 = g + 7o

For Bl, however, the procedure yields
B1 = 1+ ro(é1 — ap).
From the discussion in §2.3.1, we recall that

pr+1(2) = (2 — i) pi(2) = Brpr—1(2), k=0,1,2,...,
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hence
TE=2—Qp — re—1, k=0,1,2...,
g b= Bu/re-1 (2.4.25)
r—1 = po(z).

In particular,
ro=2—a9— fo/po, T1=2—a1—[Pi/ro.

Inserting the second relation in
p1 = B1+rolar +r1 — 10 — ),

and then making use of the first, yields [31 = Boro/po, which is the second relation
in (2.4.24) for k = 1. Finally, by convention,

b= [ @i = [ P = e

In summary, then, we have the following algorithm.

Algorithm 2.8 (Modification by a linear divisor)
Initialization:

&o = ap + 1o, Bo = —po(2). (2.4.26)

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

Qp = ap + 1 — k-1, (2.4.27)

Br = Br—1Tk—1/Tk—2.

In contrast to Algorithm 2.5, no coefficients ay, O beyond & < n—1 are needed,
in fact not even G, _1.

It remains to discuss the computation of the quantities rj in Algorithm 2.8.
Since they are ratios pg41/px of the minimal solution {py } of the basic three-term
recurrence relation (cf. Theorem 1.43), they can be computed by the continued
fraction algorithm of §2.3.2. As a matter of fact, they are simply the limits, as
v — o0, of the quantities TLU] in (2.3.14) and are furnished in one of the output
arrays of the routine cauchy.m. Moreover, pg = r_; is also produced by the
continued fraction algorithm.

As z approaches the support interval [a, b], minimality of {px} weakens, and
convergence of the continued fraction algorithm slows down. For z very close to
the support interval and n not too large, on the other hand, we can safely generate
the r by forward recursion as in (2.4.25). This, however, requires knowledge of
po(2). The routine chri4.m, which implements Algorithm 2.8, provides both
options: with input parameter iopt=1 it uses the continued fraction algorithm,
otherwise forward recursion.
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2.4.5 Quadratic divisors
‘We now consider

A Y0 R V0
AUl v v Sl P R

z=xz+1iy, z€R, y>0. (2.4.28)
We begin by observing that

/td)\(t)/|t _

Qg = R =T+

Yr——+>
[ axoie-=p Im po(2)
R

where po(z) is the Cauchy integral (2.4.4) for k = 0. We are in the case ¢ = 0,
m = 2 of the generalized Christoffel theorems (2.4.3) and (2.4.5), which give, for
Tn() = mn(-;dA),

Re po(2) Bo = _élmpo(z)»

ﬂn_g((t)) 7Tn_1((t)) ﬂn((t) (1) ﬂo((t)) ﬂl((t))

Pn—2\%) Pn—1(2) Pn(Z polz) p1(z

o | Pn=2(Z) pn—1(Z) pu(Z) 1 po(Z) pi(Z)

Tn(t) = 2 o] n>2;  (t) e (2.4.29)
n—2 n—1(% 02z
Pn—2(Z) pn-1(%) '1,00(5)

We continue to use the notation
ra(2) =1 ity () = Py +iplts Ira(2)2 = Iral?s lon(2)? = |pal®
Lemma 2.54 There holds
Tn(t) = mn(t) + spmn_1(t) + tnmn_2(t), n>1, (2.4.30)

where

/1 /!

, The1 Tn—1 2

Sp = — (rnl + 7/—7",”,2 , n Z 1, tn = 7,— |rn72| , T 2 27 (2431)
Tn—2 Tpn—2

and T, is given by (2.4.22).
Proof Let first n > 2. Then, by the first of (2.4.29),

Pr—2(2)pn(Z) — pn—2(Z)pn(2)
Pn—2(2)pn-1(Z) — pn—2(Z)pn-1(2) .

Sp = —

Dividing the numerator and the denominator by p,—2(z)pn—2(Z) yields

Tn—1(2)rn—2(2) = rpn_1(Z)rn—2(%) _ _Im [rn—1(2)rn—2(2)]
Tn—2(2) = Tn—2(%) Imr, o(z)

Sp = — )
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from which the first relation in (2.4.31) follows for n > 2. Similarly,

Pn=1(2)pn(Z) — pn—1(Z)pn(2)
(Z)pn 1(2) Pn— 2(Z)pn 1( )

—1(2) = rp— 1(2 Imr,_1(z)
) —

) o 2() jIrn-ale)

which is the second relation in (2.4.31).
It remains to prove the assertion for s;. Here, we use the second formula in
(2.4.29),

tn*

rn—2(2) |2 |2

)

Im7r,_o(z

71(t) = m1(t) + s17o(t),

and find
o= P =pi(E) _ ro(2)po(z) —10(Z)po(z) | Imro(z)po(2)]
' po(z) = po(Z) po(z) = po(Z) Im po(2)
which is (2.4.31) for n = 1, recalling that r_1(z) = po (). O

We now use the procedure, already applied repeatedly in §2.4.2-2.4.4, of
expressing t7;(¢t) in two different ways as linear combinations of the original
polynomials mj41, 7k, ..., and comparing the corresponding coeflicients. With
7 given in (2.4.30) and (2.4.31), this results in

Gp =, — Skt1 + Sk, Ok = Breatr/tiy  for k>3,

Qo = g — 83 + So, B2252+82(a1—d2)—t3+t2 for k =2,

and
d1:a1—52+51, 51:51+51(a07@1)7t2 for kK = 1.

We have obtained the following algorithm.

Algorithm 2.9 (Modification by a quadratic divisor)
Initialization:

&o =+ phy/p,  Bo=—rl/y,
&1 = ay — S9 + 81, Bl =0+ 51(a0 — dl) — ta, (2432)
Go =g — 83+ 82, 2= P2+ sa(ar — Ga) — t3 + ta.

Continuation (if n > 3): for k=3,4,...,n—1do

Gp =k — Skt + 5k, Bk = Bra ti/th-1, (2.4.33)

where the s, and t,, are as defined in (2.4.31).
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Algorithm 2.9 is implemented in the 0PQ routine chrib5.m. Like the routine
chri4.m, it provides for two options, as explained in the last paragraph of §2.4.4.
Substantial simplifications occur if dX is symmetric and = = 0, that is, in the

case d)\(t)
aA(e) = 20
=30

Then, aj = & = 0 for all k, and Algorithm 2.9 becomes

d\ symmetric, y > 0.

Algorithm 2.10 (Modification by a simplified symmetric quadratic divisor)
Initialization:

dO = Oa BO = _p{)//ya
& =0, p1=p01—to, (2.4.34)
b =0, 32:52*t3+t2~

Continuation (if n > 3): for k=3,4,...,n—1do

ar =0, B =Bratr/te1, (2.4.35)

where the t,, are as defined in (2.4.81).
Algorithm 2.10 is implemented in the OPQ routine chri6.m.

In quadrature problems that involve a pair of poles located symmetrically
with respect to the origin just barely outside the (symmetric) interval [a, b] of
integration (cf. §3.1.4), modification by a special quadratic divisor,

x € R\[a, b], (2.4.36)

is of interest. This can be treated exactly as before by replacing z by = and z by
—z. It is convenient to write

pn(x) = pf, pu(—x) =p, and r,(x) =7}, ro(-2)=r,.
A simple computation then shows that

+ -
~ _ _Pg T po N SRS
Qo xpa._pgv ﬁo 2 (pO pO)?

and Lemma 2.54 becomes
Lemma 2.55 For #t,(-) = m,(-:d\), with dX given by (2.4.36), there holds

Fn(t) = Tn + SnTn—1 + tnmn_2(t), n>1, (2.4.37)
where
- +
= :Tl T =T
Sp = — "1*2 — "’1’2 , n>1; t,= %, n > 2. (2.4.38)
thfz Th_2 thfz Tr_2
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The rest of the argument remains unchanged and gives rise to the following
algorithm.

Algorithm 2.11 (Modification by the special quadratic divisor in (2.4.36))

Initialization:
5 Po +Po 3 Lo
Qo = =, Bo=—=(ps —po)
P(—;r Po 2w 5139
G =a1—s2+s1, [1 =01+ s1(ap— 1) —tg, (2.4.39)
Go = ag — 83+ 59, 2= P2+ sa(a1 — Go) — t3 + ta.
Continuation (if n > 3): for k=3,4,...,n—1do
Gp = — Sk + 56, Be = Brati/te1, (2.4.40)

where the s, and t,, are as defined in (2.4.38).

Algorithm 2.11 is implemented in the OPQ routine chri8.m with two options
analogous to those in chri4.m and chri5.m. Note that dA in (2.4.36) is negative
definite.

2.4.6 FEzamples

The first example is to show an application of the modification algorithm for
the special quadratic factor (t — z)? (cf. the last paragraph of §2.4.3). The next
example applies Algorithm 2.8 (just the initialization part) to compute the com-
plex exponential integral. The two examples that follow illustrate the superiority
in efficiency of Algorithms 2.8 and 2.9 over the modified Chebyshev algorithm
as used in Example 2.49. For zeros close to the support of d), the respective
modified measures d\ and corresponding recurrence coefficients have applica-
tions to Gaussian quadrature of functions having poles close to the interval of
integration. An illustration of this is given in the remaining two examples.
Example 2.56 Induced orthogonal polynomials.

Given an orthogonal polynomial 7,,(-;dA) of fixed degree m > 1, the se-
quence of induced orthogonal polynomials g m (- ) = m(-;m2,dN), k = 1, 2,...,
has been introduced by Gautschi and Li (1993). Their measure

ﬁ t—2,)? dA(t), (2.4.41)

where z, are the zeros of m,,, modifies the given measure d\ by a product
of quadratic factors of the type (2.4.20), so that the routine chri7.m can be
applied m times in succession to compute the n coefficients &y, ,, = ak(dS\m),
Bk,m = 6k(d5\m), k=0,1,...,n— 1, from the n + m coefficients ax = ag(d\),
Bk = Br(dA), k = 0,1,...,n — 1 4+ m. This is implemented in the 0PQ routine
indop.m. Selected results for the Legendre measure d\ = dt on [—1, 1], for which
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Table 2.22 Induced Legendre polynomials.

k Br,0 Br,2 Br.6 B, 11

0 2.0000000000 O.1777777778 0.0007380787 0.0000007329
1 0.3333333333 0.5238095238 0.5030303030 0.5009523810
6 0.2517482517 0.1650550769 0.2947959861 0.2509913424
12 0.2504347826 0.2467060415 0.2521022519 0.1111727541
19 0.2501732502 0.2214990335 0.2274818789 0.2509466619

Gy,m = 0, are shown in Table 2.22; see the routine Table2_22.m. The procedure
was found to be remarkably stable, not only for the Legendre measure, but also
for other classical measures, and for n and m as large as 320 (see Gautschi (1994,
Tables X and XI)).

Example 2.57 Complex exponential integral
Let z € C be in the complex plane cut along the negative real axis. The ex-
ponential integral E7(z) can be expressed in the form (Abramowitz and Stegun,

1992, eqn 5.1.28)
[e¢] e—t
e’ F1(z) :/ dt,

which is simply the Cauchy integral —po(—z;e~! dt) for the Laguerre measure. It
thus suffices to compute —r_;(z) by the first half of the continued fraction algo-
rithm (2.3.14). The results for z = re'?, r = £,1,2,5 and ¢ = 0,7/4,7/2, 37 /4
are shown in Table 2.23 along with the index v that yields convergence for the

Table 2.23 Complex exponential integral.

r ® real(Fy(re'?))  imag(Ei(rel¥)) v
0.5 0.0000 0.559773594774 0.000000000000 104
0.7854  0.465188800576 —0.489467676815 119
1.5708 0.177784078811 —1.077688908750 193
2.3562 —0.232023710149 -1.935271237334 606
1.0 0.0000 0.219383934395 0.000000000000 58
0.7854  0.099862719160 —0.289974554119 66
1.5708 —0.337403922900 —0.624713256429 105
2.3562 —1.233466915671 —-1.361233788765 320
2.0 0.0000 0.048900510708 0.000000000000 33
0.7854 —-0.039584645207 —-0.082292060497 37
1.5708 —0.422980828775 0.034616650007 57
2.3562 —2.169393589174 0.317338393619 166
5.0 0.0000 0.001148295591 0.000000000000 17
0.7854 -0.002413269237 0.004504243431 19
1.5708 0.190029749657 —0.020865081850 26
2.3562  6.311949478582  4.228204825282 66




MODIFICATION ALGORITHMS 135

given error tolerance % x 10712, (To get an accurate reading on the index v,

the routine cauchy.m has been altered by letting v increase in steps of 1 rather
than 5.) It can be seen that, as expected, the algorithm has to work harder as z
approaches the cut, but less if |z| is large. See the OPQ routine Table2 23.m used
to produce Table 2.23.

Example 2.58 Modified Chebyshev algorithm vs modification algorithm in the
case of linear divisors.

The routines gchril.m and chri4.m were run with n =40 and eps0=100x
eps for Jacobi measures dA(®?) with parameters o, § = —0.8(0.4)0.8, 8 > «; see
the OPQ routine Table2_24.m. Since the results do not differ greatly for different
values of the parameters a and (3, we show in Table 2.24 only the results for
a = [ = 0. In addition to the zero x of the divisor ¢ — x, Table 2.24 shows

Table 2.24 The performance of gchril.m and
chrid.m in the case of the Legendre measure.

T vw v vy vV discr & discr B
—-1.001 431 436 392 397 5.00(-16) 8.88(-16)
-1.010 191 196 152 157 2.22(-16) 4.44(-16)
-1.040 135 140 96 101 1.67(-16) 4.44(-16)
-1.070 122 127 83 88 1.67(-16) 4.44(-16)
-1.100 115 120 76 81 1.11(-16) 4.44(-16)

the estimated values vy (provided by the routine nuOjac.m) in gchril.m and
chri4.m and the respective observed values of v that yield convergence of the
continued fraction algorithm (2.3.14) used in the two routines. This is followed
by the maximum absolute resp. relative discrepancy between the coefficients dy,
and Bk produced by the two routines, the maximum being taken over all £ with
0 < k < 39. Both routines gchril.m and chri4.m produce essentially identical
results, but the latter is about five times faster.

Similar phenomena occur in division by a quadratic divisor. This is illustrated
in the next example, which uses the routines gchri2.m and chri5.m.

Example 2.59 Modified Chebyshev algorithm vs modification algorithm in the
case of quadratic divisors.

Here, we use division by (t—x)?+y?, where z = z+iy is taken along the upper
half of the ellipse &, for selected values of p. (For the definition of £,, see (2.3.27).)
These ellipses are contours of constant vy for Jacobi measures. Information is
generated similar to the one in Example 2.58, except that all quantities are
averaged over 19 points on £, corresponding to ¥ = j7/20, j =1,2,...,19. The
results for the Legendre measure are again typical and are shown in Table 2.25
(bars indicate averaging). Both routines gchri2.m and chri5.m again produce
essentially identical results, but the latter is now about five-and-a-half times as
fast as the former. See the OPQ routine Table2_25.m.
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Table 2.25 The performance of gchri2.m and
chrib5.m in the case of the Legendre measure.

p vy T vy v disca  disaf
1.0500 402 411 363 372 6.18(-15) 1.32(-
1.1625 184 192 145 153 1.70(-15
1.2750 144 152 105 113 6.25(-16
1.3875 127 135 88 96 4.40(-16
1.5000 118 125 79 86 2.31(-16

Example 2.60 Gauss quadrature of the integral

[eS) —¢2
F(x,y):/ e*””tcostthr—yZdt, y>0. (2.4.42)

Here, d\ is the Hermite measure dA(t) = e~t"dt on R, and the objective is to
compute the recurrence coefficients 3, = 8 (dA), where dA(t) = dA(t)/(t2 + 32).
(By symmetry, dp = o (dj\) = 0 for all k.) Once these coefficients are at hand,
we can generate Gauss quadrature rules for d\ by the method of §3.1.1 and apply
them to the function f(¢) = e ®'cost. To generate the (), we use the routine
chri6.m with iopt=2 (if y is small) and

" OO eitz dt y? £
o y[mt2+y2 me¥ erfcy

(cf. Abramowitz and Stegun (1992, eqn 7.4.11)). Since F(x,y) is an even function
in both x and y, it suffices to consider positive values of x and y. Results,
produced by the OPQ routine Table2 26.m, are shown in Table 2.26 for y =
0.1,0.01, and 0.001, and selected values of x. The upper number in each entry
represents the relative error of the n-point Gauss formula relative to d\ applied
to f(t) = e "' cost, while the lower number is the relative error of the n-point
Gauss—Hermite formula applied to f(t) = e"** cost/(t* + y?). The last column
shows “exact” values, which, in the absence of explicit (or even approximate
analytic) results, were taken to be the values to which our Gauss formula for dA
were observed to converge in quadruple-precision arithmetic. We used Maple to
compute p(; to the same precision. (The procedure in chri6.m with iopt=1 does
not converge for such small values of y.)

The superiority of the specially constructed Gauss formula over the classical
Gauss—Hermite formula is impressive, although the latter does fairly well when
|| is large.

Example 2.61 The integral
oo e_t2
G = Jo(at) ——————dt
(Iayaa) /_OO O(a)(t—$)2+y2 )

where Jy is the Bessel function of order zero.
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Table 2.26 Gauss quadrature for the integral in (2.4.42).

y a\n 5 10 20 40 80 “exact”
1 1.0 13(07) L7( 1) 2.80191134379003(1)
2.4(+00) 6.5(-01) 4.9(-01) 3.2(-01) 1.7(-01)
2.0 | 2.3(-05) 2.1(-10) 9.5(-16) 2.98880485427655(1)
2.2(+00) 6.0(-01) 4.5(-01) 3.0(-01) 1.5(-01)
5.0 | 2.9(+00) 9.2(-03) 5.6(-09) 2.7(-14) -2.32413409260872(1)
4.1(+00) 6.9(-01) 5.2(-01) 3.4(-01) 1.8(-01)
10.0 | 1.0(+00) 1.9(+00) 1.4(+00) 3.1(-08) 2.4(-13) | 3.12274649146902(8)
1.0(+00) 2.7(+00) 8.5(-01) 8.7(-09) 8.1(09)
01 1.0 | 1.2(-08) 2.4(-15) 3.10499175120235(2)
2.9(+01) 9.7(-01) 9.5(-01) 9.2(-01) 8.8(-01)
2.0 | 2.3(-06) 2.1(-11) 0.0(+-00) 3.12740540639842(2)
2.9(+01) 9.6(-01) 9.4(-01) 9.1(-01) 8.8(-01)
5.0 | 2.6(-01) 8.2(-04) 5.0(-10) 6.1(-15) 2.62420881105967(2)
3.5(+01) 1.1(+00) 1.1(+00) 1.1(+00) 1.0(+00)
10.0 | 1.0(+00) 1.9(+00) 1.4(+00) 3.2(-08) 8.8(-15) | 3.11965015566419(8)
1.0(+00) 2.7(+00) 8.5(-01) 9.1(-07) 8.8(-07)
001 1.0 | 1.2(-09) 2.9(-16) 3.13790449274505(3)
3.0(+02) 1.0(+00) 9.9(-01) 9.9(-01) 9.9(-01)
2.0 | 2.3(-07) 2.1(-12) 4.3(-16) 3.14018771045802(3)
3.0(+02) 1.0(+00) 9.9(-01) 9.9(-01) 9.9(-01)
5.0 | 2.2(-02) 7.0(-05) 4.3(-11) 2.9(-16) 3.09017266953282(3)
3.0(+02) 1.0(+00) 1.0(+00) 1.0(+00) 1.0(+00)
10.0 | 1.0(+00) 1.9(+00) 1.4(+00) 3.2(-08) 5.0(-14) | 3.11964740917142(8)
1.0(+00) 2.7(+00) 8.5(-01) 1.0(-05) 9.9(-06)

When z = x + iy is not too close to the real axis, we can use the routine

chri5.m (with iopt=1) to first generate the three-term recurrence coeflicients
of the modified Hermite measure dA(t) = e=*" /((t — )2 + y2) from the known
Hermite recurrence coefficients, and then generate the respective Gauss quadra-
ture rules to evaluate G. For the purpose of illustration, we take z = 2, y = 1,
a = 7.5, and set the error tolerance at epst% x 1078, The point z = 2 + i
is sufficiently close to the real axis to require a relatively large value of v in
the continued fraction algorithm (2.3.14), for example, v = 186 if n = 40. On
the other hand, these special Gauss quadrature approximations to G converge
considerably faster than, for example, classical Gauss-Hermite quadrature; see
Table 2.27, produced by the 0PQ routine Table2 27 .m.

More spectacular improvements can be had if z = x + iy is very close to the
real axis so that forward recursion is an option. We illustrate this for x = 0,
y > 0, and the same value ¢ = 7.5, noting from Example 2.60 that pj = 0,
o0 = —ﬂey2erfcy in this case. Results for y = 0.1 are shown in Table 2.28
calculated by chri6.m with option iopt=2; see the OPQ routine Table2_28.m.
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Table 2.27 n-point Gauss quadrature for

G(2,1,7.5).
n  Modified Hermite Hermite
5 -0.01... 0.2...
10 0.041... 0.01...
15 0.0546... 0.052. ..
20 0.053863... 0.0536. ..
25 0.05386989. .. 0.05382. ..

30 0.05386988457... 0.05385...
35 0.053869884583  0.053866. ..
40 0.053869884583  0.0538696. . .

Table 2.28 n-point Gauss quadrature for

G(0,.1,7.5).
n  Modified Hermite Hermite
5 22.7... 94.7. ..
10 19.7... -0.6...
15 19.966... 55.4. ..
20 19.96350. .. 4.1...
25 19.96352269. .. 42.8. ..

30 19.96352266624... 7.3...
35 19.963522666263  36.5...
40 19.963522666263  9.6...

The alternately large and small results for n odd resp. n even in the last column
of Table 2.28 are due to the presence of a zero node in the Gauss—Hermite
quadrature rule when n is odd, which causes the second factor in the integrand
of G to peak at the value 102.

2.5 Computing Sobolev orthogonal polynomials

The literature on Sobolev orthogonal polynomials (cf. Definition 1.58) is quite ex-
tensive, but attention has been directed largely to algebraic and analytic proper-
ties. Results of a numerical nature are practically nonexistent. An attempt, how-
ever, has been made to extend moment-based methods (§2.1) and discretization
methods (§2.2) to general orthogonal polynomials of Sobolev type; see Gautschi
and Zhang (1995). This requires a rather formidable technical apparatus, es-
pecially for moment-based methods, and we will therefore limit ourselves in the
following to describing the principal ideas underlying the computational proce-
dures, just enough for the reader to be able to make intelligent use of the Matlab
routines that implement these procedures.

We recall from §1.7 that Sobolev inner products involve derivatives and are
of the form

(u,v)s = (u,v)ar, + (W, 0 )an, + -4+ @, 0 an,, s>1, (2.5.1)
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where d)\, are positive measures. (For notations, see §1.1.1.) Sobolev polynomials
mr(+) = mk(-;S) are orthogonal with respect to this inner product (cf. Definition
1.58). The objective is to compute the upper Hessenberg matrix of order n,

00 8L 83 - Bhd BTy ]
1 S i Z:% Z:%
0 1 ﬂ n: TL:
Hn: - .O n—4 n—3 : (252)
0 0 0 --- gy 2 ppt
0 0 0 - 1 o

the entries ﬂf of which allow us to express, and thus to compute, the (monic)
Sobolev orthogonal polynomial of degree k + 1 in terms of those of lower degree,

k
T () = tme(t) = > Bfme_j(t), k=0,1,2,...,n—1. (2.5.3)
j=0
In possession of the matrix H,,, we will also have access to the zeros 7,72, ..., 7T,

of m,(-;5), these being the eigenvalues of H,, (see Theorem 1.65).

2.5.1 Algorithm based on moment information

Having to deal with s 4+ 1 different measures d\,, c = 0,1,...,s, we introduce
s+ 1 sets of modified moments in accordance with (2.1.23),

mff):/pk(t)d)\g(t), k=0,1,2,..., 0=0,1,...,s. (2.5.4)
R

For simplicity, we use the same sequence of polynomials p; for each measure d\,
and assume, as in Example 2.8, that they are orthogonal with respect to some
measure df, hence satisfy a three-term recurrence relation

prer1(t) = (t — ap)pr(t) — bepe—1(t), k=0,1,2,...,
p-1(t) =0, po(t)=1.

An algorithm can then be developed (Gautschi and Zhang, 1995, §2), resembling
the modified Chebyshev algorithm of §2.1.7, that takes as input the first 2n
coefficients ay, by, 0 < k < 2n — 1, of (2.5.5), the modified moments m}(€0)7
0<k<2n—1,andm\”, 0<k<2n—2 (ifn>2),1<0<s, of (2.5.4), and
computes from them the matriz H,, in (2.5.2). The complexity of the algorithm
is O(n?), which is one order higher than the one for the modified Chebyshev
algorithm for ordinary orthogonal polynomials.

As in the modifed Chebyshev algorithm, important ingredients of the algo-
rithm are the “mixed moments” oy = (mk, pe)s, now relative to the Sobolev in-
ner product (2.5.1). These, in turn, require for their computation “mixed deriva-

tive moments” ;L,(:’ej)a = (W](ci),péj))d)\d, oc=12,...,s 1,7 < o, relative to the

(2.5.5)
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individual inner products involving derivatives in (2.5.1). Accordingly, there will
be a tableau containing the mixed moments oy much like the tableau in Fig. 2.1,
and for each i, j, and o, another auxiliary tableau containing the mixed derivative
moments. Both have the trapezoidal shape of Fig. 2.1, but the latter with height
n — 2 instead of n — 1. Each quantity in these tableaux is computed recursively
in terms of the three nearest quantities on the next lower level, and in terms of
all quantities vertically below. The initialization of these tableaux engages the

modified moments (2.5.4), since ooy = méo) and uéoeog = mé ), o > 1, but the
(¢ »J)

complete initialization of all the quantities Koo i a rather involved process.
Once the tableau for the oy has been Computed one obtains first

0 001
0= 2L 4 q, (2.5.6)
000
and then, successively, for k=1,2,...,n—1,
Ok,k+1 Ok—1,k
ﬁ(l)C = + + ap — )
Okk Ok—1,k—1
o o; o = o
j k1 k—1 i—1,k ok
By = 2 ba T bt S SR T
933 UJJ 9jj Ti-lji-1 o ou (2.5.7)

j=k-1,k—2,...,1 (ifk>2),

k 00,k+1 00k UOk 1 Y Uek
Br = =" fap —— +b § B~
000 000

where a; and by, are the coefficients in (2.5.5).

The procedure is implemented for s = 1 in the OPQ routine chebyshev_sob.m.
It takes as input arguments, apart from the parameter n, the 2 x (2n) array mom
containing the first 2n modified moments mgf), k=0,1,...,2n—1,0=0,1, of
the two measures d)\g and dA1, and the (2n — 1) x 2 array abm of the first 2n — 1
coefficients ay, bx, K =0,1,...,2n — 2 in (2.5.5). A call to the routine thus has
the form

[B,normsq] = chebyshev_sob(n, mom, abm)

where the output argument B is the n X n upper triangular matrix of the coeffi-
cients ﬁk 0<j<k 0<k<n-—1,with ﬂk occupying the position (54 1,k+1)
in the matrix, and normsq is the n-vector of the squared norms |7y (-;S)|?,
k=0,1,...,n— 1. If the input argument abm is omitted, the routine assumes
abm=zeros (2*n-1,2), that is, ordinary moments.

A large class of Sobolev orthogonal polynomials, in particular those origi-
nally introduced in the early 1960s, correponds to the case s = 1 and depends
essentially on one measure only, by virtue of

dXo(t) = dA(t), dAi(t) =~vdA(®), > 0. (2.5.8)

In the limit as v | 0, one recovers the ordinary orthogonal polynomials.
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Example 2.62 The polynomials of Althammer.

These are the Sobolev orthogonal polynomials in the “Legendre case” of
(2.5.8), that is, dA(t) = dt on [—1,1], first studied by Althammer (1962). To
indicate their dependence on the parameter 7, we denote them here by m,(-) =
7n( ;7). As v | 0, they approach the Legendre polynomials, and as v — oo, up
to the factor 2 — 1, the (monic) Jacobi polynomials with parameters a = 3 = 1
(cf. Cohen (1975)),

m(tiy) — (2 = D) asy — 00, n>2. (2.5.9)
We illustrate this by computing the matrix B of order n = 21 for the Althammer
polynomials with parameter v = 100. We choose the (monic) Legendre poly-
nomials in the role of the py in (2.5.5), so that all modified moments are zero

80) = 2 and mgl) = 2. The following Matlab script accomplishes

except for m
the task:
n=21; g=100;
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) ;
Since the polynomials 73, on the right of (2.5.9) satisfy the recurrence relation
1 () = tmp(t) — ](Cl_’;)mc,l(t), where ﬂél’l),ﬂ?’l), ... are the recurrence co-
efficients of the Jacobi polynomials in question, one expects, for large -, that

Br ~ @97’12) and ﬁj’? ~ 0 for j > 2. This is confirmed in Table 2.29; see the OPQ
routine Table2 29.m.

Table 2.29 The behavior ofﬂjl-€ forlarge~y (=100).

k By maxo< i< |65 gy
5 .23813... 3.62(-5)  .23800...
10 .247680. .. 8.96(-7)  .247678...
15 .24904270...  1.80(-7)  .24904214...
20 .24948046...  6.34(-8)  .24948024...

2.5.2  Stieltjes-type algorithm

The idea, here, is to extend the Stieltjes procedure of §2.2.3.1 to Sobolev orthog-
onal polynomials, combining formula (1.7.5) of Theorem 1.63,
t =
ﬁf:M, j=0,1,...k k=0,1,....,n—1, (2.5.10)
(Tk—j> Tk—j)s
with the recurrence relation (2.5.3). Specifically, the inner products in both nu-
merator and denominator of (2.5.10) are evaluated by numerical quadrature.
Since they involve polynomials of degree at most 2n — 1, they can be com-
puted exactly by appropriate n-point Gauss quadrature rules. The polynomials
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themselves, and their derivatives, are computed recursively by (2.5.3) and its dif-
ferentiated version, employing coefficients ﬂj’? already computed. Thus, initially,
by (2.5.10) and the definition (2.5.1) of the Sobolev inner product,

Assuming ag(d)\g) to be known, we can use ) to compute 7 from (2.5.3).
With 7y and m; both at hand, formula (2.5.10) allows us to compute (3} and
B, which, in turn, can be used in (2.5.3) to compute 7. In this way, much like
in the Stieltjes procedure for ordinary orthogonal polynomials, we can continue,
using alternately (2.5.10) and (2.5.3), to successively generate 7y, and thus ﬂf,
0<j<k,uptok=n-—1.

The procedure is much simpler, conceptually, than the moment-based algo-
rithm of §2.5.1, but is considerably slower, being, in general, of complexity O(n?).
The procedure has been observed, however, to often provide better accuracy.

In the OPQ routine stieltjes_sob.m that implements this procedure for any
s > 1, it is assumed that each measure d\, consists of an absolutely continuous
part, dA\*, and a discrete part, dA%'s

Ao (1) = dX2(t) + dA(t), o =0,1,...,s, (2.5.11)

where one or the other could possibly be empty, and
dAdis(¢ Zy<0>5 —tlhat, ¥ >o, (2.5.12)

with () the delta function. The basic assumption in the design of the routine
stieltjes_sob.m is that for each measure d)\,, an n,-point quadrature rule

/ p(t) d)\a(t) = Z AS/U)p(TISU))7 pe ]P)Q(n—a)—lv c=0,1,...,s, (2513)
R

v=1

be available that integrates polynomials exactly up to degree 2(n— o) — 1. These
quadrature rules, in fact, constitute the principal information, apart from the
parameters n, s, and ag(dAg), which must be furnished as input to the routine.
This is done by means of two arrays, nd and xw. The first is a vector of dimension
s+1, having the number of points in the quadrature rules (2.5.13) as components,

nd = [ng,n1, ..., Nl

The other array, xw, is an array of dimension N x(2s+2), where N = maxo<s<s No,
and contains the nodes and weights of the quadrature rules,
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71(0) T1(1) Tl(s) )\50) )\51) )\gs)
(s)
0) T§1) Tés) )\50) )\51) )\gs)

O D L) 0 ()

>
V]

W = c RNX(28+2) .

In each column of xw the entries after ’7'7(;;) resp. )\g? (if any) are not used by the

routine. There is finally a logical input variable, same, which has to be set equal
tolifn0:n1:-~-:ns:Nand7',§0):ﬂgl): . (S)fory—12 N,
that is, if all quadrature rules have the same nodes. Otherw1se, same has to be
set equal to 0. 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

[B,normsq] = stieltjes_sob(n,s,nd, xw, a0, same)

with B and normsq having the same meaning as in the routine chebyshev_sob.m
of §2.5.1.

Here are three typical setups for handling measures like (2.5.11):

( ) Use an (n — o)-point Gauss rule relative to the measure dA2° to integrate
Jg p(t) X (t) and then add on the contribution [ p(t) dA$*(t) from the discrete
part of the measure. This will produce a quadrature rule (2.5.13) with n, =
n — o + 75, where the first n — ¢ terms come from the Gauss rule for dA2* and
the remaining terms from the discrete measure dAdis.

(2) Use an (n — o)-point Gauss rule for the entire measure d),. In this case,
Ng =N — 0.

(3) If all measures d\, are the same except for constant positive factors,
use the same n-point Gauss rule for all of them, multiplied by the appropriate
factors, either for the absolutely continuous part of the measure or for the entire
measure. In this case, n, = n + r resp. n, = n, where r is the common value of
the r,.

The third setup, for example, is one that is appropriate for the Althammer
polynomials of Example 2.62. This gives rise to the script althammer .m:

n=21; g=100; s=1; nd=[n n]; a0=0; same=1;
ab=r_jacobi(n); zw=gauss(n,ab);
xw=[zw(:,1) zw(:,1) zw(:,2) grzw(:,2)];
B=stieltjes_sob(n,s,nd,xw,a0,same);

The results produced are the same as those in Table 2.29.

2.5.3 Zeros

All the nice properties known for the zeros of ordinary orthogonal polynomials
(cf. §1.2.2) do not necessarily carry over to Sobolev orthogonal polynomials.
This is why much of the recent and current literature on Sobolev orthogonal
polynomials is devoted to a study of their zeros. In this regard, computational
methods are an important exploratory tool (see, e.g. Gautschi and Zhang (1995,
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§3.2-3.4)). According to Theorem 1.65, the zeros 11,79, ..., 7, of m,(-;S) can be
computed as the eigenvalues of the matrix H,, of (2.5.2). This is implemented
in the OPQ routine sobzeros.m, having the calling sequence

z = sobzeros(n, N, B)

where B is the matrix returned by chebyshev_sob.m or stieltjes_sob.m, and
z is the n-vector of the zeros of the Sobolev orthogonal polynomial of degree n,
1 < n < N. For large n, the eigenvalues of H,, are potentially ill-conditioned.
We illustrate the routine in two examples. The first, due to Meijer (1994), is
an example of Sobolev orthogonal polynomials that have only a few real zeros.

Example 2.63 The Sobolev inner product

1

(u,v)s = /3 u(t)v(t) dt+7/ o' ()0 (t) dt+/13 o () (t)dt, v >0. (2.5.14)

-1 -1

Meijer (1994) proved that for n (even) > 2 and « sufficiently large, the Sobolev
orthogonal polynomial 7, (-;S) has exactly two real zeros, one in [—3, —1], the
other in [1,3]. Likewise, if n (odd) > 3, there is exactly one real zero, located
in [1, 3], if v is sufficiently large. We can use our numerical methods to explore
what, concretely, “sufficiently large” means, and what happens when ~ is not
sufficiently large. We will do this for 2 < n < 6 with the help of the routines
stieltjes_sob.m and sobzeros.m. We have s = 1 and d)\¢(t) = dt on [-1, 3],
d\(t) = ~ydtift € [-1,1], and dA1(¢t) = dt if ¢t € (1, 3]. We then write

[rovae =2 [ peetnde [pnane = [ b o+ )i

-1

and apply n-point Gauss—Legendre quadrature to the integrals on the right-hand
sides. This requires nd = [n, 2n] and calls for an array xw of the form

—27'1G +1 7'1G 2/\? 'y/\?_

219 +1 18 20§ NG

W = € R2nx4
42 A
i TS 42 2G|
where ¢, A& are the nodes and weights of the Gauss-Legendre quadrature rule.

Furthermore, ag(d)\g) = 1, and same = 0. We are now ready to call the routine
stieltjes_sob.mto generate the matrix B and sobzeros.mto compute the zeros
of m,(+;S). This is done in the OPQ routine Example2 63.m, the core of which
looks as follows:
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N=6; s=1; a0=1; same=0; nd=[N 2xN];
for g=[43646.1 43646.2]
ab=r_jacobi(N); zw=gauss(N,ab);
xw=zeros (2*N,2*(s+1)) ;
xw(1:N,1)=2*zw(:,1)+1; xw(1:N,2)=zw(:,1);
xw(1:N,3)=2%zw(:,2); xw(l:N,4)=gxzw(:,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)
end
Experimenting with this routine for various values of n and ~, we were able to
obtain the more concrete information, displayed in Table 2.30, about the zeros of
the respective Sobolev polynomials. It can be seen that the distribution of zeros

Table 2.30 Zeros of the Sobolev polynomials orthogonal with
respect to the inner product in (2.5.14).

n 0% Real zeros
2 0<vy<10.333 2 real zeros

10.334 < v < 0 2 real zeros in [—3,—1] U [1, 3]
4 0<~<7.4773 4 real zeros

7.4774 < v < 61.745 2 real zeros

61.746 < v < 153.23 4 real zeros

153.24 < v < 0 2 real zeros in [—3,—1] U [1, 3]
6 0<~<45.011 6 real zeros

45.012 < v < 50.226 4 real zeros

50.227 < v < 41868.5 2 real zeros

41868.6 < v < 42155.5 4 real zeros

42155.6 < v < 43512.6 6 real zeros

43512.7 < v < 43646.1 4 real zeros

43646.2 < v < oo 2 real zeros in [—3,—1] U [1, 3]
3 0<y<21.461 3 real zeros

21.462 <y < 0 1 real zero in [1, 3]
5 0<~v<10.193 5 real zeros

10.194 < v < 1811.7 3 real zeros
1811.8 < v < 2153.6 5 real zeros
2153.7 <y < 21834 3 real zeros
2183.5 <y < o0 1 real zero in [1, 3]

is rather complicated for values of y before the theorem of Meijer takes hold.

In the next example, we will have occasion to combine the present routines
with earlier ones to explore the existence and location of complex zeros for certain
Sobolev orthogonal polynomials of Gegenbauer type.
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Example 2.64 The Sobolev inner product

(u,v)s :/ u(t)u(t)(1 —tQ)O‘_ldt—i—w/ oy (1) & —t2)*

. B 7ty dt, a>0.
(2.5.15)
Groenevelt (2002, Theorem 5.9) proved that in the case v — oo the Sobolev
orthogonal polynomials of even degree n > 4 have complex zeros if y < yo
and yo is sufficiently small. Could it be that this is also true for finite values
of v? We explore, and seem to confirm, this in the case v = 1 and a = %
and at the same time try to determine what “sufficiently small” means for
n = 4,6,...,12. To apply our routine sobzeros.m, we must first determine
the matrix B that goes with the inner product (2.5.15). We compute it with
stieltjes_sob.m, noting that d\o(t) = (1 — #?)* 1 dt is a Gegenbauer mea-
sure for which the Gauss quadrature rules are easily generated, while d\;(t) =
(1—t2)>dt/(t* +y?) calls for Algorithm 2.10 to obtain its recurrence coefficients
and hence the required Gauss quadrature rules. Either option in Algorithm 2.10
can be used, the one with iopt=1 being more computer intensive, but returns
more accurate answers. This is all put together in the routine Example2 64 .m,

the core of which has the following appearance:

N=12; s=1; same=0; eps0=1000%*eps; numax=1000; nd=[N N]:
alpha=.5;
for y=[.0914 .0913 .09 .07 .03]
abO=r_jacobi (numax,alpha) ;
z=complex(0,y);
nu0=nuljac(0,z,eps0);
iopt=1; rho0=0;
abl=chri6(N,ab0,y,eps0,nul,numax,rho0,iopt) ;
zwl=gauss(N,abl);
ab=r_jacobi(N,alpha-1); zw=gauss(N,ab);
xw=[zw(:,1) zwl(:,1) zw(:,2) zwl(:,2)];
a0=ab(1,1);
B=stieltjes_sob(N,s,nd,xw,a0,same) ;
z=sobzeros (N,N,B)
end

The routine is used to determine lower and upper bounds of yg forn = 4,6, ...,12.
These are shown in Table 2.31.

Njw

Similar results are observed for other values of «, for example, a = i, %, 1,
and 2. When complex zeros occur, they are purely imaginary.

)

2.5.4 Finite expansions in Sobolev orthogonal polynomials

In some applications, for example, least squares approximation (cf. §3.2.3), one
needs to evaluate finite sums in Sobolev orthogonal polynomials,
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Table 2.31 Complex zeros of the Sobolev polyno-
mials orthogonal with respect to the inner product

in (2.5.15).
n Lower bound of 59 Upper bound of y
4 0.2975 0.2976
6 0.2065 0.2066
8 0.1449 0.1450
10 0.1119 0.1120
12 0.0913 0.0914

r(t) = ¢;mi(t), (2.5.16)

=0

and, perhaps, some of their derivatives as well. Here, 7; satisfy the recurrence
relation (2.5.3), with coefficients BJ’? taken from the columns of the matrix H,,
of (2.5.2). An algorithm for doing this efficiently, which resembles Clenshaw’s
algorithm for ordinary orthogonal polynomials, can be developed as follows.

Suppose we want to evaluate r(t) and its first s derivatives. We write the
recurrence relation (2.5.3) for the Sobolev orthogonal polynomials, and the re-
currence relations obtained from it by repeated differentiation, in matrix form
as

L=(t) = p, (2.5.17)
where w = 7 (t) and p = p(t) are the (n 4+ 1) X (s + 1) matrices
) 0 0 --- 0 1 (79 O o --- 0
T 0o --- 0 0 mo o --- 0
my  wh, wy - 0 0 m 27 -+ 0
™=\, a w0 PT0 me 27l - swis__ll) '
1 Thy_q Th_q 77(1821 0 Tp_o 2, _o - swr(f:zl)
| T m, T ) | | 0 oy 27 -+ swfls:ll)
and ~ -
1 0 0 0 0
Bt 1 0 0 0
L Bt B - t 1 0 0
n—2 n—2 n—2
n—2 n—3 n—4 " 1 0
It Rt SRR e B
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We define the vector u = [ug, uy, ..., u,|T by
L'u=c, c"=]co,c1,...,cnl, (2.5.18)

which is equivalent to the relations

Up = Cn,
n—1—k
up = (t — 051 — Z By ukpog + ek, (2.5.19)
(=1
k=n—-—1,n-2,...,0.
Then,
m(t) = [r(t), 7' (t), ..., rY)] (2.5.20)

is the vector of the sum (2.5.16) and its first s derivatives. On the other hand,
by (2.5.17) and (2.5.18), since mp = 1,

c'm=c"L7p= (L") ')Tp=u"p

n—1 n—1 n—1
— . .9 . / . (s—1)
= |Uo, Uj+1T5, Uj41TG5 o5 S Uj+17T 5
J=0 Jj=1

j=s—1

(2.5.21)

Thus, r(t) = up can be computed by the algorithm (2.5.19). From (2.5.20) and
(2.5.21) it is seen that r/(¢) is also a sum of the type (2.5.16), with leading
coefficient equal to zero and the other coefficients c; replaced by ;1. Thus,
' (t) can be computed by the same algorithm (2.5.19) suitably modified. Now
that we have an algorithm for /(¢), we can use it, with appropriate modifications,
to compute the next component in (2.5.21), and so on. This is implemented for
the first two derivatives in the OPQ routine clenshaw_sob.m, which finds an
application in §3.2.3, Example 3.53.

2.6 Notes to Chapter 2

§2.1.2. The condition numbers of functions and maps, as defined in this section,
are widely adopted, explicitly or implicitly. See, for example, Gautschi (1984c),
(1997b, Chapter 1, §3). The idea of a mollified condition number, though natural,
appears to be new.

§2.1.3. The moment map G,, was introduced and studied as early as 1968 by
Gautschi (1968). It has been further studied, along with the maps K,, and H,,
in Gautschi (1982b).

§2.1.4. Theorem 2.11 is due to Gautschi (1968) (see also Gautschi (1982b,
§3.2)). Example 2.12, slightly sharpened, is taken from Gautschi (1968). Theorem
2.13 is similar to ideas expressed in Gautschi (1982b, p. 301). Examples 2.14-2.16
are new.
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§2.1.5. Theorem 2.17 is due to Gautschi (1982b, Theorem 3.1). So are the
discussions regarding the computation of the function g, (ibid., p.304).

§2.1.6. Theorem 2.22 and Examples 2.23-2.25 are due to Fischer (1996). The
results of this section are used in Beckermann and Bourreau (1998) to derive
upper and lower bounds for the condition number of K,,.

§2.1.7. Algorithm 2.1, in the form given, is due to Wheeler (1974), and in a
somewhat different form, to Sack and Donovan (1969), (1972). (Equation (3.4)
in Wheeler (1974) is misprinted: aj, by should read ay and b, respectively.)
The discretized version of the algorithm, described at the end of the section,
is suggested in Gautschi (1981b, §5.3). A generalization of the modified Cheby-
shev algorithm to indefinite inner products is discussed in Golub and Gutknecht
(1990) along with relevant matrix interpretations and an “inverse” Chebyshev
algorithm. Modified moments relative to polynomials pj satisfying an extended
(not necessarily three-term) recurrence relation and the required modifications
in the modified Chebyshev algorithm are considered in Gragg and Gutknecht
(1994).

An analog of the modified Chebyshev algorithm for Szegd polynomials, in-
cluding a study of the conditioning of the underlying map, is developed in Jagels
and Reichel (1993). For an extension of the modified Chebyshev algorithm to
matrix orthogonal polynomials, see Bourreau (2000).

§2.1.8.1. The original reference for Clenshaw’s algorithm is Clenshaw (1955).
The matrix interpretation of Algorithm 2.2 is taken from Deuflhard (1974). The
algorithm is applicable also to nonpolynomial functions satisfying a three-term
recurrence relation, but should be avoided for minimal solutions of such recur-
rence relations because of potentially large cancellation errors (Elliott, 1968). A
more stable algorithm, in this case, is proposed in Deuflhard (1977). For other
possible extensions, see Saffren and Ng (1971). There are Clenshaw-type algo-
rithms also for derivatives of finite orthogonal series; see Smith (1965), Cooper
(1967), and Hunter (1970). Error analyses of Clenshaw’s algorithm can be found
in Elliott (1968), Oliver (1977), Barrio (2002), and Smoktunowicz (2002), and
implementations on parallel computers in Barrio (2000).

A Clenshaw-type algorithm for Szegd polynomials is developed in Ammar
et al. (1993).

§2.1.8.2. An ingenious conversion algorithm, in part based on Clenshaw’s
algorithm, was already devised by Salzer (1973). Algorithm 2.4, proposed in
Laurie (1997, §3), simplifies Salzer’s algorithm at the expense of having to store
a matrix of mixed moments.

For an algorithm converting a linear combination of Szegé polynomials into
polynomial form, see Ammar et al. (1993).

§2.1.9. Example 2.26 was first considered, from the point of view of condition-
ing, in Gautschi (1982b, Example 4.1) and further discussed in Gautschi (1984c,
Example 5.1). Note, however, that cond G,,(m) in eqn (3.15) of Gautschi (1982b)
is defined somewhat differently than in (2.1.50), containing an extra factor. Ex-
ample 2.29 is also taken from Gautschi (1982b), and so is Example 2.27 for o = 0.
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The general case a > —1 is treated in Gautschi (1984c, Example 5.3); see also
Gautschi (1994, Example 3.2). Example 2.31 and the inadequacy of Hermite and
Laguerre modified moments is pointed out in Gautschi (1982b, Example 4.6) and
is further analyzed in Gautschi (1984c, Example 5.4). An important generaliza-
tion involves the Hermite measure on the interval [0,¢], 0 < ¢ < oo (cf. Example
1.11), which is discussed in Gautschi (1990, pp. 196-197) and Gautschi (1991b,
pp. 64—66). The latter reference, in particular, contains graphs of the polynomial
gn showing how instability develops as c is increased from ¢ = 0.5 to ¢ = 5. For
this, see also Gautschi (1996, p.86). For Hermite measures on finite intervals,
see also Chin (1992).

Other notable measures for which the modified Chebyshev algorithm fails
are singular measures supported on Cantor-like sets; see, in particular, Mantica
(1996), and also Mantica (2000).

§2.2.1. Theorem 2.32 and its Corollary are given in Gautschi (1968, §4); it
can also be obtained from a more general theorem of Kripke (1964) on best
approximation with respect to nearby norms.

§2.2.2. The idea of discretizing inner products and, in particular, to use the
Fejér quadrature rule for this purpose goes back to Gautschi (1968) and is fur-
ther developed in Gautschi (1982b). The procedure proposed for partitioning an
interval, and the related Examples 2.33 and 2.34, are new.

§2.2.3.1. The bootstrap procedure of generating the recurrence coefficients of
discrete orthogonal polynomials, attributed to Stieltjes, has been developed and
used independently by Forsythe (1957) in the context of data fitting. Example
2.35 is from Gautschi (1994, Example 4.1) and Example 2.36 from Gautschi
(1982b, Example 4.2).

§2.2.3.2. Example 2.37 is from Gautschi (1982b, Example 4.1). For a variant
and extension of the Gragg-Harrod algorithm, and comparison with Stieltjes’s
procedure, see Reichel (1993).

§2.2.4. Example 2.38 was first given in Gautschi (1982b, Example 4.9), follow-
ing a suggestion by M. Golomb. The multiple-component discretization method,
essentially as described in this subsection, was developed in Gautschi (1994,
§4.3), and in a more rudimentary form already in Gautschi (1982b, §2.2).

§2.2.5. Example 2.39 is from Gautschi (1994, Example 4.3), where the data on
errors have been replaced with comparisons between the Stieltjes and Lanczos
algorithms. The application to generalized Jacobi measures was mentioned in
Gautschi (1996, Example 6.2), but the numerical tests provided in Example
2.40 are new. Examples 2.41 and 2.44 are from Gautschi (1994, Examples 4.5
and 4.4), and Example 2.45 from Gautschi (1982b, Example 4.10), with the
numerical examples given being new. A (partly empirical) nonlinear recurrence
procedure for the recursion coeflicients of the generalized half-range Hermite
measure t%e~t dt on [0,00] (cf. Example 2.41) has been developed recently by
Ball (2003).

§2.2.6. The idea of using discretized modified moments in the modified Cheby-
shev algorithm was first advanced in Gautschi (1981b, §5.3). Example 2.46 is
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from Gautschi (1982b, Example 4.6).

§2.3.1. Minimality of the Cauchy integrals p,(z) has been noted in Gautschi
(1981a). The recursive computation of the integrals p,(x) is applied in Gautschi
(1981b, §3.2.3) to compute Cauchy principal value integrals.

§2.3.2. The computation of Cauchy integrals by the continued fraction algo-
rithm was proposed in Gautschi (1981a, §5). The algorithm itself, and underlying
theory, goes back to Gautschi (1967a, §3).

§2.3.3. The application of Cauchy integrals to Gauss quadrature remainders
and their estimates, given in Example 2.47, is the subject of Gautschi and Varga
(1983) and Gautschi, Tychopoulos, and Varga (1990). Further advances on this
topic can be found in Gautschi and Li (1990), Gautschi (1991d), Schira (1994),
(1996), (1997), Scherer and Schira (2000), Hunter and Nikolov (2000), and Milo-
vanovié¢ and Spalevié (2003). The procedure described in Example 2.49 is from
Gautschi (1981a, §4). The material in Examples 2.50 and 2.51 is original.

§2.4. Modification by a linear factor was originally considered by Galant
(1971). A solution to all the other modifications discussed in this section was
first given in Gautschi (1982a). Other approaches have been described in Kautsky
and Golub (1983) and Fischer and Golub (1992); see also Gautschi (2002, §3).
The algorithms presented in this section are new and were motivated by work
of Verlinden (1999), who considered linear and quadratic divisors. (The middle
term in eqn (17) of Verlinden (1999) should be removed.)

§2.4.5. Algorithm 2.11 is new and supersedes an earlier algorithm derived
in Gautschi (1999, §3.3) in connection with Gauss quadrature rules for rational
functions. For other treatments of special quadratic divisors, see Berti and Sri
Ranga (2001).

§2.4.6. Example 2.56 comes from Gautschi (1994, Example 5.2) and Exam-
ples 2.58 and 2.59 from Gautschi (1994, Example 5.3), except that actual er-
rors are replaced by discrepancies between the results produced by the modified
Chebyshev and the modification algorithms. Example 2.57 is new. Example 2.60
repeats the numerical example given in Gautschi (1982a, §6), but provides the
exact answers to higher precision. Example 2.61 is new. Example 2.56 has been
generalized by Li (1999), who considers modification of the measure d\ by an
arbitrary even power of 7,,.

§2.5. The methods described in this section are discussed more completely in
Gautschi and Zhang (1995), not only with regard to algorithmic details, but also
with regard to numerical accuracy. For special classes of Sobolev inner products
there are simpler recurrence relations of finite order; cf. the Notes to §1.7. An
example of this is an inner product that involves one single derivative and a
discrete one-point measure associated therewith; see Marcelldin and Ronveaux
(1990). Computational methods for these special Sobolev orthogonal polynomials
are developed in Gautschi (1997c¢).

§2.5.1. Example 2.62 is from Gautschi and Zhang (1995, §3.1).

§2.5.3. Examples 2.63 and 2.64 are new.

§2.5.4. The material in this subsection is original.
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APPLICATIONS

3.1 Quadrature

The connection between orthogonal polynomials and quadrature rules has al-
ready been elucidated in §1.4. The centerpieces were the Gaussian quadrature
rule and its close relatives—the Gauss-Radau and Gauss—Lobatto rules (§1.4.2).
There are, however, a number of further extensions of Gauss’s approach to nu-
merical quadrature. Principal among them are Kronrod’s idea of extending an
n-point Gauss rule to a (2n + 1)-point rule by inserting n + 1 additional nodes
and choosing all weights in such a way as to maximize the degree of exactness
(cf. Definition 1.44), and Turdn’s extension of the Gauss quadrature rule allowing
not only function values, but also derivative values, to appear in the quadrature
sum. More recent extensions relate to the concept of accuracy, requiring exact-
ness not only for polynomials of a certain degree, but also for rational functions
with prescribed poles. Gauss quadrature can also be adapted to deal with Cauchy
principal value integrals, and there are other applications of Gauss’s ideas, for
example, in combination with Stieltjes’s procedure or the modified Chebyshev
algorithm, to generate polynomials orthogonal on several intervals, or, in comn-
bination with Lanczos’s algorithm, to estimate matrix functionals. The present
section is to discuss these questions in turn, with computational aspects foremost
in our mind.

3.1.1  Computation of Gauss-type quadrature formulae

We have previously seen in Chapter 2 how Gauss quadrature rules can be effec-
tively employed in the context of computational methods; for example, in com-
puting the absolute and relative condition numbers of moment maps (§2.1.5),
or as a means of discretizing measures in the multiple-component discretization
method for orthogonal polynomials (§2.2.5) and in Stieltjes-type methods for
Sobolev orthogonal polynomials (§2.5.2). It is time now to discuss the actual
computation of these, and related, quadrature rules.

3.1.1.1 Gauss quadrature formula We begin with the Gauss quadrature for-
mula (cf. (1.4.7)),

/R AN = 3 AGF(E) + RE(f). (3.1.1)
v=1

A clue towards computing it comes from the spectral decomposition of the Ja-
cobi matrix J,(d\) of the (positive) measure dA (cf. Definition 1.30). We al-

152
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=Ty )—the zeros of
7n (- ; dA)—are the eigenvalues of J,(dX). With v,, as in (1.3.19), denoting the

ready know from Theorem 1.31 that the Gauss nodes 7¢ (n

corresponding normalized eigenvectors, let V' = [v1,va, ..., v,], so that V is the
orthogonal matrix effecting the spectral decomposition of J = J,,(d\),
JV =VD,, D,=dagr’ r5,...,79). (3.1.2)

Theorem 3.1 The nodes 75, v = 1,2,...,n, of the n-point Gauss quadrature

rule (3.1.1) are the eigenvalues of the Jacobi matriz J,,(dN\), and the weights S,
v=12,...,n, are
XS = Bovy s, (3.1.3)

where By = fR dA(t) and v, 1 is the first component of the normalized eigenvector
v, belonging to the eigenvalue TS .

Proof Let 7;(t) = 7x(t;dA\) be the orthonormal polynomials relative to the
measure d\ and 7(t) = [7o(t), 71(t),. .., Tn_1(t)]*, as in (1.3.17), the vector of
the first n of them. By Theorem 1.31 and its Corollary,

1
—n—11~ s’
k=0 [7k(T5)]?
On the other hand, letting f(t) = 7x(t), k < n —1, in the Gauss formula (3.1.1)

and noting that 7o = G, 1/ 2, one obtains by orthogonality,

Bovyy = v=1,2,...,n. (3.1.4)

3/25;@0 = Z A7(1E), O the Kronecker delta,
v=1

or, in matrix form,

PXC =g}/ %, (3.1.5)

where P is the matrix of eigenvectors and AY the vector of Gauss weights,
P =[7(r),®%(r5),..., 7)), A% =GN, AT, (3.1.6)
and el = [1,0,...,0] € R" the first coordinate vector. Since the columns of P

are mutually orthogonal, there holds
P'P =D, D,=diag(dod,....dy 1), dy1=> [7(r5)].

Multiplying (3.1.5) from the left by P, one gets
DX = 3y PTer = 3/ - 5 %e = e,
where e = [1,1,...,1]T € R™. There follows A = D_'e, that is,

1
G _
S PN,
k:o[ﬂ-k(Tu )

Assertion (3.1.3) now follows from (3.1.4). O

. v=1,2...,n (3.1.7)
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Theorem 3.1 is implemented in the OPQ routine gauss.m.
Remark to Theorem 3.1 If f is sufficiently smooth, for example analytic
in an interval containing all the Gauss nodes 7&, then f(J), J = J,(d)\), is

v

meaningful and the Gauss quadrature sum in (3.1.1) can be expressed as follows:
i)\ff(Tl,G) = Boel f(J)er, ef =11,0,...,0] € R™. (3.1.8)
v=1
Indeed, using (3.1.2) and (3.1.3), one has
Boel f(J)er = Boel V f(Dr)V Ve = ﬁozvu1f i)\ff(TG
v=1

Corollary to Theorem 3.1 Let A% be as in (3.1.6), and D, as in (3.1.2).
Then, there exists an orthogonal matrix @ € R"™ such that

T
1 of 1 V¢ 1ot 1 VBoer

— 3.1.9
0 Q"| | VA% D. 0 Q Vhoer Jn(dA (349

The matrix on the right may be thought of as an “extended” Jacobi matrix
of the measure dA.

Proof We claim that @ = V. In order to see this, we write (3.1.3) in matrix

form as
T
VA = BoelV, \/X{,/Af,,/Ag,...,,/Ag] , (3.1.10)

where the first components of the normalized eigenvectors are assumed to be
positive. We now combine (3.1.10) (after transposing the first relation) with
(3.1.2) to obtain

vD, VT =J, VVA= /e

Thus,

1 ot |1 vx| |1 o N VA VT 1 Vel
0 V||VAxD.||o VT7V\/XVDTVT7\/gToe1 J
which proves (3.1.9) with @ = VT, O

We make two observations: (1) The orthogonal similarity transformation
(3.1.9) suggests, though not necessarily proves,® that the passage from the Gauss

3See, however, Theorem 1 and Corollary 8 in Beckermann and Bourreau (1998) or the
theorem on p. 168 of Laurie (1999a).
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quantities (more precisely, the n square roots \/AC and n nodes 7&) to the re-
cursion coefficients (more precisely, the 2n quantities v/, a, in J,(d)\)) is a
stable process. (2) If d\ = dAy is a discrete measure with N support points ¢
and positive weights wy, then by definition

/ t)dAn(t Zwkp tr). (3.1.11)
R

In particular, this holds for any polynomial p of degree <2N — 1. The sum on
the right, therefore, may be interpreted as the N-point Gauss formula for the

measure d\y. If \/ET = [Jwi, Jwa,...,/wy | and D; = diag(t1,ta,...,tN),
we have by (3.1.9),

1 oF 1 vw | |1 o 1 JBoner
- I ECEET)

0 Q" Vw Dy 0 Q vBo,ne1 In(dAN)

for some orthogonal matrix Q € RY. This provides the basis for a Lanczos-type
algorithm computing the extended Jacobi matrix of a discrete measure d Ay from
the weights wy, and abscissae tj of the measure (cf. §2.2.3.2).

3.1.1.2 Gauss—Radau formula We recall from §1.4.2, eqn (1.4.21), that the
(n + 1)-point Gauss—Radau quadrature rule, having a = inf supp(d\) as a fixed
node, is given by

/f(t)dA( = N (7 +Z)\“ 9+ RA(f). (3.1.13)
R

Here, 7§ = a, and 72 are the zeros of m,(-;d\,), where dA,(t) = (t — a) dA(¢).
An eigenvalue/eigenvector characterization similar to the one in Theorem 3.1
holds also for the Gauss—Radau formula.

Theorem 3.2 Define the Jacobi-Radau matrix of order n + 1 by

Jn(dN) V/Bren
JEA(dN) = , er'=10,0,...,1] € R,

Bney  aff (3.1.14)

where By, = B (dX) and mp (+) = (- 5dN). Then, the nodes 7§ (— a), T T

of the Gauss—Radau formula (3.1.13) are the eigenvalues of Jn+1(d)\) and the
weights AG, AT, ..., A% are
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A= fovi,, v=0,1,2,...,n, (3.1.15)
where By = f]R dA(t) and v, 1 is the first component of the normalized eigenvector
v, of Jffl (dX) corresponding to the eigenvalue TZ.

Proof As in the proof of Theorem 3.1, let 7 denote the orthonormal polyno-
mials relative to the measure d)\, and let 7 (t) = [7o(t), 71(t), ..., 7n(t)]T be the
vector of the first n + 1 of them. Recall from Theorem 1.29 that

t7k(t) = arp@i(t) + VBeTr—1(t) + /Ber1Tr41 (1),

(3.1.16)
k=0,1,2,...,n—1,
to which we now adjoin the additional relation
tin(t) = al 7, (t) + / Bafn—1(t) + /Bas1m (1) (3.1.17)

Here, 3,41 = Bnr1(d)N), and off for the moment is a parameter to be determined;
once af is known, eqn (3.1.17) defines 7/ ;. Written in matrix form, (3.1.16)

and (3.1.17) yield
tw(t) = TR+ Boprnl (Henst,  eryq =1[0,0,...,1] € R™1, (3.1.18)

where Jffl = Jffl(d)\). We now choose af in such a way that 7/, (a) = 0,
so that 7§ = a is an eigenvalue of J Sfl (with 7r(a) a corresponding eigenvector)

and (3.1.17) gives

aitn(a) — i, (a) — \/Buin_1(a) = 0.

Solving for af and reverting to monic orthogonal polynomials, noting that
Tn1/Tn = v/ BnTn-1/mn, yields the formula for off in (3.1.14). Since (by con-
struction) a is a zero of 7l |, we can write

T () = (t — Q)wn(t), wn €Py. (3.1.19)
The zeros t,, v = 1,2,...,n, of wy,, by (3.1.18), all are eigenvalues of Jffl,

with 7 (¢,) corresponding eigenvectors. We now show that ¢, = 7¢—the internal
nodes of the Gauss—Radau formula (3.1.13). For this, we must show that, up to
a constant factor,

W (t) = mp(t;dNG),

or, by (3.1.19), equivalently,
/ 2 Opt)dAt) =0 for all p € P,_y.
R

This follows by (3.1.17), which implies
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Vit [ #a0n() 4
= 16t = a0 = VB2 (Olple) 4D
= [0 a0+ = a7 = Va1 (Olple) XD
— [ VBt t) + (a0 — a7, (Olp() dA)
—0

by orthogonality. This proves the first part of the theorem.
The second part follows along the same lines as in the proof of Theorem 3.1,

noting that the normalized eigenvectors v, v =0,1,...,n, of Jffl are
n —-1/2
v, = (Z[ﬁk(Tg)P) w(r?), v=0,1,2,...,n
k=0

and, hence, by comparing the first component on each side and squaring,
1
50/012/ 1= =1 1=~ 7 _ Vo
DV ENC R

(cf. Corollary to Theorem 1.31). The rest of the proof is virtually identical with
the proof of Theorem 3.1. O

v=0,1,2,...,n (3.1.20)

Theorem 3.2 is implemented in the OPQ routine radau.m.

Remarks to Theorem 3.2 (a) Theorem 3.2 remains valid if @ < inf supp(d\).
(b) If supp(dA) is bounded from above, there is an analogous Gauss-Radau
formula

| roae ZAb D)4 AL F(r ) + RE(F), b > sup supp(d)),

(3.1.21)

for which Theorem 3.2 again holds with a replaced by b throughout, and 7§ = a,

A& replaced, respectively, by 72 11=0b b 11+ The internal nodes 70 are the zeros
of mp(+;dNp), where dXp(t) = (b —t) dA(2).

(¢) For smooth f, the Gauss—Radau quadrature sum in (3.1.13), similarly as

in Remark to Theorem 3.1, can be expressed in matrix form as ﬂoerlff(Jffl)el.

Theorem 3.3 If the support of A\ is a finite interval [a,b] and f € C*"[a,b],
then the remainders R%, RY in (3.1.13) resp. (3.1.21) have the property

RA(f) >0, RX(f) <0 if sgnf®) =1 on [a,b], (3.1.22)

with the inequalities reversed if sgn fn+1) = —1,
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Thus, one of the Gauss-Radau approximants is a lower bound, and the other
an upper bound for the exact value of the integral.

Proof This follows from the formula (cf. (1.4.23))

(2n+1) T b
RN = lg i = [P, o< <o

and the analogous formula for RY,

R%ﬂ‘—fbﬂ?flﬁl b/% (AN dN(t), a <7’ <b

n ="Tn (271-1—1)!7 ’Y*awn; b b{l), T .
(The minus sign in R’ comes from changing the factor ¢ — b in the node poly-
nomial to b — ¢t to make it, and with it d\,(¢) = (b —t) dA(t), positive on [a, b].)
O

Example 3.4 Gauss-Radau formula for the Jacobi measure.

Here, d) is the Jacobi measure dA\(“#)(t) = (1 — t)*(1 4+ t)# dt on [~1,1]. In
this case, the quantity aff, n > 1, in the Jacobi-Radau matrix (3.1.14) can be
expressed explicitly in terms of the Jacobi parameters «, 3,

2n(n + «)

-1+ if a =-—1,
off @n+a+p)2n+atf+1) (3.1.23)
R 2nin + B) if a =1
2n+a+B)2n+a+p+1) '
To see this, let m, = wlga’ﬁ ) denote the monic Jacobi polynomials and P, =

P,ga'ﬂ ) the Jacobi polynomials as conventionally defined. Then (cf. Commentary
to Table 1.1),

Po(t) = kpma(t),  kn i<2"+a+ﬁ>, Pn(—1):(—1)"<”+ﬁ>.

AL n n

Therefore, in the case a = —1, by (3.1.14),

n—1(—1) kn Po_1(-1)
R_ _q_pg Tno\70) 10D _ - =Rl 3.1.24
A simple computation shows that
kn _1Q@n+a+p)2nt+a+pB-1) PFa(-1)  n
kpn1 2 n(n+a+p) T Pu(—1) n+p

Substituting this in (3.1.24) and using the expression for 3, = 3/ from Table
1.1 yields the first relation in (3.1.23). The second is obtained analogously.

For a Matlab implementation, see the OPQ routine radau_jacobi.m. Explicit
expressions are also known for all the weights in the Gauss-Radau formula,
obviating the need to compute eigenvectors; see Gautschi (2000a, §3 and 4).
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Example 3.5 Gauss-Radau formula for the generalized Laguerre measure.
Here, the measure is dA\(®) (t) = t*e~*dt on [0,00], @ > —1, and the explicit
formula for o turns out to be particularly simple,

ol =n ifa=0. (3.1.25)

Indeed, with 71',(:‘) and L,(f) denoting the monic resp. conventional Laguerre poly-
nomials, there holds (cf. Commentary to Table 1.1)

r =Sl o, o= ("),

n

from which

(@) (@)
0 L 0
ol = —p, 7772_1( ) =B —= 1)< ) =n(n+a)- =n,
’/Tnu) (0) nL&“ (0) n-—o

since B, = n(n + «) (cf. Table 1.1).

Example 3.5 is implemented in the OPQ routine radau_laguerre.m. Explicit
formulae for the weights in the Gauss—Radau rule are provided in Gautschi
(2000Db, §5).

3.1.1.3 Gauss—Lobatto formula For measures d\ with finite support interval
[a, b], the (n+2)-point Gauss—Lobatto quadrature rule is (cf. §1.4.2, eqn (1.4.22))

b
/f(t)d)\(t) [y +ZAL LY+ AL f(rE ) + RE(f),  (3.1.26)

where 7§ = a, 7}, = b, and the internal nodes 7~ are the zeros of m,(-;dAq5)
with dAg 5(t) = (t —a)(b—t) dA(t). The Gauss—Lobatto formula enjoys an eigen-
value/vector characterization similar to the ones in Theorems 3.1 and 3.2.

Theorem 3.6 Define the Jacobi-Lobatto matrix of order n + 2 by

Jn1(dN) (/BE, e,
JE () = +1(dY) A T . =10,0,...,1] € R",

L T L o Gnt1 =
ﬁn-‘,—l €n+1 Q1

(3.1.27)
where ok |, BL, | solve the 2x 2 linear system
Tnt1(a) m,(a ak amp4+1(a
n@ @] [akia] _ [emn@ 9
7Tn+1(b) 7Tn(b) ﬁrf—&-l bﬂ'n-&-l(b)

with 7y, (+) = Tm(-;dN). Then, the nodes 7§ (= a), 7, ..., 7E, 7k 1 (=) of the
Gauss—Lobatto formula (3.1.26) are the eigenvalues ofJTLhLQ (d\), and the weights
N AL NE )\7Ll+1 are

LY )
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AL =Bovsy, v=01,...,n,n+1, (3.1.29)

where By = ff dA(t) and v,1 is the first component of the normalized eigenvector

v, of J,LH_Q(d)\) corresponding to the eigenvalue TL.

Proof The recurrence relations (3.1.16) for the orthonormal polynomials are
now adjoined by two additional relations,

17, (t) = ann(t) + \/ﬁ_nﬁnfl(w + ﬂr€+177€+1(t>,

(3.1.30)
t7r7LL+1(t) = O‘vLL+17T7LL+1(t) + 55+17Tn (t) + 5n+27T7LL+2(t)a

where, for the moment, a,LL 11 and ﬁ,f 1 are parameters to be determined, and
an = an(dX), By = Bn(dN), Batz = Bny2(d)). Once the parameters a’, ; and
BL. | have been assigned real values, with 3%, > 0, the first relation in (3.1.30)
defines 77,];“, and the second 71{;”, both as real polynomials. Relations (3.1.16)
and (3.1.30) together can be written in matrix form,

R (t) = JE o7 (0 + et s (Deno, (3.1.31)
where J,LL_|r2 = J,LHQ(d)\) and 7(t) = [7o(t), ..., Tn(t), 7k, 1 (t)]". The parameters
ak, ., BL. | are now chosen so as to have n%, ,(a) = 7k ,(b) = 0, which by

(3.1.31) means that a and b are both eigenvalues of JJ,, (with 7(a) and 7 (b)
corresponding eigenvectors). By the second relation of (3.1.30), this requires

(t— ok )mh  (t) —/BE Fu(t) =0 fort=a,b,

or, multiplying by /8L, | and substituting |/BL, 7%, | (t) from the first relation
of (3.1.30),

(t— a,Ll_H)[(t — Qp)Tn(t) — / Bnfin—1(t)] — ﬁ,fﬂﬁ'n(t) =0 fort=a,b.
The expression in brackets is 1/Bn+17n+1(t), so that

(t — ar 1)V Bas1Tng1 (t) — B i @n(t) =0 for t = a,b.

Converting this to monic orthogonal polynomials yields the system (3.1.28).
We must check that 8%, ; so determined is positive. This follows from

[Tnt1(a)mn (b) — mpp1 (B) (a)]ﬁﬁ+1 = (b — a)Tni1(a)mns1(b),

since the expression in brackets—the determinant of the system (3.1.28)—has
the sign (—1)"*! and so does the right-hand side.
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Since (by construction) a and b are zeros of 7L 12, We can write
Th () = (t—a)(b—thw,(t), w, €Py. (3.1.32)

The zeros t,, v =1,2,...,n, of w,, by (3.1.31), all are eigenvalues of J£+2, with
7 (t,) corresponding eigenvectors. We show that they are precisely the internal
nodes 7 of the Gauss-Lobatto formula (3.1.26). For this, we must show that,
up to a constant factor,

wn(t) = W?L(t; d)\a,b)a

or, by (3.1.32),

b
/ Th o (Op(t)dA(Et) =0 forallp € P,_;.

This follows from (3.1.30), which implies

Vs [ w030
= e [0 ek mia®  BEam @O 0
- / {(t = k) I(E = €a)en(t) = v/ Bt ()] = B4 7 (D) }p() (D)
-/ [t~ ks )V B (8) — B (O]p(6) AN()
—=0

by orthogonality. This proves the first part of the theorem. The second part

follows in the same manner as in the proof of Theorem 3.2, by letting f in the

Gauss-Lobatto formula be in turn 7, 71, . .., T, and 7% - O
Theorem 3.6 is implemented in the OPQ routine lobatto.m.

Remarks to Theorem 3.6 (a) Theorem 3.6 remains valid if 7&* < a and/ or
T +1 > b, provided a and/or b in (3.1.28) are replaced, respectively, by 7& and

n+1
(b) As in Remark to Theorem 3.1, for smooth f the Gauss-Lobatto quadra-

ture sum in (3.1.26) can be expressed in matrix form as Soel f(J% . 5)es.

Theorem 3.7 If f € C*"*2[a,b], the remainder R&" in (3.1.26) has the prop-
erty
RaY(f) <0 if sgn f@"+2 =1 on [a,b], (3.1.33)

with the inequality reversed if sgn f(27+2) = —1.

Proof This is an immediate consequence of (1.4.24). O
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Example 3.8 Gauss—Lobatto formula for the Jacobi measure.
For the Jacobi measure dA = dA(®#) on [—1,1], the quantities o’ | and B,
can be expressed explicitly in terms of the Jacobi parameters o and 3,

ok :—a—ﬁ

" onta+8+2°

r _,ntathnt+ps+l)(ntatf+1)
et 2n+a+B+1)2n+a+F+2)2

(3.1.34)

In fact, with notations used in Example 3.4, the determinant A, of system
(3.1.28) (where a = —1,b=1) is

1

Ay, =—
knk7z+1

Dna

where

Poi(~1) Pa(~1)
D, =
Pn+1(1) Pn(l)

Using the formula for P,,(—1) in Example 3.4 and the companion formula P, (1) =
(”‘;O‘ ), one finds

Dn:ﬂ(2n+a+6+2) <n+a) <n+ﬁ>.

n+1 n n

Writing the solution of system (3.1.28) in the form

I 1

Qi1 = D [—Ppy1(—1)Pn(1) = Poy1 (1) Pa(—1)],
%, 1
= Tois D [Prt1(=1)Ppya(1)],

and inserting the explicit expressions for the quantities appearing on the right-
hand side yields (3.1.34).

Explicit expressions are also known for the weights in the Gauss—Lobatto
formula; see Gautschi (2000b, §3 and 4).

When n is very large, the determinant A,, of system (3.1.28) may be so
small as to underflow on a computer, causing the system to become numerically
singular. In this event, the use of (3.1.34) is imperative. The respective 0PQ
routine is lobatto_jacobi.m.

3.1.1.4 Generalized Gauss—Radau and Gauss—Lobatto formulae It is sometimes
useful, for example in the context of boundary value problems, to have at dis-
posal Gauss-type quadrature rules that involve not only function values, but
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also derivative values, at the end point(s). These are referred to as generalized
Gauss—Radau resp. Gauss—Lobatto formulae.
We begin with the former, and consider

/f £) dA(t Z)\(”)f(”) +Z)\Rf )+ RE (f), (3.1.35)

where r > 1 is the multiplicity of the end point 79 = @ and the degree of exactness
is2n—1+4r,
RE.(f)=0 forall f &Py 14, (3.1.36)

The support of dA may, or may not, be bounded. The internal nodes and weights
are easily obtained according to the following theorem.

Theorem 3.9 Let dAU(t) = (¢t — a)" dA(#) and 7, AIT, v =1,2,...,n, be the
Gauss nodes and weights for the measure dAl']. Then,

)\[T]
:7-1[/7']’ AN v v=1,2,...,n. (3.1.37)

R
" NPT

v

In particular, all \B are positive; if r = 2, the same is true for \g and Ap-

Proof If g € Py,_1, formula (3.1.35) is exact for f(t) = (¢t — a)"g(t). There
follows

n

/ g(t)d\I(t) = Z MR —a)" - g(rR) for all g € Po,_1,

v=1

proving (3.1.37). The positivity of the weights A\ is a consequence of the posi-
tivity of dAI"! and the fact that 7/* > a. If 7 = 2, putting in turn f(t) = 72(t)
and f(t) = (t — a)72(t), where 7, (t) = [[—,(t — 7F), yields

v=1

w2 (@ +2m (@@ = [ 200,
w2 = [ (- amoae.

from which the positivity of A\g and X; follows by virtue of the right-hand sides
being positive and m, (a)w) (a) < 0. O

In general, the boundary weights )\(p ) have to be obtained by solving a linear

system of equations, for example, the upper triangular system that obtains by
applying (3.1.35) in turn for 7, (¢), (t — a)m,(t), ..., (t —a) " 1m,(t), where m, is
as defined in the proof of Theorem 3.9.

Example 3.10 Gauss-Radau formula with double end points for the Legendre
measure.
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The measure here is dA(t) = dt on [—1, 1], and the formula in question is

/ 0= 20 (-1)+ A +ZARf RE (),

where 7/t and A\Z are the Gauss nodes and weights for dA(t) = (14-t)? dt. The
boundary weights are given by

8 2n?+6n+3 , 8

BN re N I TR R R

This can be seen by inserting f(t) = P,(LO’2)(t) and f(t) = (1 th)P,(LO’Q)(t) into the
quadrature rule and solving the two linear equations thus obtained for Ag and Aj.
For the values of P,(L()"Z)(—l) and (d/dt)P,(LO’Z)(—l) =2(n+ ?))P,(L1 31’)(—1), see the

Commentaries to Table 1.1, and Erdélyi, Magnus Oberhettlnger and Tricomi
(1954, 16.4(1), p. 284) for the integrals [*, P"?(¢)dt, [1,(1+ )P (¢) dt.

Example 3.11 Gauss—Radau formula with double end points for the Chebyshev
measure.
Here,

/if )TVt = Xof(—1) + N (1) + Y ARF(rE) + REL(f),
v=1

where 7t and A\ are the Gauss nodes and weights for the Jacobi weight function
(1—1)"1/2(14t)3/2. The boundary weights are given by (Gautschi and Li, 1991,
Theorem 2.3)

N3 nP+i2n4s ;L 3m
o 07 (n+1)2n+1)(2n+3)

5 (n+1)2n+1)(2n+3)’
We write the generalized Gauss—Lobatto formula in the form

/f £) dA(t ZA(p)f @)+ 3 AL (rE Z DAL () + Ry ()
v=1

(3.1.38)
to reflect its symmetry )\é P — )\ff)l, =0,1,...,7 — 1, when d\ is a symmetric

measure (cf. Definition 1.16). There holds R,Lw(f) =0if f € Pap—149-

Theorem 3.12 Let A\ (t) = [(t—a)(b—1)]" dA(t) and A v=1,2,..n,
be the Gauss nodes and weights for the measure d\[']. Then,

Tf:ﬂ[/r], o v=1,2 n.

R C s T 2,

In particular, all \L' are positive; if r = 2, the same is true for Ao, Ny and Ap11,

/
Ag1-
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Proof Similar to the proof of Theorem 3.9. The last statement for » = 2 with
regard to A\g and X, follows by inserting in succession f(t) = 72 (¢)(b — t)? and
(t—a)m2(t)(b—t)? into (3.1.38) and noting that m,(a)(b—a)[r}, (a)(b—a)—m,(a)] <
0. Similarly for Ay y1, A, ;- O

Example 3.13 Gauss—Lobatto formula with double end points for the Legendre
measure.
Similarly as in Example 3.10 (or see Gatteschi (1964)), one derives

1 n
/ FOE = Xolf(=1) + FW]+ A (=1) = £/ W]+ DA F(50) + Rio(f)
-1 v=1
with 77 and AL the Gauss nodes and weights for the Gegenbauer weight function
(1 —1?)? and

8 2n% + 10n + 9 ) 8

Ao =3 m+1)(n+2)(n+3)(n+4)’ Ao = m+1)(n+2)(n+3)(n+4)

Example 3.14 Gauss—Lobatto formula with double end points for the Cheby-
shev measure.
Here,

[1 FOA—E)2dt = ol (~D+FOIHX L (D)= f (D]+ DAL (@) Ry (),

where 7L and AL are the Gauss nodes and weights for the Gegenbauer weight
function (1 —#2)3/2. The boundary weights are (Gautschi and Li, 1991, Theorem
3.3)

3 3n?+12n+ 10 , 37

N T Dt D43 T A Dt (1 3)

3.1.2  Gauss—Kronrod quadrature formulae and their computation

3.1.2.1 Gauss—Kronrod formula Given an n-point Gauss quadrature rule
(3.1.1), one may wish to extend it to a (2n + 1)-point rule by inserting n + 1
additional nodes—preferably all in the support interval of d\ and alternating
with the Gauss nodes—and choosing them, together with all weights, in such a
manner as to achieve maximum degree of exactness (cf. Definition 1.44). This
is an idea that was first put forward and implemented (in the case dA(t) = dt)
by Kronrod in the mid-1960s (Kronrod, 1965). His motivation was to estimate
the error in the Gauss formula, using the result of the extended formula as a
reference value for the integral. The point is that the n function values already
computed for the Gauss formula are being reused, and only n + 1 additional
function values need to be computed to perform the error estimation. This is the
same amount of work that an (n + 1)-point Gauss formula would entail, but the



166 APPLICATIONS

latter would produce a reference value much less accurate, in general, than the
one produced by the extended (2n + 1)-point formula.
The extended formula, thus, has the form

n+1

/R FHan =3 )\Kf Z)\*K K) 4 RE(f), (3.1.39)

where 7¢ are the Gauss nodes in (3.1.1), and all weights AKX )\*K as well as the
new nodes Tff are parameters that can be freely chosen. Since there are 3n + 2
of them, one can expect to be able to choose them so as to yield a degree of

exactness as high as 3n + 1,
RE(f)=0 forall f e Py, . (3.1.40)

A quadrature rule (3.1.39) satisfying (3.1.40) is called a Gauss—Kronrod formula,
and the nodes Tf are referred to as Kronrod nodes.
In the terminology of §1.4.1, where n has to be replaced by 2n + 1, the node

polynomial of (3.1.39) is

e () = (AN (1), 700 = [0 -7, (3.1.41)

and by Theorem 1.45, in order to have (3.1.40) (which corresponds to k =n +1
in Theorem 1.45), it must satisfy [, wan4+1(t)p(t) dA(t) = 0 for all polynomials
of degree <n, that is,

/R T (Op(t)m(t;dN) dA(t) =0 for all p € P,,. (3.1.42)

This is a condition on the Kronrod nodes; once they are determined and none
of them coincides with a Gauss node, the weights in (3.1.39) then follow from
the interpolatory nature of (3.1.39), that is, from the fact that RX(f) = 0 for
all f € Pg,.

Condition (3.1.42) is a new type of orthogonality: it requires the polynomial
7T7Il<+1 of degree n+ 1 to be orthogonal to all polynomials of lower degree relative
to the measure dAX () = m,(t;d\)dA(t), which not only depends on n but
is also oscillating on the support of d\. Historically, such polynomials (in the
case of dA(t) = dt) were first considered in 1894 by Stieltjes in his last letter to
Hermite (Baillaud and Bourget, 1905, Vol. IL, p. 439). The polynomial 7/, (-) =

n+1( ;d)), therefore, is nowadays referred to as the Stieltjes polynomial of
degree n + 1 relative to the measure dA.

Theorem 3.15 Ifd\ is a positive measure, the Stieltjes polynomial ﬂ'ff+1( -5 d))
exists uniquely for each n > 1.
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Proof If we write 75, (t) = t"" + 3")'_ cxt®, condition (3.1.42) takes the

form
n
/ (t””+1 + cht’#) T (t)dA(t) =0, £=0,1,....n,
R

k=0

which is a linear system for the coefficients ¢, whose matrix, by orthogonality, has
nonzero elements only in its right lower triangle, those on the upward diagonal
being [, t"m, () dA(t) = [|my]|3, > 0. Therefore, the system is nonsingular.
O

Although the unique existence of the Stieltjes polynomial is assured, it is
by no means clear, and in fact often not the case, that its zeros—the Kron-
rod nodes—are all real, let alone contained in the support interval of dA and
interlacing with the Gauss nodes.

Example 3.16 Gauss—Kronrod formula for the Chebyshev measure dA(t) =
(1—t2)~1/24dt.

It turns out that this is precisely the Gauss—Lobatto formula (1.4.25) in which
n is replaced by 2n — 1, that is, for n > 2,

2n—1

[, 00 == e S+ g 3 (oos

%8 K
)+ RE).
(3.1.43)

Indeed, the n nodes in the summation corresponding to odd values of v are the
Gauss nodes for d (cf. Example 1.49), and since (3.1.43) has degree of exactness
4n — 1 (>3n + 1), the remaining nodes must be the Kronrod nodes.

There are similar explicit formulae of elevated degree for all the other three
Chebyshev measures; see Mysovskih (1964).

The Gauss—Kronrod formula of Example 3.16 is atypical for two reasons: first,
there are two nodes on the boundary of [—1, 1], and second, its degree of exact-
ness exceeds the one normally expected for a Gauss—Kronrod rule. More typical,
in this regard, are the Gauss—Kronrod formulae for the Gegenbauer measure
dA@@)(¢) = (1 —#2)*dt when —1 < o < 2. In this case, and hence in particular
in the case a = 0 originally considered by Kronrod, it has been shown by Szegd
(1935) that all nodes are strictly inside the interval [—1, 1] and the Kronrod nodes
alternate with the Gauss nodes. Rabinowitz (1980) proved that the degree of ex-
actness is precisely 3n+1 (for n even, and 3n+ 2 for n odd, by symmetry) except
when a = %, in which case it is 4n + 1. Moreover, Monegato (1978a) has shown
that all weights are positive if f% <a< % For results and conjectures in the
case 3 < a < 5, see Petras (1999) and Peherstorfer and Petras (2000), where
nonexistence of Gauss—Kronrod formulae is shown for n sufficiently large and
o > 3. Analogous results for the Jacobi measure dA(®9)(¢) = (1 —¢)*(1+¢)? dt
can be found in Peherstorfer and Petras (2003), in particular nonexistence for

5

large n of Gauss-Kronrod formulae when min(a, 3) > 0 and max(a, 3) > 3.

The case of Gegenbauer measures, and also of Jacobi measures, has been further
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explored for n < 40 by numerical means with regard to interlacing, reality and
containment in the open support interval of the Kronrod nodes, and positivity of
the weights; see Gautschi and Notaris (1988). Classical measures on an infinite
interval fare less well. Kahaner and Monegato (1978), in fact, show that for the
generalized Laguerre measure d\(®)(t) = t®e~*dt on [0, 00], with —1 < a < 1,
a Kronrod extension of the Gauss—Laguerre formula having real nodes and pos-
itive weights does not exist when n > 23 and, if a = 0, not even for n > 1.
As a corollary of this, an n-point Gauss—Hermite formula cannot be so extended
unless n = 1,2, or 4.

3.1.2.2  Computation of the Gauss—Kronrod formula We sketch a computa-
tional algorithm due to Laurie; for more details, see Laurie (1997). We assume
that a Gauss—Kronrod formula exists with real nodes and positive weights. The
idea is to obtain an eigenvalue/vector characterization of the Gauss—Kronrod
formula similar to the ones derived in §3.1.1.1-3.1.1.3 for Gauss-type quadra-
ture rules. The matrix in question—mnow called the Jacobi-Kronrod matriz—is
a Jacobi matrix of order 2n + 1 (cf. Definition 1.30), Jgﬁ_l, with coefficients
alf, pE o pE . BK . The Gauss—Kronrod formula having degree of exact-
ness 3n + 1 implies that the first 3n + 1 of these coefficients are those relative
to the measure d\, that is, ag, 81, a1, B2, ..., where ay, = ag(dN), By = Br(dN).
This means that J 52 41 has the form

Jn@d\) VBren 0
T (AN = | /Brel o /Borel | (3.1.44)
0 Borer J,

where ej, denotes the kth coordinate vector in R™, and J is a real symmetric
tridiagonal matrix whose form depends on the parity of n,

Jn+1:(3n71)/2 (d)\) V4 ﬁ(3n+1)/2 €(n—-1)/2

Jh = (nodd),  (3.1.45)

VBanin2€ln 12 Jsns1)220

Jn+1:3n/2<d)\) \//6?377,-‘,-2)/2 €n/2
J = (n even). (3.1.46)

\/ Blan+2)/2 e3/2 J (3n42)/2:2n

Here, J.q(dA) is the principal minor matrix of the (infinite) Jacobi matrix J(d\)

having diagonal elements oy, api1, ..., aq. The parameter ﬂz}m +2)/2 when n is
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even, and the (real symmetric tridiagonal) matrices in the right lower corner of
J;, are to be determined.
The following lemma is crucial for the algorithm.

Lemma 3.17 The matrices J,, and J,(dX) in (3.1.44) have the same eigenval-
ues.

Proof Let ¢x(t) and ¥ (t) be the (monic) characteristic polynomials of the
leading, respectively trailing, & X k principal minor matrix of J 52 11+ Evidently,
or(t) = mp(t;dN) when k < n + 1. Expanding ¢on1(t) = det(tlzn1 — Jh 1)
along the (n + 1)st row, one finds, after some computation, that

P2nt1(t) = Bamn—1()Yn(t) + (t — o) mn ()Y (t) + Brsr7n () Pn—1(F). (3.1.47)

Since the Gauss nodes 7 —the zeros of m,—are to be eigenvalues of J4, 41, the
polynomial 7, must be a factor of ¢2,,41, and hence, by (3.1.47), since 8, > 0, a
factor of m,_1¢,. By Theorem 1.20, the zeros of m,_1, however, alternate with
those of m,. There follows that m, must be a factor of 1,,. Both polynomials are
monic of degree n. Consequently, m, = ¥,. O

Remark According to a result of Monegato (1976), the positivity of all )\;K
is equivalent to the reality of the Kronrod nodes and their interlacing with the
Gauss nodes.

Once the Jacobi-Kronrod matrix has been determined, the Gauss—Kronrod
formula is computed in terms of the eigenvalues and eigenvectors of Ja, 41 in
much the same way as the Gauss formula in Theorem 3.1. It suffices, therefore,
to compute the unknown elements in J% +1; the recursion coefficients o (d\)
and O (d)) are assumed to be known.

To conform with notation used in §2.1.7-2.1.8, we write

af /BT 0
gro VB el . (3.1.48)

£
n—1

0 Bro1 n_q

We thus have two Jacobi matrices—dJ,,(dA) and J,—Dboth of order n and having
the same eigenvalues. Each of these matrices generates its own set of orthogonal
polynomials, the former the polynomials 7x(-;dA), k = 0,1,...,n, orthogonal
with respect to the measure dA, the latter polynomials 7}, k = 0,1,...,n, or-
thogonal with respect to some measure d\* (in general unknown). We are in
a situation reminiscent to the one surrounding the modified Chebyshev algo-
rithm in §2.1.7 and the conversion algorithm in §2.1.8.2, which suggests similar
approaches here. In particular, we define mixed moments by

Oy = (ﬂ';:,ﬂ'g)dA*. (3149)
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Although the measure d\* is unknown, a few things about these moments are

known. For example,
ok =0 if ¢ <k, (3.1.50)

by the orthogonality of 7}, and also
okn =0 if k <n, (3.1.51)

again by orthogonality, since 7, = 7 by Lemma 3.17. Now recall the recurrence
relation (2.1.121), which in the present context reads

Okyo41 — Oky1,0 — (O — )ore — Brok—1,0 + Beoke—1 = 0. (3.1.52)
Some of the coefficients o and 3} are known according to the structure of the

matrices (3.1.45) and (3.1.46). Indeed, if for definiteness we assume n odd, then

af = i1k for 0< k< (n—23)/2, B =Pnt1tr for 0 <k < (n-—1)/2.
(3.1.53)
Thus, similarly as in Algorithm 2.4, by solving (3.1.52) for o, ¢+1, we can compute
the entries oy in the triangular array indicated by black dots in Fig. 3.1 (drawn

k

A

=]

n-1 —

X X X X K X

0O 0 0 O O O
(n=7)

|

Fic. 3.1. Laurie’s algorithm.

for n = 7), if we use the initialization oo = [ dA*(t) = 85 = Bp+1, 0—1,¢ = 0 for
£=0,1,...,n—1,00—1 =0,and o j—2 = o k—1 =0for k=1,2,...,(n—1)/2.
All the «j, and §; required are, in fact, known by (3.1.53) except for the top
element in the triangle. For this entry, the aj for & = (n — 1)/2 is not yet
known, but by a stroke of good fortune, it multiplies the entry o(,_1)/2 (n—3)/2
in (3.1.52), which is zero by (3.1.50).

At this point, one switches to a recursion from bottom up, using the recur-
sion (3.1.52) solved for ojy1 ¢. This computes all entries indicated by a cross in
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Fig. 3.1, proceeding from the very bottom to the very top of the array. For this
to be possible, it is crucial to have, by (3.1.51), the known zero entries for ¢ = n.
For each k with (n —1)/2 < k < n — 1, the entries in Fig. 3.1 surrounded by
boxes are those used, as in Algorithm 2.1, to compute the as yet unknown o;,
and f; according to

Ok,k+1 Ok—1,k " Okk

ay = ag + — , Br=— 3.1.54
F Okk Ok—1,k—1 k Ok—1,k—1 ( )

The complexity of the algorithm is O(n?). If any of the §; turns out to be
nonpositive, this would be an indication that a real Gauss—Kronrod formula does
not exist.

Laurie in Appendix A of Laurie (1997) gives a pseudocode of the algorithm
and kindly communicated to the author a Matlab version, which is incorporated
in the OPQ routine r_kronrod.m. The latter is used in the routine kronrod.m to
generate the respective quadrature rules.

Example 3.18 Kronrod’s original formulae.
These refer to dA(t) = dt on [0, 1]. The Matlab script

ab=r_jacobiO1(61);
for N=[5 10 25 40]

xw=kronrod (N, ab)
end

computes them for n = 5,10, 25,40 and produces results that agree with those
tabulated in Kronrod (1965) within an error of usually a few units, and maxi-
mally 13 units, in the 16th decimal place.

Example 3.19 Gauss—Kronrod formulae for logarithmic measures.

As was already observed in Calio, Gautschi, and Marchetti (1986), the loga-
rithmic measure dA(t) = In(1/t) dt on [0, 1] appears to admit satisfactory Gauss—
Kronrod formulae for all n, that is, formulae with real Kronrod nodes in (0,1)
interlacing with the Gauss nodes, and with positive weights. The Matlab script

ab=r_jaclog(39);
for N=5:5:25

xw=kronrod (N, ab)
end

computes them for n = 5,10, 15,20, 25. Comparison with results in Calio et al.
(1986, S57-S63), obtained by Newton’s method, reveals a level of agreement only
slightly inferior to the one observed in Example 3.18, the maximum error now
being 27 units in the 16th decimal place.

Exploring the more general logarithmic measure dA(®)(t) = ¢t® In(1/t) dt, we
found for a > 0 that there seems to exist an integer-valued function ng(«) such
that for n < ng(a) a real, and in fact satisfactory, Gauss—Kronrod extension
exists, but not so when n = ng(a). Figure 3.2 shows a graph of the function
ng(«) experimentally determined by the 0PQ routine Example3_19.m. The graph
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F1a. 3.2. The function ng(a).

suggests that there might be a vertical asymptote at some o > 0, so that the
conjecture expressed at the beginning of the example is, in fact, true.

In the range —1 < a < 0, a new phenomenon appears: when n = 2, there
exists an g in (—1,0) such that 8 > 0 for g < @ < 0 and G < 0 for —1 <
a < «p. In the latter case, a real Gauss—Kronrod formula, therefore, does not
exist if n = 2. It was determined, numerically, that —0.71417 < ay < —0.71416.
As « moves further toward —1, more and more even values of n give rise to
nonreal Gauss—Kronrod formulae. When real formulae exist—and that seems to
be the case for all odd values of n—it was found (at least when « > —0.99 and
n < 150) that the Kronrod nodes interlace with the Gauss nodes and are <1,
and all weights are positive. The only defect observed was that initially, when n
is odd, and eventually for all n that admit real formulae, the smallest Kronrod
node is negative (though small in absolute value).

3.1.3  Gauss—Turdn quadrature formulae and their computation

3.1.3.1 Gauss—Turdn formula Turdn (1950) was the first to apply Gauss’s
principle to quadrature formulae involving derivatives, that is, multiple nodes.
We assume here that each node has the same multiplicity » > 1, so that

/Rf(t)d)\(t) = I f )X ()4 AT OO ()[4 Ry (f). (3.1.55)

=1

The interpolation process underlying this formula is now Hermite interpolation,
which, given any set of distinct nodes 7,,, will yield degree of exactness d = rn—1
for (3.1.55). The formula is, therefore, called interpolatory if R, (f) = 0forall f €
Prn_1. The theory of interpolatory quadrature formulae, expressed in Theorem
1.45 for ordinary quadrature rules, easily extends to the case of quadrature rules
with multiple nodes (replace w,, in §1.4.1 by w]). As a result, formula (3.1.55)
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has degree of exactness d = rn—1+k (0 < k < n) if and only if (3.1.55) is
interpolatory and

/wfb(t)p(t) dA(t) =0 forall p € Pr_q, (3.1.56)
R

where wy(t) = [ _,(t — 1) is the node polynomial of (3.1.55). Thus, it is now
the rth power of w,, not w,, which must be orthogonal to all polynomials of
degree <k — 1. This is referred to as power orthogonality (cf. also §1.2.4). Unless
k = 0, the integer r must be odd, since otherwise [ wy,(t)dA(t) > 0, and wy,

cannot be orthogonal to a constant, let alone to Py_;. We assume, therefore,

r=2s+1, s2>0, (3.1.57)
so that (3.1.55) becomes
n 2s
[HOD0 =3 SN+ R (3159)
R v=10=0

We then have necessarily k& < n, since otherwise p = w,, would be admissible
in (3.1.56), which would require [, w;, ™' (t)dA(t) = 0. This, when r is odd, is
clearly impossible. The maximum degree of exactness of (3.1.58), therefore, is

d = (2s + 2)n — 1, and is achieved precisely if
/[wn(t)]25+1p(t) dA\(t) =0 forallpeP,_q, (3.1.59)
R

and the weights A\ in (3.1.58) are determined by (Hermite) interpolation. This
is the Gauss—Turdn quadrature formula.

Recall from §1.2.4 that the (monic) polynomial w, satisfying (3.1.59) is the
s-orthogonal polynomial w, = 7, s, which by Theorem 1.25 exists uniquely as
the solution of the extremal problem

min / [r(£))** T2 d\(2), (3.1.60)
R

melPg

where P; is the class of monic polynomials of degree n. Moreover, by Theorem
1.26, its zeros—the nodes 7, of (3.1.58)—are real, simple, and contained in the
interior of the support interval of d\. The Gauss—Turan formula is thus seen to
preserve many of the properties enjoyed by the ordinary Gauss quadrature rule.
One of the important properties, the positivity of the weights, however, does not
completely carry over. For the case s = 1, Turdn already proved that )\5,2) > 0,
while for general s, Micchelli (1972, Theorem 3) and Ossicini and Rosati (1978)

prove A\ > 0 for even o > 0. When o is odd, A\ may have either sign, in
general.
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Theorem 3.20 Ifd\ is a symmetric measure (cf. Definition 1.16) and the nodes
T, are ordered (either increasingly or decreasingly), then

Tntl—v + T =0
e v=1,2,....n. (3.1.61)

Moy = (17X

In particular, )‘gz)ﬂ)/z =0 if n and o are both odd.

Proof The symmetry of the nodes follows from the fact that 7, ¢(t) = (—1)"
X Tp,s(—t) is a monic polynomial of degree n that satisfies the same power or-
thogonality condition as does 7, s and, hence, by uniqueness, must be identically
equal to m, s(t). The symmetry of the weights is a consequence of the symmetry
of the underlying Hermite interpolation process. O

Example 3.21 Gauss—Turdn formula for the Chebyshev measure dA(t) =
(1—t2)"Y24dt.

By a result of Bernstein (1930), the extremal polynomial of (3.1.60) is the
monic Chebyshev polynomial 2'="T,,(t) for each s > 0. Therefore, the Chebyshev
points 7, = cos((2v — 1)/2n)m serve as nodes for all Gauss—Turdn formulae

(3.1.58) with s = 0,1,2,..., that is, there are weights A such that

/f YA—tH) V2 dt = ZZA (1) +Rns(f), s=0,1,2,..., (3.1.62)

v=10c=0

where R, s(f) = 0 for all f € Py(541)p—1. There are no simple explicit formulae

for the weights )\I(,G), but by a result of Kis (1957) they can be obtained, in
principle, from the alternative trigonometric form of (3.1.62),

T n S S )
[ o= g s D Gt [V 1(eosOams. + Rl )
v=1 j=
(3.1.63)
where D =d/d, 0, = (2v—1)7/2n,and Ss_;, j = 0,1,..., s, are the elementary
symmetric polynomials in the numbers 12,22,...,s%, that is,
Sy=1, Se1=124224+...4+5% ..., Sy=1%-22...§

For s = 1, for example, one finds

©_T \O__Tv y@_ T q_.2 _
)‘u n’ >\1/ 4n3 "’ )‘u 4n3 (1 U ) (5 1)7

and for s = 2,

A 0) — T AD —
1% n’ 1%

3T,
() — 22 -
v 32n5 ( l/)’ v 64n5 (
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Formulae for s = 3 are given in Gautschi and Milovanovi¢ (1997, p. 215). Note
that, indeed, A\ > 0 if o is even.

3.1.3.2 Computation of the Gauss—Turdn formula There are two separate is-
sues: the generation of the s-orthogonal polynomials and their zeros 7,,, and the
computation of the weights )\l(,g). We begin with the first.

The basic idea is to reinterpret the power orthogonality condition (3.1.59),
where wy, = m, s, as an ordinary orthogonality condition relative to the (positive)
measure d\, s(t) = [m, s (t)]?* dA(2),

/ Tn,s(E)p(t) dAp s(t) =0 for all p € Pp_;. (3.1.64)
R

This suggests to consider a sequence of n + 1 (monic) polynomials mg s, 71,5, - - - ,
Tn,s orthogonal with respect to the measure d), s and to generate them by the
usual three-term recurrence relation. The last of these polynomials is the one we
are actually interested in. The catch, of course, is that the measure depends on
the (as yet unknown) polynomial 7, ;. Nevertheless, there must exist a three-
term recurrence relation (1.3.2) for the polynomials 7, = s, with certain
(unknown) coefficients ay, and fj given by (1.3.3) and (1.3.4), where dA is to be
replaced by d\,, s. Writing out the first n of formulae (1.3.3), and the first n — 1
of (1.3.4), yields a system of 2n — 1 nonlinear equations

flp)=0, p"=lag,...,0n-1:P1...,Bu-1], (3.1.65)

where .fT = [f17f27 .. 'af2n—1] is given by
fov1 = /(al, — )22 (t)d\(t), v=0,1,...,n—1,
R

(3.1.66)

fao= [ (Boms®) — OO NGO, v =1, n -1
Each of the fi is, indeed, a function of the coefficients aq,a1,...;061,02...,
which appear on the right-hand sides of (3.1.66) either explicitly or implicitly
through the polynomials my, 7, ..., m,, which must be generated recursively by
means of these coefficients. Thus, given a set of coefficients, the integrands in
(3.1.66) can be computed recursively for any given ¢. Since they are polynomials
of degrees <2(s+ 1)n — 1, the integrals themselves can be computed exactly by
an (s + 1)n-point Gauss quadrature rule relative to the measure d. The latter,
in turn, can be computed as described in §3.1.1.1. The same quadrature rule can
be used, if need be, to compute Gy = [, [mn,s(t)]** dA(t), once the coefficients c,
and 3, have been obtained.

In order to solve (3.1.65) by Newton’s method, we need the Jacobian matrix

Of /0p of f. This requires the auxiliary quantities

o, om,

auu:af%,,u:O,l,...,nfl; byu:%,uzlﬂ,...,nfl; v=20,1,...
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which may be placed in two matrices A and B of dimensions (n 4+ 1) x n and
(n+1) x (n — 1), respectively. It is clear that a,, = b,, =0 if v < p, so that A
and B are lower triangular matrices with zeros on the diagonal. The puth column,
uw=0,1,...,n—1, of A is obtained by differentiating the three-term recurrence
relation (1.3.2) with respect to «,. This yields the recursion

A1 = —Tu(t),  apu =0,

Qi = —w)apy — Buay_1y, v=p+1,p+2,...,n—1
Similarly, one finds for the pth column, u=1,2,...,n — 1, of B,

bHJrl”u = 77’(‘#,1@), b## = 0,

bu+1,u = (t - au)buu - ﬁuby—l,ua V=Uu + 1,,u + 2, e — 1.

Differentiating (3.1.66) with respect to «, and ,,, we can express the elements
of the Jacobian in terms of the auxiliary quantities a,, and b, as follows:

3f2u+1 _ 2/]R 2571(25)[(0(” _ t)pyu(t) + %6yu7712,<t)77n(t)] dA(2),

Oay,

0 fov41 251
Bt = [ 0o — ) 4X)

0o _, /R 725 (0) (Bupy—1,0(8) — o () AA(2),

Oy,

o LR OUB1,000) = ) + A1 (€ (0] ANE) G v > ),
" (3.1.67)

where
Pvp (t) =Ty (t) (awﬂrn (t) + SAnu Ty (t))» Qup (t) =Ty (t) (bwﬂrn (t) + sbpumy (t))

(When v = 0 in the third relation of (3.1.67), one has p_; , = 0 and po,, = san,.)
By examining the degrees of the integrands in (3.1.67), one finds that the same
(s + 1)n-point Gauss quadrature rule applicable for (3.1.66) can also be applied
o (3.1.67).

Newton’s iteration for solving (3.1.65) can now easily be implemented. There
remains the difficulty, however, of procuring good initial approximations to ay,
Ok, k =0,1,...,n — 1. For given n and s, a natural choice are the coefficients
ag(d)) and Bi(dN) corresponding to s = 0, which are assumed known. If this
does not work, we recommend one of two alternatives, or a combination of both:
(1) Lower the accuracy requirement until convergence is achieved, and then use
the results as new initial approximations for a next higher accuracy level. Con-
tinue in this manner until the desired accuracy level is attained. (2) Use a discrete
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homotopy approach in the variable s by considering a chain of problems corre-
sponding to values s’ = 0,1,...,s of s. The first problem in this chain has the
solution ay(dA) and B (d)), and the last problem is the one we want to solve.
Each problem, starting with s’ = 1, is now solved in succession, using as intitial
approximations the solution of the preceding problem. Once Newton’s method
has converged, the solution vector p of the recursion coefficients oy and Sy yields
the Jacobi matrix J,(dA, s), whose eigenvalues are the desired nodes 7,.

As far as the weights are concerned, it turns out that for each v the weights
)\1(,0), )\1(,1), cee )\1(,28) are the solution of a triangular system of linear equations (for
details, see Gautschi and Milovanovié¢ (1997, §3)). Indeed, let*

Ao =N 0 =0,1,...,2s,

and
2541
i :/(th)" ﬁ L= d\t), o=0,1,...,2s
R ,,LleV_TFL
ptv

and let ;\, v be the respective vectors of dimension 2s + 1. Define the upper
triangular Toeplitz matrix A = [d;x] of order 2s + 1 with diagonal elements

are =1, k=1,2,...,2s+1,

and the jth upper paradiagonal, j = 1,2,...,2s, defined by

~ 25+1 J . .
Ak k+j = — - Zwagj, k=1,2,...,2s+1—74,
=1
where
n 1 YA
Up = , £=1,2,...,2s
; (T# 7'1/)
nFY
Then,

AX = fu. (3.1.68)

Since the integral defining /i, involves a polynomial of degree at most 2(s+1)n—
n—1, it can be computed exactly by the same (s+ 1)n-point Gauss formula used
before in (3.1.66) and (3.1.67).

The procedure is implemented in the OPQ routine turan.m.

Example 3.22 Symmetric measure and n =2, s =1 or s = 2.

4In the corresponding formula for by on p. 213 of Gautschi and Milovanovié¢ (1997), the
factorial sign was inadvertently omitted.
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From the proof of Theorem 3.20, it follows that oy = 0 for all £, and hence
m1(t) = t, ma(t) = tmi(t) — 1 = 1?2 — (1, so that the system of equations (3.1.65),
for n = 2, can be written as

/ t(t* — B1)** dA(t) = 0,

R

[ £ - s axe o,
R

/ (12 = )21 dA(E) = 0.
R

The first two equations are automatically satisfied by symmetry. The third equa-
tion, for s = 1, is a cubic equation in (i,

poBy — 3u2t + 3paf — ps =0 (s = 1),

where pi are the moments of dA. By the uniqueness of ms, there can be only
one real (in fact, positive) root. Likewise, for s = 2, one obtains for ; a quintic

equation,
11037 — 5p2Bi + 10ua B3 — 10u6B3 + 5usfr — o =0 (s =2).

By straightforward, though tedious, calculations, the generating elements for the
Toeplitz matrix A for v = 1 and v = 2 are found to be (assuming 71 > 0 > 79 =

,7-1)

a11:1, a12:7%(71)1/7-1—17 &13:%7'1_2 (5:1),

while the components of the vectors fi are, for s =1,

fio = 3 (po — 3(=1)part + 3per ? — (1) usm %),
fir = 2((=1)"pomy — 2p1 + 2ps7 2 — (1) pary ®),
fio = §(porf — (=1)"pam — 2pg + 2(=1)" psmy * 4 pary 2 = (=1)"psTy 0),

and, for s = 2,
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fio = 35 (1o — 5(=1)" a7y " + 1097 — 10(*1)"%7{3 +5pary = (=1) s ),
fi1 = 5 (=1 por — dpy 4+ 5(=1) pory b — 5(—1) pary ® + dpsmy * — (1) pery °),
fiz = 55 (po7E — 3(=1)"pa7y + pio + 5(—1)"pay " = Spuary > — (=1) sy °
+3pemy = (1) ey ),

fis = 25 (1) ot — 20178 — 2(—1)" poty + 6z — 65Ty >+ 2(—1)" peTy

3
+2urr = (=) psT0),
fia = 25 (o7 — (=1)" a3 — dpor? + 4(=1)" pa7y + 6pa — 6(—1) ps 7y ' — dpery
A1) s sy = (21 ey 0).
The explicit formulae assembled here have been found useful in the develop-

ment and testing of the routine turan.m.

Example 3.23 Gauss—Turdn formulae for the Legendre measure.
Here, dA(t) = dt on [—1, 1]. The Matlab script

epsO=1.e-14;
abO=r_jacobi(21); hom=1;
for n=2:7
for s=1:2
xw=turan(n,s,eps0,ab0,hom) ;
end
end
computes formulae (3.1.58) forn =2,3,...,7, s = 1, and s = 2, with a requested

accuracy level of 107!4. The value hom=1 of the parameter hom means that
homotopy in the variable s is used. Newton’s method in this case never required
more than seven iterations. Without homotopy (hom=0), it required as much as
12 iterations (for n = 7 and s = 2). Comparing the results with the 20-decimal
values in Tables 1 and 2 of Stroud and Stancu (1965), we found that the error
is usually a few units in the 16th decimal place, more precisely, 1-2 units for
the weights )\,(f), 1 < o < 2s, up to 18 units for )\1(,0), and less than 6 units
for the nodes; see the OPQ routine Example3_23.m. This high degree of accuracy
is achieved in spite of the fact that the condition of the Jacobian matrices in
Newton’s method, and especially that of the matrices A, becomes fairly bad
with increasing n. For n = 7 and s = 2, the respective condition numbers are
2.0 x 10* and as large as 5.3 x 101°.

Example 3.24 Gauss—Turan formulae for the Laguerre and Hermite measures.

Similarly as in Example 3.23, and with comparable success, we reproduced the
results for the Laguerre measure given in Table 5 of Stroud and Stancu (1965). It
was observed, however, that the Jacobian matrices become ill conditioned much
more rapidly, reaching a condition number of the order 10° already for n = 4,
when s = 2. The method failed to converge when n = 5. For the Hermite measure,
we reproduced all results in Tables 3 and 4 of Stroud and Stancu (1965) except
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those for n = 7. However, n = 6 and s = 1 required 26 iterations for Newton’s
method to converge. It failed to converge when n = 7, in part because of the
ill-conditioning of the Jacobian matrices. See the OPQ routine Example3_24.m.

3.1.4  Quadrature formulae based on rational functions

The Gauss and Gauss-type quadrature formulae discussed so far, including the
Gauss—Kronrod and Gauss—Turan formulae, are all polynomial-based; they are
optimal with respect to polynomial degree of exactness. This is meaningful if the
functions to be integrated are indeed polynomial-like, but may be questionable
otherwise. As is often the case, for example, the integrand has poles outside the
interval of integration, perhaps even infinitely many. It would then be natural
to require exactness not only for polynomials of certain degrees, but also for
elementary rational functions having the same poles, or at least the more impor-
tant ones among them (those closest to the interval of integration). This calls for
quadrature rules of mixed polynomial/rational degree of exactness. The present
section is devoted to a study of these “rational” quadrature rules.

3.1.4.1 Rational Gauss formulae We begin with a quadrature rule of the usual
form

JRCCED SEWTORY AT) (3.1.69)

where d\ is a positive measure and f is assumed to have poles in the complex
plane away from the support interval of dA. Let m be an integer satisfying

0<m<2n (3.1.70)

and Q,,, the linear space of rational functions defined by
Qu =span{r: r(t) = (14+ut)"° s=1,2,...,s,; p=1,2,..., M},

M
E Sy = m.
p=1

(3.1.71)
Thus, Q,, is a space of dimension m consisting of all linear combinations of
the elementary rational functions (1 + (,t)~*. The parameters ¢, are distinct
real or complex numbers meant to be chosen such that —1/¢,, the poles of the
elementary rational functions, are equal to, or approximate, the most relevant
poles of f. The integers s, are the multiplicities of the respective poles. We
assume that

Cu#0, 141, #0 fortelad], p=12,...,M, (3.1.72)

where [a, b] is the support interval of d\. We denote by Ss,, the space of dimension
2n made up of the space Q,, of dimension m adjoined by the space of polynomials
of degree <2n —1—m,
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SQTL = Qm ) ]P)2n717m~ (3173)
Our objective is to construct formula (3.1.69) in such a way that
R.(f) =0 forall f €Ss,. (3.1.74)

The integer m is a parameter that can be chosen at our discretion, subject
o (3.1.70). In the limit case m = 0, the space Q,, is empty, S, = Pop_1,
and we are back in the polynomial case. The other extreme, m = 2n, yields for
Son a space of genuinely rational functions (P_; is empty), and the resulting
quadrature formula will not be exact for any polynomial, not even constants. In
practice, a middle ground is probably best, that is, a value of m about halfway
between 0 and 2n.

The manner in which the desired quadrature rule can be constructed is the
content of the following theorem.

Theorem 3.25 Define the polynomial (of exact degree m)
M

wn(t) = [T+ ¢ut)™. (3.1.75)

p=1
Assume that the measure d\/w,, admits an n-point (polynomial) Gaussian quadra-
ture formula

/ p(t)jk((?) =300 forallpePa (@170

having distinct nodes TG contained in the support interval [a,b] of dX. Then,
=79 A =Mwu,(r%), v=1,2,...,n, (3.1.77)

yields the desired formula (3.1.69) satisfying (3.1.74).
Conversely, if (3.1.69) and (3.1.74) hold with 7, in the support interval of
d), then so does (3.1.76) with S and \S as obtained from (3.1.77).

Proof Assume first (3.1.76), with all 7& contained in the support interval of
dA. Let

Wi (1)
(1+ut)s”’

Since m < 2n and s > 1, one has g, € Pp—s C P2,—1, and, therefore, by

(3.1.76),
() dAt) e
/}Rm —/un,s(t) —Z/\V Qpu,s(1))

win (T,
_ZAG 1+§u7'G :Z 1+C#Tl,

Here, (3.1.77) has been used in the last step, and none of the denominators on the
far right vanishes because of (3.1.72) and the assumption 7,, € [a, b]. This proves

Qu,s(t) = w=12,...,M; s=1,2,...,5,. (3.1.78)




182 APPLICATIONS

(3.1.74) for the rational part Q,, of Sa,. The assertion for the polynomial part
P2, 1_m follows similarly: If p is any polynomial in Py, _1_,,, then pw,, € Py, _1,
and (3.1.76) yields

= w A®) ¢ 78) = ; T
[poae = [ s ZA on(r) = DNl

again by (3.1.77).

To prove the converse, note first of all that )\G is well defined by (3.1.77), since
Wi (T¢) # 0 by (3.1.72) and the assumption 7¢ € [a,b]. One then verifies that
(3.1. 76) holds for all polynomials (3.1.78) (of degrees <m) and all polynomials
of the form pw;,, p € Pay,_1_m, the union of which spans P, _;. O

Remark to Theorem 3.25 It is sometimes useful to consider in place of
(3.1.69) the more specific quadrature rule

/Rf(t)s(t) ) = S M f () + Ra(f), (3.1.79)

where s is a function that exhibits difficult behavior unrelated to the poles of f,
and d\ is one of the standard integration measures. Theorem 3.25 then remains
valid if (3.1.76) is replaced by

s(t) dA(t -
/Rp(t)(w)mi(t)() = Vz::l Mop(r8), pe Py . (3.1.80)

Since the numbers ¢, in general, are complex, the “modified measure” dA/wy,
n (3.1.76) may be complex-valued, and the existence of the Gauss formula
(3.1.76) is not ensured. There is no such uncertainty, however, if wy,, is of con-
stant sign on [a, b], a situation that occurs in a number of special cases, all of
interest in applications. We mention here some of the more important ones.

Example 3.26 Simple real poles.

Here, all s, = 1 (hence M = m), and (, = &, are real and distinct, with
&, #0, n=1,2,...,m. The polynomial wy, then becomes

HH&M

Since by assumption w,, does not vanish on the support interval [a, b], the poly-
nomial w,, has constant sign on [a, b], that is, d\/w,, is a (positive or negative)
definite measure. All of its moments evidently exist. The Gauss formula (3.1.76),
therefore, exists uniquely for every n, and all its nodes are in [a, b].
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Example 3.27 Simple conjugate complex poles.
This is the case where all s, = 1, m is even, and

Cu =& +iny, C;H—l =& —iny (V =1+ LM/QJ)’
plodd) =1,3,...,m—1,
where all £, are real and all 7, positive. Then,

m/2
wn(t) = JTI0+&1)% + 0%, 2 < m(even) < 2n.

v=1
This is clearly positive on R, and the hypotheses of Theorem 3.25 are satisfied.

Example 3.28 Same as Examples 3.26 or 3.27, but with s, = 2 (hence m =
2M).

Example 3.29 Simple conjugate complex poles plus a real simple pole.
Here, all s, =1, m is odd >3, and

C,u =& +iny, C;L+1 =¢, —in, (V: 1+ LU/QJ)7
ulodd) =1,3,...,m — 2,

Cm = gm S R,
with & € R, i, > 0. This yields
(m—1)/2
wn(t) = (1 +&t) [ [(1+&07 +nt?),
v=1

which again has constant sign on [a, b].

Example 3.30 Same as Example 3.29, but with two simple poles instead of
one.

Note that all weights A, in (3.1.69) are positive in each of these examples.
This is clear if w,, > 0 on [a, ], but also if w,, < 0, since then AG < 0 in (3.1.76)
and thus A, > 0 by (3.1.77).

Given an wy, of constant sign on [a, b], the problem thus boils down to con-
struct the Gauss quadrature rule (3.1.76) for the measure d\,, = d\/w,, or,
what suffices in view of §3.1.1, the computation of the first 2n recurrence coef-
ficients &y, = ak(d;\m), Bx = ﬁk(d;\m), k =0,1,...,n — 1. Unless some of the
zeros of w,, that is, some of the respective poles, are close to the interval [a, b], a
simple-minded discretization method (cf. §2.2.4) will do, the discretizations be-
ing accomplished by Gaussian quadrature rules relative to the measure d\. This
is implemented in the OPQ routine r_mod.m, which calls on the routine mcdis.m
to do the discretization. The output &g, Bk» k=0,1,...,n — 1, of the routine
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r_mod.m is then fed into the routine gauss_rational.m, which generates the de-
sired n-point rational Gauss formula according to Theorem 3.25. In the case of
“difficult” poles, that is, poles close to [a, b], additional work is required, which
will be described in §3.1.4.2.

Example 3.31 The integral fil(ﬂt/w)/sin(ﬂt/w) dt, w > 1.

The poles of the integrand are all simple and located at the integer multiples
of w; we are in the case of Example 3.26. To set up the space Q,,, it is natural
to let m be even and to incorporate the m poles closest to, and on either side
of, the interval [—1, 1]. The corresponding values of &, (the negative reciprocals
of the poles) are then

(=1)”
(v +1)/2)w’

The discretization procedure described for computing the quadrature rule (3.1.76)
works quite well, unless w is very close to 1. For this latter case, see Example

& = v=1,2,...,m. (3.1.81)

Table 3.1 The integral of Fxample 3.31 with w = 1.1
evaluated by rational Gauss quadrature.

n m Integral Error Ncap kount
1 2 3.34897468149577 2.504(-01) 51 16
4 8 4.46777134878307 5.143(-07) 49 8
7 14 4.46777364638772 9.741(-15) 57 6
10 20 4.46777364638777 0.000(+00) 81 6
1 2 3.34897468149577 2.504(-01) 51 16
4 4 4.46773974921780 7.587(-06) 49 8
7 8 4.46777364638446 7.399(-13) 57 6
10 10 4.46777364638776 1.392(-15) 81 6
1 2 3.34897468149577 2.504(-01) 51 16
4 2 4.46735807863000 9.302(-05) 49 8
7 2 4.46777355977115 1.939(-08) 57 6
10 2 4.46777364637083 3.792(-12) 81 6
1 0 2.00000000000000 5.524(-01) — —
4 0 4.24804106331922 4.918(-02) — —
7 0 4.45139788821468 3.665(-03) — —
10 0 4.46659960850924 2.628(-04) — —

3.34. Typical choices of m are m = 2n, m = 2|(n+1)/2], and m = 2. For these,
and also for m = 0, selected results produced by the rational Gauss quadrature
rule are shown for w = 1.1 in Table 3.1; they are obtained by the OPQ routine
Example3_31.m, the core of which looks as follows:
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abO=r_jacobi (Nmax) ;
eps0=100%*eps; sgn=1;
for m=1:M

sgn=-sgn;

Z(m,1)=sgn/ (om*floor ((m+1)/2)); Z(m,2)=1;
end
[abmod,Ncap, kount]=r.mod (N, ab0) ;
xw=gauss_rational (N, abmod) ;

The first command provides sufficiently many (Nmax) recursion coeflicients for
the Legendre measure dA(¢t) = dt on [—1,1]. The choice Nmax =100 turned out
to be adequate in all cases. The error tolerance epsO is used in the routine
mcdis.m (called by rmod.m), which also returns the integers Ncap and kount.
They indicate the maximum number of Legendre recurrence coefficients, resp. the
number of iterations, actually needed for the discretization process to converge.
The array Z containing the ¢, and their multiplicities is used in the quadrature
routine that generates the discretizations in mcdis.m. The (relative) errors shown
in Table 3.1 were determined by comparison with results obtained by Maple to
20 decimals. It can be seen that incorporating the maximum number m = 2n of
poles yields the best results in this example. The accuracy deteriorates noticeably
as m is decreased and is distinctly inferior when m = 0 (ordinary Gauss—Legendre
quadrature).

Example 3.32 The integral [ T(1+ ¢)t="/2dt/(t + w), w > 0.
The measure here is dA(t) = t~/2dt on [0,1], and the poles are at —w and
at the negative natural numbers. Accordingly, we take

& = l, v=12,...m—-1; &,= l
v w

Selected results for w = 0.1, m = 2n, m = n, m = 2, and m = 0, analogous
to those in Example 3.31, are produced by the OPQ routine Example3_32.m and
are shown in Table 3.2. The core of the routine is almost identical to the one
exhibited in Example 3.31, except for the obvious change in the generation of
&, and the fact that we now need the routine r_jacobiO1(Nmax,0,-1/2). In
this example, the results for m = n, and even those for m = 2, are slightly more
accurate than those for m = 2n (except when n = m = 1). The strong showing
of m = 2 in this example, compared to Example 3.31, may at first surprise,
but on reflection seems quite natural, given that the two most relevant poles in
Example 3.31 are at the same distance from the support interval, whereas here
they are not.

3.1.4.2  Difficult poles Poles that lie close to the support interval [a, b] of A\ are
difficult to handle by the discretization procedure in mcdis.m, since the measure
d\n = d\/wy, is nearly singular. It is better, in such cases, to first process
the “benign” poles, that is, apply the procedure described in §3.1.4.1 to the
measure d\ = d\ /@m, where @, is the (constant-sign) polynomial corresponding
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Table 3.2 The integral of Example 3.32 with w = 0.1
evaluated by rational Gauss quadrature.

n o m Integral Error Ncap kount
1 2 7.54645695430477 1.642(-02) 31 13
4 8 7.67246131529514 1.657(-07) 41 7
7 14 7.67246258637016 5.163(-14) 57 6
10 20 7.67246258637055 1.158(-15) 61 5
1 1 7.46180867023317 2.746(-02) 31 13
4 4 7.67246240210902 2.402(-08) 41 7
7 7 7.67246258637054 2.894(-15) 57 6
10 10 7.67246258637056 5.788(-16) 61 5
1 2 7.54645695430477 1.642(-02) 31 13
4 2 7.67246253098169 7.219(-09) 41 7
7 2 7.67246258637053 3.936(-15) 57 6
10 2 7.67246258637055 1.042(-15) 61 5
1 0 4.12144389955038 4.628(-01) — —
4 0 7.56688893903608 1.376(-02) — —
7 0 7.66991858256827 3.316(-04) — —
10 0 7.67240170362946 7.935(-06) — —

to all poles other than the difficult ones, and then do some postprocessing to
incorporate the difficult poles. We describe the relevant procedures in the special
(but important) case where all benign poles are simple and either all real, or all
complex occurring in conjugate complex pairs. With regard to the difficult poles,
we assume that there is either one such pole, which is real and simple, or a pair
of simple real poles located symmetrically with respect to the origin.

We begin with the case of a single difficult pole x € R. Suppose we have
already generated by the method of §3.1.4.1 sufficiently many recursion coeffi-
cients @y, and 3y, for the (partially modified) measure dX = d\/@,,. The problem
then is to compute the recursion coefficients &y and 3y for the (fully modified)
measure

dA(t) = , (3.1.82)

where z is close to, but outside the support interval [a, b] of d\ (or of d\, which
is the same). This is precisely the problem discussed in §2.4.4 and can be solved
by Algorithm 2.8. Recall, however, that this algorithm requires knowledge of the
Cauchy integral

polz;dN) = /R dA®) (3.1.83)

x—t
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One possibility of computing it is to apply the continued fraction algorithm of
§2.3.2. Unfortunately, and especially when z is close to [a, b], as we assume here,
this would require a large number of recurrence coefficients &y, and @C. We prefer
another technique that relies more on the original measure d\. It is based on the
decomposition of &,,! into partial fractions. We consider separately the case
where all zeros of &, are real, and the case where all are complex, occurring in
conjugate complex pairs.
In the first case,

1 1 B e /&
om(t)  ILA+&E ZV: 1/6, +t’

where the sum and product are extended over all benign poles (or, perhaps,
approximations thereof), and where

1
L, = I | EE— 3.1.84
‘ HFAV 1- gu/&/ ( )

Empty products (if there is only one, or no, benign pole) are understood to be
equal to 1. We then have from (3.1.83), since dA = d\ /@y,

po(m’;dS\) - /R (x — t Yo (¢ Z/ T —1 ljz,{itd)\(t)'

Writing

1 g 1 1
x—tlﬁu+t'L+@x<x—t+1ﬁu+t>’

we get

pol; dA) :Z - o lpo(: ) = po(=1/65 )] (3.1.85)

Both terms in brackets can be computed by the continued fraction algorithm
alluded to above, but now for the underlying measure d\, which is usually one
of the classical measures. The required recursion coefficients o = ax(d\) and
Br = Br(dN), therefore, are easily generated, in large numbers if necessary. For
special measures, the Cauchy integral po(z; dA) is known explicitly (cf. Examples
3.33 and 3.34); for others (cf. Example 3.36), it may be evaluated analytically.
In the second case of conjugate complex zeros, similar ideas apply, but they
are a bit more complicated. The partial fraction decomposition of &,,! now has

the form
1 _ ¢y +dt

where the sum is extended over all pairs of conjugate complex (benign) poles.
By an elementary computation one finds
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— Im(pl//zy) d — ImpV
v Im Cu ) v ImCy )

(3.1.87)

where

1
"o E (1= Cu/C)(1 = Cu/G)

There follows

Ay o [ 9Al) ¢y +dyt
”“‘””’d”‘/R(w Z/ i G+ gy MO

Here, we can write

1 c, +d,t B A, i B, L C,
et (t+1/G)(E+1/C,) -t t+1/6  t+1/,]
where
_ cv+dvx _ 1 CV*dv/CV )
CTRrrer BT amg) g TP B
to get
polx:dX) = 3" (Aupola;dN) — 2Re[Bypo(—1/G5dN)]). (3.1.89)

v

Both terms in the sum can again be computed as indicated immediately after
(3.1.85). For an application of this procedure, see Example 3.36 of §3.1.4.3.

Example 3.33 Example 3.32, revisited, with w = 0.001.

The difficult pole here is the one at —w. The Cauchy integral po(z;d\) for
d\(t) = t=%/2dt on [0,1] and z < 0, required in the two occurrences on the right
of (3.1.85), can be obtained in closed form. Indeed,

14-1/2 1y-1/2
3 dt t dt
po<x;cu>=/ —z—/ T @<,
0 0

x—t |x] + ¢t

and the transformation ¢t = s2 in the last integral on the right gives

1 -1
s+ -2sds
AN = [ 12
potesan = [T |x|/1+52/|x|
UVIEl flaldt 2 1
= ||/ |x tan .
T

L+2 /] ]

There follows from (3.1.85), in which z = —w, that
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po(z;dN) = po(z;dN) = — if m=1,

2 (L)

Val Val
Y ml 261/ 1 1 1 -1 .

po(x;dN) = ; e {—\/m tan (—) +/& tan" 1€, b if mo> 1,

||

(3.1.90)
where ¢, is given by (3.1.84). When m = 1, the benign poles are ignored and only
the difficult one is taken into account. When m > 2 is large, the second relation
in (3.1.90) is vulnerable to serious cancellation errors, since the constants c,
can assume large values of either sign; see, in this connection, Gautschi (1993a,
p. 124). No such problem occurs when m = 2, the summation in (3.1.90) then
consisting of just one term.

The procedure is implemented in the OPQ routine Example3.33.m and was
run for w = 0.001, m = 2n, m =n, m =2, m = 1, and m = 0. In the first three
cases, the results are quite similar, those for m = 2 being slightly more accurate
than the others. The latter are shown in Table 3.3 together with the results for
the last two cases. Note from the relatively small values of Ncap the ease with

Table 3.3 The integral of Example 3.32 with w = 0.001
evaluated by rational Gauss quadrature.

m Integral Error Ncap kount
2 96.5045731403309 2.059(-03) 13 8
2 96.7036881308250 1.019(-09) 17 4
2 96.7036882293812 2.939(-16) 22 3

~ e =S

1 1 96.2844423124649 4.335(-03) —  —
96.7036780981287 1.048(-07) — = —
7 1 96.7036882291188 2.713(-12) —  —

N
—

[
o

5.34185151487088 9.448(-01) — —
23.4324747952258 7.577(-01) — —
7 0 39.9488620667821 5.869(-01) — —

N
o

which accurate results can be obtained when m > 1. As expected, this is in
stark contrast with the extremely poor answers furnished by the ordinary Gauss
formulae (m = 0). We also note the benefit accrued from the special treatment
of the pole at —w. Without it, the routine r_ mod.m would have to work much
harder. In the case m = 2n, n = 7, for example, it returns Ncap=351.

Suppose now that we have two difficult poles +z outside the support of dA.
Then, in place of (3.1.82), the modified measure is
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and we need to compute its recurrence coefficients & and ﬂAk This is the last
problem discussed in §2.4.5 and is solved by Algorithm 2.11. It again requires
the Cauchy integral (3.1.83) in the combinations po(z;dN) + po(—x;d)) and
po(z; dX) — po(—x;dN), or, by virtue of (3.1.85), the Cauchy integrals po(+z; dA)
(in addition to pg(—1/&,;d\) corresponding to the m — 2 benign poles).
Example 3.34 Example 3.31, revisited, with w = 1.001.

There is a pair, fw, of difficult poles, and correspondingly &2 = +1/w in
(3.1.81). The remaining (benign) poles do not necessarily have to be accounted
for to high precision. Since w = 1, we can, therefore, replace &, in (3.1.81) by

-y
PR YTTR

v=12....,m—2,

and define @y, (t) = [["2(14+&,t) (=1 if m = 2). We then have (approximately)

L oo\ - Lo o 2 ~
wm(t) = (1;15 )wm(t)ﬁ(t — W) (t),
so that the modified measure is
. dt dt dA(t)
dA(t) = ==
=t~ Y E—mon - Y E-e

and Algorithm 2.11 is applicable with £ = w. The required Cauchy integrals

Table 3.4 The integral of Example 3.31 with w = 1.001
evaluated by rational Gauss quadrature.

m Integral Error Ncap kount
2 7.60900373691843 4.115(-01) — —
8 12.9292490747847 6.014(-07) 25 5
14 12.9292568506327 4.873(-11) 29 4

EN BTSN

1 4 9.41774621137573 2.716(-01) 15 9
4 12.9291016962906 1.200(-05) 25
7 4 12.9292568467483 2.517(-10) 29 4

e
ot

1 2 7.60900373691843 4.115(-01) —  —
4 2 12.9270894147078 1.676(-04) —  —
7 12.9292560307169 6.337(-08) —  —

[\

po(£z; d)) are given by (3.1.85) and (3.1.84), where the &, are to be replaced by
&, and where po(x; d\) = po(x; dt) is computable explicitly. There follows
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po(z; dX) = po(z;dt) = lo if m=2,
m—2 ( ;(é | (3.1.91)
~ Cy z+1 v+ 1 .
po(z;dN) = Vz::l T+ 62 og D6 1) if m > 2.

This is implemented in the OPQ routine Example3_34.m, which for w = 1.001 and
m = 2n, m = 4, and m = 2, produces results as shown in Table 3.4. Note that
for the last value of m, only the difficult poles, and none of the benign poles, are
incorporated.

3.1.4.3 Fermi—Dirac and Bose—FEinstein integrals These are integrals of inter-
est in solid state physics when Fermi—Dirac and Bose—FEinstein distributions are
involved. We consider here generalized versions of these integrals containing an
extra parameter 6 related to temperature.

Example 3.35 Generalized Fermi—Dirac integral

otk /1 +6t/2
Fk(n,e):/ EVI+02 0 LR 9> 0.
0

e~ ntt 41

Here, k is the Boltzmann constant whose values of physical interest are the half-
integers k = 5, k = —, and k = % The parameter 7, which can be positive or
negative, is a degeneracy parameter” (Pichon, 1989).

For numerical purposes, it is convenient to write the integral in the form

V1
/ +6¢/2 the=t dt, (3.1.92)

e et

which suggests the generalized Laguerre measure (cf. Table 1.1) dA(t) = tFe~* dt
as the appropriate measure of integration. The poles of the integrand are all
simple and occur in conjugate complex pairs on the line Im ( = n at odd integer
multiples of 7 away from the real axis. All these poles are benign. We are in the
case of Example 3.27 and thus take m even and

1 1

) C}L+1 = -

=T an n— pir’

ulodd) =1,3,....,m—1,

that is, in the notation of Example 3.27,

- B 2v—1)m
n?+ (2v — 1)272” = n?+ (2v —1)272°

& = v=1,2,...,m/2.
This gives rise to the positive polynomial w,, shown in Example 3.27. The n-
point rational Gauss formula for (3.1.92) can now be computed as described in
the paragraph preceding Example 3.31.

The procedure is implemented in the 0PQ routine fermi_dirac.m and was run
for § = 107, n = &1, and the three values of k, using m = 2n, m = 2| (n+1)/2],
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Table 3.5 The Fermi—Dirac integral (3.1.92) forn = —1,

k= %, and 6 = 10™%, evaluated by rational Gauss quadra-

ture.
n om Integral Error Ncap kount
1 2 0.275409029983064 5.199(-02) 43 15
4 8 0.290512275644047 4.866(-07) 73 10
7 14 0.290512417018931 1.933(-12) 85 8
10 20 0.290512417019493 1.720(-15) 101 7
1 2 0.275409029983064 5.199(-02) 43 15
4 4 0.290512392000444 8.612(-08) 73 10
7 8 0.290512417019499 2.102(-14) 85 8
10 10 0.290512417019493 5.733(-16) 101 7
1 2 0.275409029983064 5.199(-02) 43 15
4 2 0.290512145362808 9.351(-07) 73 10
7 2 0.290512416447331 1.970(-09) 85
10 2 0.290512417025901 2.206(-11) 101 7
1 0 0.301304326552001 3.715(-02) — —
4 0 0.290442503440480 2.407(-04) — —
7 0 0.290513664399923 4.294(-06) — —
10 0 0.290512463028434 1.584(-07) — —

m = 2, and m = 0. Table 3.5 shows the results for k = %, n = —1, which are
typical. It can be seen that the second choice of m, as in Example 3.32, yields
slightly more accurate answers than the first, and significantly better accuracy
than the other choices of m; see the routine Example3_35.m for implementational
details. To determine the (relative) errors, we used a quadruple-precision Fortran
routine to generate reference values to 24 decimal digits.

Example 3.36 Generalized Bose—Einstein integral

ootk /1 + 0t/2
;/dt, n<0,6>0.

Gk(na 9) = /0 e—n+t — 1

The values of k of interest are the same half-integers k = %, k= %, and k = %
as in Example 3.35, but n now has to be negative.
For numerical work, we choose to write

<ty /1+6t/2
Gr(n,0) = L+ 02 th=le=t dt, (3.1.93)
g e Mm—et

where a factor ¢ is split off to make the integrand regular at ¢ = 0 even in the
case 7 = 0 (which, however, is excluded). The measure of integration, therefore,
is dA(t) = th—le~t dt.
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There are again infinitely many simple conjugate complex poles on the line
Im ¢ = n, now at a distance of multiples of 27 away from the real axis. This makes
them even more benign than the poles in Example 3.35. There is, however, an
additional real pole at t = 1. We are, thus, in the case of Example 3.29, which
suggests to take m > 3 odd, and to put

1 1
=" = odd) =1,3,...,m — 2,
“=TuT (b + 1)im S = (b + 1)im ulodd)
1
C?n = -
Ui
Therefore, in the notation of Example 3.29,
—n 2vm
S =E————— Ny =, =12,....,(m—1)/2. 3.1.94
6= e e ! (m—1)/2.  (3.194)

The rational Gauss quadrature rule appropriate for (3.1.93) can be generated

Table 3.6 The Bose-Einstein integral (3.1.93) evaluated
by rational Gauss quadrature.

n om Integral Error Ncap kount
1 1 0.284309031568454 2.512(-01) 91 20
4 7 0.379707663443525 3.167(-06) 121 13
7 13 0.379708865993066 1.319(-11) 155 11
10 19 0.379708865998074 5.848(-16) 141 9
1 1 0.284309031568454 2.512(-01) 91 20
4 3 0.379708550494209 8.309(-07) 121 13
7 7 0.379708865998149 1.981(-13) 155 11
10 9 0.379708865998074 7.310(-16) 141 9
1 1 0.284309031568454 2.512(-01) 91 20
4 1 0.379698902772340 2.624(-05) 121 13
7 1 0.379708897989683 8.425(-08) 155 11
10 1 0.379708865562790 1.146(-09) 141 9
1 0 0.419669711250205 1.052(-01) —

4 0 0.381220851941995 3.982(-03) —

7 0 0.379832656726223 3.260(-04) —

10 0 0.379725201927930 4.302(-05) —

in the same manner as in Example 3.35, provided |n| is not very small. The
procedure is implemented in the 0PQ routine bose_einstein.m and used in the
routine Example3_36.m to obtain the results shown in Table 3.6 for § = 1074,
n=-1k= % For the other values of k, the results are similar. Since m, if
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positive, should be odd, we took m =2n—1, m=2[(n+1)/2| -1, m =1, and
m = 0.

For very small values of ||, the real pole at ¢ = 7 must be treated separately
as described in §3.1.4.2. According to Example 3.29, we have

(m—1)/2
wm(t) = (L= t/mon(t), ou)= [[ [(A+&)?+nt}],  (31.95)
hence ~ ~
oo da®) A dA@)
PO @ T T

Algorithm 2.8 is thus applicable with = 7. To compute the Cauchy inte-
gral po(z;d\) in (3.1.89), we need the partial fraction decomposition of &' in
(3.1.86). Since |n| is very small, we can simplify (3.1.94) by letting &, =~ &,,
My = 1, where

1
& =0, fy==—, v=12... (m-1)/2 (3.1.96)

2ur’

and redefining @,, in (3.1.95) by replacing &, and 7, by ¢, and 7j,, respectively.
This makes @,,, independent of 1. An elementary computation based on (3.1.87)
and (3.1.88), and using the approximations (3.1.96), then yields

po(x;dN) = po(z;dN) if m =1,

(m—1)/2
- 2ump,
po(z;dA) = #2:1 2 1 4272 (2umpo(z; dA)

—Re[(2um —ixz)po (2umi; dN)]) if m > 3,

where
(m—1)/2 2
K

P = H IQZ*,UZ.

KF W

The Cauchy integrals po(2umi;d\) are computable by the continued fraction
algorithm of §2.3.2, which converges rapidly. The same algorithm applied to
po(x;dN), when x < 0 is close to zero, would converge very slowly. Fortunately,
we can compute po(x;d\) analytically. Indeed,

e e] tk—l —t (e e] tk—l —t
po(z;dN) :/ S, P —/ °_at,
0 0

x—t |x| + ¢t

and by the change of variables ¢ — |x|t,
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D el 00 tk*leflxlt q
cd\) = — |z - a4
e

The integral on the right is expressible in terms of the incomplete gamma function
as T(k)el®IT(1 — &, |z|) = T(k)el*{T(1 — k) — y(1 — k, |z|)} (see Gradshteyn and
Ryzhik (2000, eqn 3.383.10)), which, upon using I'(k)I'(1 — k) = n/sin(wk) and
the power series expansion of v(1 — k, |z|), yields

> i
dx o ‘.L‘ ™ k—1 |‘T|
po(w; dA) = stk 12! ;0 T r1— k)

The series on the right converges quite rapidly when |z| is small. The procedure
is impemented in the OPQ procedure bose_einstein diffpole.m.

Example 3.37 Example 3.36, revisited, with n = —0.001.

Here, the pole at t = 7 is clearly difficult, calling for the procedure embodied
in the routine bose_einstein diffpole.m. The results produced by this rou-
tine, when # = 10~ and the m are chosen as in Example 3.36, are displayed in
Table 3.7 for the case k = % The other values of k yield similar results, although
not quite as bad when m = 0; see the routine Example3_37.m. The integers Ncap
and kount characterize, as before, the computer intensity of the discretization

Table 3.7 The DBose-Finstein integral (3.1.93) with

n = —0.001 evaluated by rational Gauss quadrature.
n m Integral Error Ncap kount nul
1 1 1.69040669641165 2.376(-01) — — —
4 7 2.21714386900473 2.811(-06) 49 8 30
7 13 2.21715010087722 1.543(-11) 71 7 30

—_

1 1.69040669641165 2.376(-01) — — —
4 3 2.21714726128018 1.281(-06) 49 8 30
7 7 2.21715010090452 3.110(-12) 71 7 30

1.69040669641165 2.376(-01) —  —  —
1 2.21713613862449 6.297(-06) —  —  —
7 1 2.21714956475764 2.418(-07) — = —  —

—
—_

1 0 2.24665592228785 1.331(-02) — — —
2.30358500893463 3.899(-02) — — —
7 0 2.29973499254897 3.725(-02) — — —

o

procedure in the routine mcdis.m for generating the recurrence coefficients of the
(partially) modified measure dA = d\/@,,. Table 3.7 shows in addition the inte-
ger nul, which is related to the computation of the Cauchy integral po(2pumi; dA)
for p = 1, indicating the integer v required for the continued fraction algorithm
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(2.3.14) to converge. Since all complex poles are benign, and the argument 2puri
in the Cauchy integral is comfortably far away from the real axis, neither Ncap
nor nul are particularly large. Note that in the case m = 1, only the real pole
at t = n is taken into account.

All the numerical illustrations, so far, used the rather small value of § = 10~*
taken from the physics literature (Sagar, 1991). The performance of the ratio-
nal Gauss formulae, as constructed, is bound to deteriorate with increasing 6,
on account of the square root singularity at ¢ = —2/60. To prevent this from
happening, one incorporates the factor s(t) = 1/1 + 6¢/2 into the modified mea-
sure, as indicated in the Remark to Theorem 3.25. This puts the burden on
the discretization procedure in the routine mcdis.m, which will have to work
harder. But once the respective coefficients @y (sdA/wnm) and B (sdA/wm ) have
been generated, the quadrature rule (3.1.80) is readily obtained, and so are the
rational Gauss formulae, which now, even for large values of 6, enjoy again the
rapid convergence that we have seen in the previous examples. The modification,
incidentally, necessitates only one small change in the quadrature routine used
by mcdis.m (called by r-mod.m) and in the function routine evaluating the in-
tegrand. (The necessary changes are identified in comments within the routines
quadrat.mand fex35.m, fex37.m.) But the effect of these changes can be rather
dramatic, as is illustrated in the next example.

Example 3.38 The generalized Fermi—Dirac integral for large 6.

We reran Example3_35.m, with the changes noted above, for § =1, § = 10,
and § = 100. In the last case, the error tolerance eps0 was lowered from 10% x eps
to 10°xeps= 2.22 x 107!¥ in order to ease the burden on the routine mcdis.m.
The results for n = -1, k = % are shown in Table 3.8. Note the large values of
Ncap that are required, but the good accuracies achieved. The last column, in

contrast, shows the errors incurred when no changes are incorporated.

Table 3.8 The Fermi-Dirac integral (3.1.92) for large 6.

06 n m Integral Error Ncap kount  Error0
1.0 1 2 0.361184320447425 5.910(-02) 51 16 9.834(-02)
4 8 0.383869494230472 7.153(-07) 73 10 1.439(-06)
7 14 0.383869768810864 3.325(-12) 85 8 7.033(-09)
10.0 1 2 0.769108163428219 6.228(-02) 251 27 1.247(-01)
4 8 0.820187855482118 8.348(-07) 265 18  4.588(-04)
7 14 0.820188540206230 4.059(-12) 351 16 6.872(-05)
100.0 1 2 2.2667230470 6.191(-02) 571 33 1.249(-01)
4 8 2.4163266837 8.397(-07) 617 24 1.791(-03)
7 14 2.4163287128 1.499(-11) 743 21 5.367(-04)

The same treatment is applicable in the case of Bose-FEinstein integrals with
similar results. The case § = 100, however, proved to strain the routine mcdis.m
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more than before, and the error tolerance eps0O had to be reduced some more
to 107 xeps=2.22x10" to achieve convergence within the limit Nmax=1000 of
the discretization parameter N. The results for n = —1, k = % are shown in
Table 3.9; they were produced by a slightly changed routine Example3_36.m.

(The specific changes are indicated in comment lines.)

Table 3.9 The Bose-Finstein integral (3.1.93) for large 0.

8 n m Integral Error Ncap kount  ErrorQ
1.0 1 1 .354699024506360 2.725(-01) 91 20  3.720(-01)
4 7 .487528382100474 4.623(-06) 121 13 1.445(-05)
7 13 .487530635992235 2.280(-11) 155 11 1.418(-08)
10.0 1 1 .722916404688393 2.799(-01) 283 28 5.436(-01)
4 7 1.00386348178076 5.524(-06) 265 18 8.699(-04)
7 13 1.00386902658501 2.871(-11) 351 16 1.140(-04)
100.0 1 1 2.1604929294  2.606(-01) 763 35  5.991(-01)
4 7 2.9219317372  5.484(-06) 745 25  3.033(-03)
7 13 29219477618  4.323(-11) 743 21 8.530(-04)

3.1.4.4 Rational Gauss—Radau and Gauss—Lobatto formulae The discussion of
§3.1.4.1 for rational Gauss formulae extends almost verbatim to Gauss—Radau
and Gauss—Lobatto formulae. It suffices, therefore, to simply state the respective
facts, referring to eqn (3.1.71) for the definition of the space Q,, and to eqn
(3.1.75) for the definition of the polynomial w,y,.

With regard to the “left-handed” Gauss-Radau formula

/f £)dA(t) = o f(a ZA f(1) + Ra(f), (3.1.97)

where a = inf supp(d)), we now assume, in place of (3.1.70), that
0<m<2n+1, (3.1.98)
and the appropriate rational/polynomial space is
Son+1 = Qm & Pon—m. (3.1.99)

We then have the following characterization of rational Gauss—Radau formulae.

Theorem 3.39 Given the integer m satisfying (3.1.98), assume that the mea-
sure d\/wp, admits an (n + 1)-point Gauss—Radau formula

dA(t
/p(t) ®) = \'p(a) +Z>\R (R)  for all p € Pa,, (3.1.100)
R

with distinct internal nodes T in the open support interval (a,b) of dX. If Sop i1
is defined by (3.1.99), then
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Ty = TR7 Ay = )‘fwm(TuR)a v=0,1,2,...,n, (31101)

v

yields formula (3.1.97) exact for f € Sopy1.

There is, of course, an analogous result for “right-handed” Gauss-Radau
formulae.
For Gauss—Lobatto formulae,

/}R SO AN = 2o f (@) + SN F0) + Awia fO) + Rulf),  (3.1102)

we assume
0<m<n+?2 (3.1.103)

and define the space
S271—1—2 = Q?n @ IP)2n-§—1—’m- (31104>

Theorem 3.40 Given the integer m satisfying (3.1.103), assume that the mea-
sure A\ /wp, admits an (n + 2)-point Gauss—Lobatto formula

[ ot )jA(()) — Mpla +ZA LY LA p(b)  for all p € Bayyn, (3.1.105)

with distinct internal nodes T in the open support interval (a,b) of dX. If Sopyo
is defined by (8.1.104), then

=71 A =Xuw,(F), v=01,...,nn+1, (3.1.106)
yields formula (3.1.102) exact for all f € Sopta.

For implementations in Matlab, see the OPQ routines radau_rational .m and
lobatto_rational.m.

3.1.4.5 Rational Gauss—Kronrod formulae Recall that a Gauss—Kronrod for-
mula for the measure d\ has the form (cf. (3.1.39))

n+1

/f t) dA(t Z/\ f(m) +ZA* R, (f), (3.1.107)

where 7, are the Gauss nodes for d\, and the remaining nodes 7,; and all the

weights are such that R, (f) = 0 for all f € P3,,41. To make the formula exact
on a rational /polynomial space, one defines an integer m with

0<m<3n+2, (3.1.108)
and the space

Sznt2 = Qm ® Psny1-m, (3.1.109)

where Q, is defined by (3.1.71). If the polynomial wy, is defined as in (3.1.75),
then, exactly as in §3.1.4.1, one proves the following theorem.
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Theorem 3.41 Given the integer m satisfying (3.1.108), assume that the mea-
sure d\/wp, admits a (2n + 1)-point Gauss—Kronrod formula

n+1

dX(t -
[0S = SN0 + XKL for all p € o, (31110
R m v=1 p=1

having distinct nodes ¢ and Tff # 78 contained in the support interval [a,b] of
dA. If Szp42 is defined by (3.1.109), then

_ .G _ K. _\K G _ \xK K
=T, T =T A=A Wi (757, AL = A wm(TH ),

(3.1.111)
v=12...,n; p=12,....,.n+1,

yields formula (3.1.107) exact for all f € Szp42.

Recall from §3.1.2.1 that 7 in (3.1.110) are the zeros of the orthogonal poly-
nomial 7, (- ; dA\/w,,) and Tlf( the zeros of the Stieltjes polynomial 7r£<+1( S dA wm).
The procedure implied by Theorem 3.41 is embodied in the OPQ routine
kronrod rational.m.

Example 3.42 Example 3.31, revisited.

The integral of Example 3.31 is now evaluated by the rational Gauss—Kronrod
quadrature rule generated according to Theorem 3.41. This is done by the 0PQ
routine Example3_42.m, the core of which looks very similar to the one exhibited
in Example 3.31:

abO=r_jacobi (Nmax) ;
eps0=100%*eps; sgn=1;
for m=1:M

sgn=-sgn;

Z(m,1)=sgn/(om*floor ((m+1)/2)); Z(m,2)=1;
end
[abmod,Ncap,kount]=rmod(ceil (3*N/2)+1,ab0) ;
xw=kronrod_rational (N, abmod) ;

The results obtained for the same value w = 1.1 as in Table 3.1 and for m =
21(3n+2)/2], m = 2n, m = 2[(n+ 1)/2]|, m = 2 are displayed in Table 3.10.
For comparison, we also include the results for m = 0 corresponding to ordinary
Gauss—Kronrod quadrature. Compared to ordinary or rational Gauss rules (Table
3.1) as well as to ordinary Gauss—Kronrod rules (m = 0 in Table 3.10), the
improvement provided by the rational Gauss-Kronrod rule is rather spectacular,
even if only the first pair of poles (m = 2) is incorporated.

3.1.4.6  Rational Gauss—Turdn formulae For the Gauss-Turdn formula (cf.
(3.1.58))

n 2s

/ FOANE) =D S A7) + R s(f), (3.1.112)
R

v=10c=0
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Table 3.10 The integral of Fxample 3.31 with w = 1.1
evaluated by rational Gauss—Kronrod quadrature.

n o m Integral Error Ncap kount
1 4 4.46666779324154 2.475(-04) 43 9
2 8 4.46777619256081 5.699(-07) 49 8
3 10 4.46777364646169 1.655(-11) 61 7
4 14 4.46777364638776 1.193(-15) 57 6
1 2 4.46120976114983 1.469(-03) 43 9
2 4 4.46780896475528 7.905(-06) 49 8
3 6 4.46777364819601 4.047(-10) 61 7
4 8 4.46777364638719 1.290(-13) 57 6
5 10 4.46777364638776 1.590(-15) 73 6
1 2 4.46120976114983 1.469(-03) 43 9
2 2 4.46816030252371 8.654(-05) 49 8
3 4 4.46777366865229 4.983(-09) 61 7
4 4 4.46777364631047 1.730(-11) 57 6
5 6 4.46777364638776 1.590(-15) 73 6
1 2 4.46120976114983 1.469(-03) 43 9
3 2 4.46777488157599 2.765(-07) 61 7
5 2 4.46777364637416 3.044(-12) 73 6
T 2 4.46777364638776 1.392(-15) 73 5
1 0 3.95672776447190 1.144(-01) — —
4 0 4.46883197103820 2.369(-04) — —
7 0 4.46779291459554 4.313(-06) — —
10 0 4.46777387752509 5.173(-08) — —
we assume
0<m<2(s+1)n (3.1.113)
and define
S2(s+1)n = Q’m ® P2(5+1)n7m717 (31114)

where Q,, is the space of rationals defined in (3.1.71). (We trust the reader will
not confuse the running index s used in (3.1.71) with the s in the Gauss—Turdn
formula (3.1.112).) Our objective is to make (3.1.112) exact on the space Sy (541,
in (3.1.114). If m = 0, this gives the classical Gauss—Turdn formula exact for all
polynomials of degree <2(s+1)n —1 (cf. §3.1.3.1). Let again w,, be defined by
(3.1.75). The following theorem provides the answer to our objective.

Theorem 3.43 Given the integer m satisfying (3.1.113), assume that the mea-
sure AN/ wp, admits a Gauss—Turdn formula
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t
/ Z Z )\(")T TVT for all p € Pysi1yn—1, (3.1.115)
R

v=1o0=0

having distinct nodes .1 contained in the support interval [a,b] of dX. If So(s+1)n
is defined as in (3.1.114), then

T,,ZTVT, v=12,...,n,
2s
Ao — AT (P) (p—0) (T 111
1% ; 174 o wm (TI/ )7 (3 6)

v=12...,n;, 0 =0,1,...,2s,

yields formula (3.1.112) exact for all f € Sy(s41)n

Proof To prove exactness on Sy(si1)n, let f be an arbitrary element of this
space. Then, either f € Q or f € Poiiiyn—m—1- In either case, w,f €
Py (s+1)n—1- Indeed, in the former case we have, say, f(t) = (1 + (,t)~", so that
wmf € Pp—r, and since m < 2(s 4+ 1)n by (3.1.113), and » > 1, the assertion
follows. In the other case, it follows trivially. Consequently, by (3.1.115),

_ [ A _y (W f))
[roaxe = [ waorms A ),

v=1 p=0

Applying Leibniz’s rule of differentiation, and then interchanging the order of
summation, we obtain for the inner sum

_ Z A@) f<a>

the last expression by definition of A" and 7, in (3.1.116). Summing over v
yields (3.1.112) with zero remainder term. O

The computation of )\,(,U) in (3.1.116) requires successive derivatives of wy,.

They can be obtained as follows. Let

and note that
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51, (t) = —ksp11(t).

From

that is, w!, = sywm, repeated differentiation then yields

W= Shwm + s1wl, = —SoWm + 81 - S1wm = (—S2 + 87 )W,
W = (—sh + 2818 )wm + (=82 + 82)s1Wm
= (283 — 25182)wWp + (—8152 + 83 )wm
= (253 — 35182 + 83w,
M= (28l — 3859 — 35185 + 35%8) )wm + (283 — 35152 + 83)s1Wm,
= (=654 + 3535 + 65153 — 35782)wm + (25183 — 35752 + 57 )wi,
= (=654 + 85153 + 383 — 65752 + 57)wm,

etc.

For an illustration of the rational Gauss—Turdan formula as applied to the integral
of Example 3.31, see Gautschi, Gori, and Lo Cascio (2000, Example 2.2).

3.1.5 Cauchy principal value integrals
In analogy to (2.3.1), we define the Cauchy principal value integral of a function
f by

(CH(x;dN) = f( ) dA(¢), (3.1.117)

R T—1
where d is a positive measure supported on an interval [a, ], —00o < a < b < o0,
and z is an interior point of [a, b]. It is possible to adapt Gaussian quadrature
rules to evaluating Cauchy principal value integrals of the form (3.1.117). In
principle, one may distinguish between two types of quadrature rules: one in
which x appears as a node, and one in which it does not. In the former case, the
quadrature rule has the form

n

(CH(w;dN) = co(x) f(x) + D eu(@) f(7) + Ru(f; ), (3.1.118)

v=1

and in the latter case the form
CHdN) =D e (@) f(7)) + Ry (f3 ). (3.1.119)
v=1

In either case, the nodes 7, and 7, are assumed independent of x. We call
(3.1.118) a modified quadrature rule, and (3.1.119) a quadrature rule in the strict
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sense. The two rules have essentially different character: formula (3.1.118) can
be made “Gaussian,” that is, to have degree of exactness 2n, whereas (3.1.119)
cannot. In fact, the degree of exactness of (3.1.119) cannot exceed n — 1, since
otherwise (Cf)(z;d\) = 0 when f(t) =[]/, (¢t — 7;;), which contradicts a well-
known inversion formula for Cauchy principal value integrals (cf. Gakhov (1990,
§42.3); Muskhelishvili (1977, §86)). We discuss the two types of quadrature rules

separately.

3.1.5.1 Modified Gauss quadrature formula The basic idea is to write (3.1.117)
in the form

(Cf)(:c;dA):f(x)]i M/R%d)\(t) (3.1.120)

r—t

and to apply the n-point Gauss quadrature rule (1.4.7) to the second integral
on the right. If we observe from (1.3.40) and (1.4.8), by letting z — x in these

formulae, that
D) _ pula) | o A
]é r—t mu(x) +;I,TG"
where p,,(z) is defined by (2.3.6), then the result is

X i TG
( %f(x)Jer)\f%wLRn(f;x). (3.1.121)

(CF)(a;d) = 22

T (X

This is exact whenever f € Py,. Note from (1.4.9) and (1.3.40) that

G
AG = —ij(T"G) . v=12....n (3.1.122)
T (75)

We remark that (3.1.121) and (3.1.122) remain valid if 7& and A\S are re-
placed by nodes and weights of any interpolatory quadrature rule and =, by
the respective node polynomial, except that the degree of exactness will be cor-
respondingly smaller. In particular, therefore, we may construct for (3.1.117)
modified versions of the Gauss—Radau, Gauss—Lobatto, etc., quadrature rules.

Since 7, has opposite signs at two consecutive zeros 7¢ and 7¢,; of m,, it
follows by (3.1.122) and AS > 0 that the same is true for p,. Thus, between any
two consecutive zeros of m,, there is at least one zero of p,. If x is a zero of p,,

formula (3.1.121) becomes particularly noteworthy,

- G T alfi0) (on(@) = 0) (3.1.123)

M dA(t) = zn:)\c; )

This is just the Gauss formula applied to the integral on the left, as if it were an
ordinary integral! An instance of (3.1.123) occurs if dA is a symmetric measure
(cf. Definition 1.16). Then 7, for n even, is an even polynomial by Theorem 1.17,
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and consequently p,,(0) = 0. Thus, (3.1.123) becomes applicable with = 0, and
we obtain the pretty formula

][ ) dA(t Z)\GfS_Té’G) — R,(f;0) (dX symmetric, n even), (3.1.124)

a formula that is also exact whenever f € Py,.

On the other hand, as x approaches one of the nodes 7&, the first term on the
right of (3.1.121) becomes infinite and, therefore, since (Cf)(7&;d)\) is finite, a
term in the summation of (3.1.121) must also tend to infinity, but with opposite
sign. This means that for z near a node 7, the numerical use of (3.1.121) is
subject to severe cancellation error. Similar difficulties occur with quadrature
rules in the strict sense, as will be seen in the next subsection. They can be
overcome by organizing the computation in a different way. This will be discussed

in 3.1.5.3.

3.1.5.2  Gauss quadrature formula in the strict sense A formula of the type
(3.1.119) can be obtained by approximating f in (3.1.117) by the polynomial of
degree <n — 1 interpolating f at the nodes 7&,

n

O = a0+ Baca(0, paca(Fit) = 3 el 05,

v=1

where E,,_1(f;t) =0 if f € P,_;. Integration then yields

i TG Tn
enEan =3 Tty | o O+ RS

where R} (f;x) = 4 En—1(f;t)dA(t)/(z — t). Here we write

1 1 1 n 1
(x—t)t—78) -7 \2z2—-t t-—18
and obtain the desired quadrature rule in the form

n G
(Cf)(z;dN) ZT;G))JC(TEHR;U;I). (3.1.125)

By construction, it has degree of exactness n — 1, and as was observed earlier,
this is the maximum degree possible, unless p,(x) = 0, in which case (3.1.125)
reduces to (3.1.123) by virtue of (3.1.122). Written in the form (3.1.125), the
quadrature rule is again subject to cancellation errors when x is near 75.

3.1.5.3  Computational considerations Formulae (3.1.121) and (3.1.125) are of-
ten used as a means of discretization, for example in the context of singular
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integral equations. For the purpose of simply evaluating Cauchy principal value
integrals, it may be better to rework these formulae because of the cancellation
problems mentioned. The quadrature sums in question indeed can be evaluated
in a stable manner for any x in the support interval of dA by writing them in a
different manner. We first show this for formula (3.1.125).

We expand p,—1(f; ) in the orthogonal polynomials 7y,

pn—1(f3t) = Zakﬂ: (3.1.126)
k=0

By Theorem 1.22 and the fact that p,_1(f;7¢) = f(rF), we have

Z)\Gﬂ'k )

||7Tk||d>\ 1

Integration of (3.1.126) in the sense of (3.1.117) then yields

(Cf)(z;dN) = Zakpk )+ Ri(f; ). (3.1.127)

Recall from §2.3.1 that pi(z) can be computed from the basic three-term recur-
rence relation (2.3.4),

pPr+1(x) = (& — ag)pr(z) — Brpr—1(x), k=0,1,...,n—2, (3.1.128)
started with the initial values in (2.3.7),

p_1(x) =1, po(:c)z]é (j:AEtZ' (3.1.129)

This is an entirely stable procedure, but it requires the Hilbert transform pg(z) of
dA. The latter is often available analytically, or can be computed as in Example
2.51.

With regard to formula (3.1.121), we first observe that it, too, can be in-
terpreted as the result of integrating an interpolation polynomial, but now the
polynomial of degree <n that interpolates f at x and the Tf ,

f(t) = pn(f;t> =+ En(f;t)v

ﬂ n o (3.1.130)
palfit) = P @)+ 3 s (7).

v

Integrating in the sense of (3.1.117) and noting (3.1.122) then, indeed, yields
(3.1.121). Therefore, in place of (3.1.126) and (3.1.127), we write
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t) = Zn:bk’lrk(t) (31131)
k=0

and
(Cf)(z;dN) Zbkpk )+ Ro(f;2), (3.1.132)
where Ry, (f;x) = f; En(f;t)dA(t)/(z — t). The first n coefficients by turn out
to be the same as those in (3.1.127). Indeed,
1
b= =5 [ palfim0) a0, (31.133)
I7xl? Jr

where the integrand, if £ < n, is a polynomial of degree <2n — 1. Hence, n-point
Gauss quadrature applied to the integral yields

)\ =ar, k<mn, 3.1.134
= ||m|\2Z S m(n) = an (3.1.134)

by virtue of the interpolation property of p,(f; - ). If k = n, we insert in (3.1.133)
the expression for p,(f; -) from (3.1.130) and obtain

1 n(t) (t — 2)m,(t) o] -
n = ||7TnH2 /]R l w +Z t_TG TG_LL')TF;I(TG) .f( 1/) n(t)d)\(t)

v

Here, we note from the fact that the elementary Lagrange interpolation polyno-
mials sum up to 1 that

1 1
T (x) 2 (@ — 7w (7))

and, furthermore, that

1 / (t — z)mn(t) () dA(E) =

712 t—17

since the fraction in the integrand is a monic polynomial of degree n. There
follows G
~ _fl2) — f(r0)

Z —(TG) (3.1.135)
v=1
Given any function f, the fraction on the right needs to be evaluated with some
care in order to avoid cancellation, but this is less of a problem than in (3.1.125).

We note that the sums in (3.1.127) and in (3.1.132) can be evaluated by Clen-
shaw’s algorithm (cf. §2.1.8.1). The approximations in (3.1.127) and (3.1.132) are
incorporated in the OPQ routine cauchyPVI.m with input parameter iopt=1 and
iopt# 1, respectively.
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Example 3.44 The Cauchy principal value integral

1
t
][ ;OS dt = cos z[Ci(1 4+ x) — Ci(1 — z)] + sinz[Si(1 + x) + Si(1 — z)],
1L —

where —1 < 2 < 1 and Ci and Si are the cosine and sine integrals, respectively
(cf. Abramowitz and Stegun (1992, eqns 5.2.1 and 5.2.2)).

We applied both (3.1.127) and (3.1.132) with = 1/3 and show the results
in Table 3.11. For the computation of the errors, Maple was used to obtain

Table 3.11 The Cauchy principal value integral of Example 3.44 eval-
uated by (3.1.127) and (3.1.132).

(3.1.127) Error (3.1.132) Error
0.58079622092461 3.954(—01) 0.97612959894783 8.041(-05)
0.96503213749523 1.118(-02) 0.97621000982213 1.048(—09)
0.97613431261510 7.570(-05) 0.97621001086992 2. 220( 6)

(-10)
(-15)

O O N3

0.97621001166259 7.927 —

2
)
0
13 0.97621001086992 1.332(-15

20-decimal values of the cosine and sine integrals. Convergence is seen to be
quite fast, but the exceptionally fast convergence of the modified Gauss quadra-
ture rule (3.1.132) is worth noting. The computation is done in the OPQ routine
Example3_44.m.

3.1.6  Polynomials orthogonal on several intervals

The problem we wish to consider here is the following. We are given a finite set
of intervals [¢;, d;], disjoint or not, and on each interval [c;,d;] a positive mea-
sure d\;. Define dA(t) = Zj Xle,.d;1(t) dA;(t), where (¢, 4,) is the characteristic
function of the interval [¢;, d;],

(1 iftele,dy),
Xe;.d;] (1) = {O otherwise.

Assuming the Jacobi matrices JU =71, (dA;) for the measures d); to be known,
find the Jacobi matrix J = J,(dA) for d\. We will give two solutions to this
problem, one based on Stieltjes’s procedure and the other based on the modified
Chebyshev algorithm. Gauss quadrature is an essential tool in both solutions.

3.1.6.1 Solution by Stieltjes’s procedure In §2.2.3.1, we described Stieltjes’s
procedure for calculating the recurrence coeflicients for polynomials orthogonal
relative to a discrete measure. The same algorithm, in principle, works for any
measure d if there is a good way to calculate the inner products involved. Thus,
to recall, one computes ag from (1.3.3) for k = 0 and Sy from (1.3.6). Then, the
recurrence relation (1.3.2) is used with k& = 0 to obtain m;. This allows us to
compute ay and £y from (1.3.3) and (1.3.4) with £ = 1, and thus 75 from (1.3.2)
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with £ = 1. Proceeding in this manner, one is able to successively compute
all recurrence coefficients ay(d\), Sr(dA), K =0,1,...,n — 1, hence the Jacobi
matrix J, (dA).

Since all inner products that must be calculated in this procedure require
integration (with respect to dA) of polynomials of degree <2n — 1, we can use
n-point Gauss quadrature

/ p(t) () = S ADp(rD), p e Pay s,

for the measure d; on each constituent interval [c;,d;] of d, or else, by virtue
of the Remark to Theorem 3.1, the formula

d; . )
/ p(t) () = B9 T p(TD)e,

where ﬁéj) = fccj_j dA;(t). Therefore,

/p(t) dxt) =Y 8V elp(I)er, pePoy. (3.1.136)
R -

J
This allows us to compute the inner products in Stieltjes’s procedure entirely in

terms of matrix manipulations involving the Jacobi matrices J )
We illustrate this for the inner product

(t70s T ) = /]R CHOIYOEDS / _jm,i(t) A\, (1), (3.1.137)

Define ‘ ‘
¢V = (I D)ey, el =[1,0,...,0] € R". (3.1.138)
Then, by (3.1.137) and (3.1.136),
(7%, T ) d Zﬁ(]) er T [ (T2 Zﬁ eT (TN T D (T 9)ey,
J J
that is,

(tmim)ax = D 65 ¢ TG

J

Similarly (in fact, a bit simpler), one finds

(T, T )d Zﬂ(]) (T (j)'

The updating of ¢ Ecj ) required in Stieltjes’s procedure follows immediately from
(1.3.2) and (3.1.138). We summarize as follows.
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Algorithm 3.1 (Stieltjes procedure for polynomials orthogonal on several in-
tervals)
Initialization:

¢ =er, ¢9) =0 (all j),

@) T 70)
Zj By eq J ey By = Zﬁ(()j).
=565 ;
n— 2 do

Continuation (if n > 1): for k =0,1,...,

Qo =

¢l =T — )¢ - i,
>, 0 TG,
=5 ¢l ek
It can be seen that the basic matrix/vector operations, apart from vector addi-
tions, that are required in this algorithm are premultiplication of a vector by a

Jacobi matrix and the formation of scalar products.
The 0PQ routine implementing Algorithm 3.1 is r multidomain sti.m.

(all 5),

T
>, 65 ¢l
Zj ﬂ(J)C(J)Tc(J)

Qg1 = y Bry1 =

Example 3.45 Example 2.38, revisited.

This is the case of two identical intervals [—1, 1], the first carrying a multiple
c of the Legendre and the second the Chebyshev weight function. The combined
measure has recurrence coefficients that can be computed either by the multiple-
component discretization procedure, as described in Example 2.38, or by the

Table 3.12 The Chebyshev weight function plus a
multiple ¢ of the Legendre weight function.

n c=1 c=10 c =100

0 5.1415926536 23.1415926536 203.1415926536
1 0.4351692451 0.3559592080  0.3359108398
5 0.2510395775 0.2535184776  0.2528129500
12 0.2500610870 0.2504824840  0.2505324193
25 0.2500060034 0.2500682357  0.2501336338
51 0.2500006590 0.2500082010  0.2500326887
79 0.2500001724 0.2500021136  0.2500127264

multidomain algorithm described in this section. The Matlab program for the
latter looks something like this:
abl=r_jacobi(N); abl(1,2)=2x*c;
ab2=r_jacobi(N,-.5);
abmd=[abl ab2];
ab=r multidomain_sti(N,abmd) ;
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For the complete program, see the routine Example3 45.m with iopt=1. The
results for ¢ = 1, ¢ = 10, and ¢ = 100, and for selected values of n are shown in
Table 3.12. They are in complete agreement (except for one small discrepancy
in the last digit) with those in Gautschi (1994, Table VI).

3.1.6.2  Solution by the modified Chebyshev algorithm Let py be a set of monic
polynomials satisfying a three-term recurrence relation
pk+1(t) = (tiak)pk(t) 7bk?pk*1(t)ﬂ k:071727"' )
po(t) =1, p-1(t)=0

with known coefficients a; and bg, and let

mk:/pk(t)dA(t)v k:0a1727"'7
R

denote the modified moments of d\ relative to the polynomials p;. The first
2n — 1 coefficients ag, by, £ = 0,1,...,2n — 2, and the first 2n moments my,
k=0,1,...,2n—1, suffice for Algorithm 2.1, the modified Chebyshev algorithm,
to be able to generate the desired recursion coefficients ay(dA), Br(dN), k =
0,1,...,n — 1, and with them, the Jacobi matrix J,(dX). The choice of the
polynomials py is at our discretion.

The computation of the modified moments by Gauss quadrature is entirely
analogous to the computation of the inner products in §3.1.6.1. One defines

Z/(cj) :pk(J(j))el

e= 36920 e,
J

Algorithm 3.2 (Computing the first 2n modified moments of d\)
Initialization:

20 =e;, 29 =0 (all ), Zﬁo .

and then obtains

Continuation: for k =0,1,...,2n — 2 do
A0, = (79— D) s,
Mg41 = Z ﬁ((JJ)szrl €1

The modified Chebyshev algorithm in conjunction with Algorithm 3.2 is im-
plemented in the 0OPQ routine r multidomain_cheb.m. It was used, employing
Legendre moments, to redo Example 3.45, producing results that are identi-
cal with those in Table 3.12 but taking about three times as long to run. See
Example3_45.m with iopt# 1.
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3.1.7  Quadrature estimation of matriz functionals

Let A € RV*N be a positive definite matrix and f a function analytic on an
interval containing the spectrum of A. The problem to be considered is to find
lower and upper bounds for the bilinear form

ul f(A)v, (3.1.139)

where u,v € RN are given vectors. At first sight, this seems to be unrelated to
quadrature, but on closer inspection it turns out that (3.1.139) can be expressed
as an integral of f relative to some (admittedly unknown) discrete measure. This
is the key observation that will allow us to solve the problem posed.

Assume for simplicity that A has distinct® eigenvalues \,,,

0 < AN <Ay <o < Aq, (3.1.140)
and denote the respective (orthonormal) eigenvectors by v,,,
Vm = Opm, n,m=12,... N.

T
Av,, = v, v,

(We trust the reader will not confuse these As with the weights in the Gauss
quadrature rule (3.1.1).) Then, we have the spectral decomposition of A,

AV =VA, A=VTAV, (3.1.141)
where V = [vy,v9,...,v5], A = diag(A1, Aa, ..., Ax). If we assume, for the

moment, that w = v in (3.1.139), we put

N
=Y prvr, (3.1.142)
k=1

where for simplicity (cf. footnote) pr # 0, all k. Then, uw = Vp, where p =
[p1,p2, -, pn]T, and from (3.1.141) we have f(A) = Vf(A)VT, so that
u'f(A)yu = p"VIV(MVTVp=p"f(A)p.
Thus,
N
WS (A= 320 = [ FOam . (31.143)
k=1 +

where dpy is the discrete measure supported on the eigenvalues Ar of A and
having positive jumps p? at A\g. Without loss of generality we may assume that
|lu|| = 1, where || - || is the Euclidean vector norm; then,

/ dpn(t) = 1. (3.1.144)
Ry

5Otherwise, some terms in (3.1.142) consolidate, so that N becomes smaller.
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The case w # v can be handled by using, for example, the polarization

identity
u' f(A)v = ;(p" f(A)p — q" f(A)g), (3.1.145)

where p = u + v, ¢ = u — v. Applying appropriate bounds to the two terms on
the right yields bounds for the term on the left.

We also observe that the assumption of positive definiteness for A can be
lifted and replaced by nonsingularity in the special (but important) case f(t) =
t~1. It suffices to note that

uTA ' =uT(ATA)'w  with w=A"v. (3.1.146)

If there is a simple method to generate the orthogonal polynomials relative
to dpn or, equivalently, the Jacobi matrix Jy(dpy), then the desired bounds
for (3.1.143) can be obtained by appropriate Gauss-type quadrature rules (for
examples, see §3.1.7.2). One such method is Lanczos’s algorithm.

3.1.7.1 Lanczos’s algorithm Let v1,va,...,vN, asin (3.1.141), be the normal-
ized eigenvectors of the matrix A, and let hg be a given vector of unit length,
represented in the basis of eigenvectors as

N

ho =Y pxvk, |hol =1. (3.1.147)
k=1

Let dpn be the discrete measure in (3.1.143) with jumps p?, the squares of the
Pk in (3.1.147). Lanczos’s algorithm is a procedure that allows us to generate
the orthonormal polynomials 7% (-;dpn), K =0,1,..., N — 1, or else, the Jacobi
matrix Jn(dpy), entirely by matrix—vector multiplications involving the matrix
A. Tt is defined as follows.
Algorithm 3.3 (Lanczos algorithm)

Inatialization:

hg prescribed with ||ho|| =1, h_; =0.
Continuation: for 7 =0,1,...,N —1 do
aj =h] Ah;,
hjy1 = (A= a;Dh; — vk,
Y1 = [l ll;
hj = ilj+1/'7j+1-

Note that o can be arbitrary (it multiplies h_; = 0), but, in accordance
with (3.1.144), is often defined by o = 1.

The vectors hg, h1, ..., hy are called Lanczos vectors. They enjoy the follow-
ing properties, as can be checked by induction.
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1. The Lanczos vectors are mutually orthonormal.

2. The vectors {hj}?zo, n < N, form an orthonormal basis of the Krylov
space
Kn(A, h()) = span(ho, Ah(], ey Anho).

3. There holds
hj :pj(A)h(), ] :0,1,...,N, (31148)

where p; is a polynomial of degree j satisfying the three-term recurrence
relation

Yj+1Pj+1(A) = (A — a;)p;(A) = vjpi-1(N),
j=0,1,...,N —1, (3.1.149)
po(A) =1, p_1(A) =0.

We claim that pi(-) = 7 (-;dpn). Indeed, from (3.1.141) one has
pn(A) = VTpn(A)V§

hence, by (3.1.148),
hy = Vp,(A)V 7T hyg.

Orthonormality hzhm = 0pm of the Lanczos vectors h; then yields
ho Voo (A)V VD, (A VThe = hg Vi, (A)pm(A) VT hg = 6.

Since, by (3.1.147), VThy = Zfe\]ﬂ prek, with ex the kth coordinate vector, one
gets

N
Z PEEL dlag pn()‘l)pm()‘l) .- 7pn(>\N)pm(>‘N))ple£

kL
N

N
Z pkpéekpn )\é pm()\é €y = Zpkpn )\k)pm(/\k) = (Snma
=1 k=1

?T‘

7

as claimed.

The recurrence relation (3.1.149), therefore, must be identical with the one
in Theorem 1.29 for dA = dpy, that is, 7; = \/E

If the measure dpy is not normalized, and one puts as usual

ﬁo:/]R dpn (t), (3.1.150)

the recurrence relation (3.1.149) continues to hold, except that one must define

Po(A) = 1/v1o.
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3.1.7.2 Ezamples We illustrate the techniques proposed in this section with
two examples.

Example 3.46 Error bounds for linear algebraic systems.
Consider the system of linear algebraic equations

Az =b, (3.1.151)

where A € RV*Y is symmetric and positive definite. Given an approximation
x* to the exact solution & = A~1b, we wish to estimate the error  — * in some
norm, say the Euclidean vector norm || - ||.

Since x* is known, we can compute the residual r of x*,

r=b— Az". (3.1.152)
From « — * = A~ 'r and the symmetry of A, it then follows immediately that
|z —2|*> =rTA?r.

This is a functional of the type (3.1.143), with w = 7 and f(t) = t2, and,
therefore,

|\x—m*|\2=/ t=2dpn(t). (3.1.153)
R+

The discrete orthonormal polynomials belonging to the measure dpy can be
generated by Lanczos’s algorithm applied with

ho = /||

Hence, we have access to the Gauss-type quadrature rules of §3.1.1 with d\ =
dpx and are in the fortunate situation of the derivatives of f(t) = t~2 being of
constant sign on R, namely

fEY@#) >0, fe @) <0 forteR,. (3.1.154)

It then follows from Corollary to Theorem 1.48 that n-point Gauss quadrature
(with n < N) applied to the integral in (3.1.153) yields a lower bound for the
squared error || — x*||?. Likewise, by Theorems 3.3 and 3.7, if the spectrum of
A can be enclosed in an interval [a, b], 0 < a < b, the “left-handed” (n+ 1)-point
Gauss—Radau formula (3.1.13) and the (n + 2)-point Gauss—Lobatto formula
(3.1.26) yield upper bounds, and the “right-handed” formula (3.1.21) a lower
bound for (3.1.153).
Analogous results hold for the A-norm ||ul|% = uT Aw, since then

o — 2| = T Ay,

and f(t) = t~! satifies the same inequalities as in (3.1.154).
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Example 3.47 Diagonal elements of the inverse of a matrix.
Let A € RVXN be positive definite. The problem is to find bounds for the
diagonal elements (A~");; of A™',i=1,2,...,N.
Here, we have
(A_l)ii = eiTA_l

where e; is the ith coordinate vector. This is (3.1.143) with © = e; and f(t) =
t~1, and we are in the case mentioned at the end of the previous example. Hence,
Gauss-type quadrature rules again provide lower and upper bounds. The Jacobi
matrix J, = J,(dpn) required for generating these rules can be obtained by
Lanczos’s algorithm applied with hy = e;.

In the case of the n-point Gauss formula, using the Remark to Theorem 3.1
and noting that 8y = 1, we obtain

(A = /]R t~dpn(t) > el T, el =[1,0,...,0] € R™.  (3.1.155)
+

Let us use this for n = 2. We apply two steps of the Lanczos algorithm with
hy = e; to compute

Ty = Qo Y1
71 aq
According to Algorithm 3.3, we have
Qo = ajj,
hi = (A —aol)e; = [ani. .., ai-1,,0,ai11,i, - . -, ani] T,
= a2, =: s;,
n \/gi ki (3.1.156)
h, = il1/8u
o =— h Ahy = Z Z Qhop Qi
1 k#i L#i
Since
J2_1 _ 1 _ ar —M ’
Qo] — Y7 -1 Qg
one has ay
T -1
T tey = — L 3.1.157
142 €1 apay — 712 ( )
and, therefore, by (3.1.155) with n = 2, and (3.1.156),
3 i AkeQEiApg
(AN > Lizi Lot (3.1.158)

5 -
Qi Zk;ﬁi Zl;ﬁi OkeQkiQli — (Zk;ﬁi aii)
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In the case of (n + 1)-point Gauss—Radau formulae, we can proceed in the
same manner, using Remark (c) to Theoree 3.2 and an analogous remark relating
to (3.1.21). When n = 1, one gets from (3.1.14) and the fact that 3; = 7,

ap M1 2
nga(de): ) O‘{c:aJr n )
" aff o —¢a
where ag = a; and 73 = s; from (3.1.156). Replacing a by b in off gives

JE(dpn). From (3.1.157), where o is replaced by of, and recalling that the
left-handed (right-handed) Gauss—Radau formula yields an upper (lower) bound,
one finds by a simple computation that

a;i —b+s?/b < (A < ai; —a+s?/a
a2 — aiib+ s? YA —aa+ s?

(23

(3.1.159)

We finally note from Theorem 3.7 and the first inequality in (3.1.154) that
the (n + 2)-point Gauss—Lobatto formula provides another upper bound. Taking
n =0 in (3.1.27), we have

L

L Qo 71
J2 (de) = L |’

71 Qg

where by (3.1.28) the quantities aF and ¥ satisfy the 2x2 system

a—apl af ala — ap)
= y QO = G
b—ao 1] | (v)? b(b — ao)

Solving for af, (4¥)? and substituting the result in (3.1.157) in place of a; and

72 yields

a+ b— (e777
ab )

The bounds in (3.1.160) and (3.1.159) look simpler than those in (3.1.158),
but unlike (3.1.158), they require information about the spectrum of A.

(A™Y; < (3.1.160)

3.2 Least squares approximation

Since (discrete) orthogonal polynomials arose in Chebyshev’s (1859) work on
polynomial fitting of discrete data by means of the least squares principle, it
seems appropriate to begin with a brief account of the problem and its solution.
This will be followed by various extensions.
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3.2.1 Classical least squares approximation

Given N discrete data points (tx, fi), k = 1,2,..., N, and corresponding positive
weights wy, the problem is to determine a polynomial p,, € P,, of degree n < N
such that

N N
> wilpn(tn) = fil? <> wilp(te) = fi]® for all p € Py, (3.2.1)
k=1 k=1

It is natural to associate with this problem the discrete measure dAy supported
on the points t1,ts,...,tx and having jumps wg at t;, and the inner product
and norm (cf. (1.1.12))

N
(,v)ary = > wiu(te)v(tr), ullaxy = v/t wary- (32.2)
k=1

Then, (3.2.1) can be given the form

ln = flEry < llp— flldr, forall p € Py, (3.2.3)

Thus, we want to minimize the squared error E2 on the right of (3.2.3) over all
polynomials p € P,,.

The solution is immediate if we express p in terms of the discrete orthogonal
polynomials 7, () = mx(-;dA\n) (not necessarily monic) as

n

p(t) =Y _em(t), n<N, (3.2.4)
=0

and write, using the orthogonality of the my,

n n n n

B2= | ami— 1> emi—f| =Y cci(mim) =23 cilf,m)+IIfI?
1=0 J=0 i,j=0 i=0
S (i ,_<f,m->)2 ) ()’
;(Ilmllcz B R =

(3.2.5)
(Here and in the following, all inner products and norms are relative to the
measure dA\y.) The minimum is clearly attained for ¢; = &;(f), where

&(f) = (Ilj;f]z) i=0,1,...,n. (3.2.6)

These are nothing but the “Fourier coefficients” of f relative to the orthogonal
system 7o, 71, ..., Tn—1. Moreover, the least squares error E,, becomes

n 1/2
E,= <||f||2 - |éi(f)|2||7"i||2> ; (3.2.7)

=0
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as follows from (3.2.5) with ¢; = ¢;(f) and (3.2.6). Since the error is nonnegative,
we have that

Do lEDPlIml® < 117 n < N (3.2.8)
=0

In the limit case n = N —1, the error E,, can be driven down to zero by taking for
Prn, the polynomial of degree <N — 1 interpolating f at the points t1,ts2,...,tN-
Therefore,

N—1

S e (ARl = 11112, (3.2.9)

=0

which may be called the (discrete) completeness relation.

While expression (3.2.7) for the error is mathematically elegant, it is not
recommended for computation. The reason is that the quantity under the radical
sign, when evaluated in machine arithmetic, is in the best of circumstances of
the order of the machine precision ¢, hence E,, of the order /€, which may be
unrealistically large. In contrast, if the error is evaluated from its definition

N 1/2
En - (Z wk[ﬁn(tk) - fk]2> )
k=1

then for errors near machine precision, the radicand is O(£2); hence, E,, = O(e).

Numerical problems may also arise in computing the Fourier coefficients é;(f)
in (3.2.6), as the evaluation of the inner product in the numerator of (3.2.6) may
be subject to cancellation. As ¢ becomes large, the problem typically worsens,
but can be mitigated somewhat by replacing (3.2.6) with

i—1

. 1 . )

Cz(f):W f_zcj<f)ﬂ-j77ri 5 7’:0717"'7717 (3210)
i =0

which is mathematically, though not numerically, equivalent to (3.2.6). The
empty sum (when ¢ = 0), of course, is meant to be zero.

From the N x (n + 1) array of orthogonal polynomials 7;, ¢ = 0,1,...,n,
evaluated at the points ¢, the corresponding array of least squares polynomials
pi, along with the (n + 1)-vector of Fourier coefficients ¢; can be generated as
shown in Algorithm 3.4. The values fi of the given data are input through the
N-vector f.

Algorithm 3.4 (Polynomial least squares approximation)
Initialization:

p-1=0, e1=Ff

Continuation: for +=0,1,...,n do
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. 1
Ci = T—5
C

Di = Di—1 + &y,

(ei—la 7Ti)7

e; = €1 — G (lf 1< Tl)

Algorithm 3.4 is implemented in the 0PQ routine least_squares.m.

Example 3.48 Least squares approximation on equally spaced points.

We apply Algorithm 3.4 in the case of N equally spaced points ¢, = —1 +
2(k—1)/(N —1) on [—1,1] and equal weights wy = 2/N. The orthogonal poly-
nomials 7; are then the appropriately scaled discrete Chebyshev polynomials of
Example 1.15. The computations are done in the 0PQ routine Example3_48.m,
the core of which is shown below.

k=(1:N)’; E2=zeros(N,1); Einf=zeros(N,1);
xw(k,1)=-1+2*%(k-1)/(N-1); xw(:,2)=2/N; d=ones(1,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;
yA
% The (Nx1)-vector f is assumed to contain the values
% of £ at xw(:,1).
%
[phat,c]=least_squares(N-1,f,xw,ab,d);
t=linspace(-1,1); p=zeros(100,N);
yA
% The (100x1)-vector ft is assumed to contain the
% values of f at t.
%
for n=1:N
E2(n)=sqrt(sum(xw(:,2).*((phat(:,n)-£).72)));
p(:,n)=clenshaw(n-1,t,1,0,ab,c);
Einf (n)=max(abs(p(:,n)-ft));
end
Although, in practice, the algorithm is most useful for experimental data, we
apply it here to mathematically defined functions f of various degrees of smooth-
ness, specifically to f(t) = e™t, f(t) = In(2 +1t), f(t) = V1+t, and f(t) = |t|.
The errors achieved for N = 10 and selected values of n are shown in Table 3.13,
not only the least squares errors E,, but also the maximum errors E2° over 100
equally spaced points on [—1, 1]. Note that En_qis essentially zero in all cases,
reflecting the interpolation property of py_1. Otherwise, the two errors E, and
E2° are of comparable magnitude, their rate of convergence decreasing as one
proceeds from left to right, that is, from functions with higher to functions with
lower regularity.

An (absolutely continuous) measure d given on some interval [a, b] generates
interesting classes of least squares approximants. Indeed, we may take for the
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Table 3.13 Least squares and maximum errors for Example 3.48.

ft)=e" f(t)=In(2+1) ft)=vi+t ft) = It
0 1.05(4+00) 1.50(+00) 4.88(-01) 6.37(-01) 5.86(-01) 9.10(-01) 4.44(-01) 5.46(-
3 6.16(-03) 6.61(-03) 2.96(-03) 3.49(-03) 4.83(-02) 1.01(-01) 1.02(-01) 1.98
6 245(-06) 6.25(-06) 2.07(-05) 7.06(-05) 4.73(-03) 7.99(-02) 1.86(-02) 8.51(—
9 6.08(-16) 3.84(-09) 1.74(-16) 3.44(-06) 1.56(-16) 6.79(-02) 1.35(-16) 6.50(—
points t; and weights wy, either the nodes and weights
te=75 wr, =M, k=1,2,...,N, (3.2.11)

of the N-point Gauss quadrature rule for the measure dA (cf. (3.1.1)), or else, if
[a, b] is finite, the nodes and weights

th =7, wpy=M, kE=1,2,... N, (3.2.12)

of the N-point Gauss-Lobatto quadrature rule (cf. (3.1.26)) (in which case t; =
a, ty = b). In either case, by Theorems 1.22 and 1.23, the discrete orthogonal
polynomials are my(-;dAy) = mr(-;dN), k = 0,1,..., N — 1, that is, the first
N orthogonal polynomials belonging to d\. We illustrate this for the Chebyshev
measure d\(t) = (1 — t2)~Y/2dt on [—1,1].

Example 3.49 Least squares approximants with Gauss points and weights.
From Example 1.49 we have

2k —1 7
2N Tr? wk - N )
and we may take for the 7; the Chebyshev polynomials T; of the first kind. We

recall from the Commentary to Table 1.1 and the fact that the N-point Gauss
rule is exact for polynomials of degree <2N — 1 that

tr = cos k=1,2,....N

)

|Toll> ==, |T;|?=4nm, i=12,...,N—1

The Fourier coefficients (3.2.6), therefore, become
5 N
a(f) = ;f(tk)Ti(tk), i=0,1,...,N -1, (3.2.13)

except for a factor % when ¢ = 0. The least squares approximant, thus, is

with &(f) as defined in (3.2.13). The approximant can be evaluated by Clen-
shaw’s algorithm; see Algorithm 2.3. The Fourier coefficients ¢&;(f) in (3.2.13)
are evaluated by the OPQ routine fourier _gauss.m.
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Example 3.50 Least squares approximants with Gauss-Lobatto points and
weights.
Here, we have, from Example 1.50 (where n is replaced by N — 2),

N —k
tk:COSN_lﬂ, k=1,2,...,N,
and - -
= R = — k=23,...,N—1.
w1 wN Q(N_l)a Wi N_la » 9y )

By Theorem 1.23 (with n replaced by N — 2), we may take again m; = T; and
proceed as in Example 3.49, the only difference being that now ||[Ty_1]|?> = 7
(not £ m) because of the extra term on the right of (1.2.5). Therefore,

N
b = g 3 T L), i =01, N1, (3.2.14)
k=1

except that a factor % is to be applied when ¢ = 0 and ¢ = N — 1. The double
prime on the summation sign indicates that the first and last terms in the sum
are to be multiplied by % Therefore,

n

Pu(t) = 3¢0(f) +xn D &(HTi(t), n <N,

k=1

where yny_1 = % and x, = 1 for 1 <n < N — 1. This again can be evaluated by
Clenshaw’s Algorithm 2.3. The Fourier coefficients ¢;(f) in (3.2.14) are evaluated
by the OPQ routine fourier _lobatto.m.

The two approximants in Examples 3.49 and 3.50 give virtually identical
answers when applied with N = 10 to the functions of Example 3.48, and answers
very similar, though generally slightly better for the errors E-°, to those in Table
3.13. See the routine Example3.49.m.

3.2.2  Constrained least squares approrimation

It is sometimes desirable in least squares approximation to match a certain num-
ber of data points exactly, that is, to impose the constraints

p(sj) =f, §=12,....m; m<n, (3.2.15)

where {s1, $2,..., Sy} may or may not be a subset of the points {t1,%2,...,tn}.
We will denote by v, 0 < v < m, the number of s; that are equal to one of the ¢j.
Let pm(f; -) be the polynomial of degree <m — 1 interpolating f at the points
s;. We write

p(t) = pm(f;t) + om(t)q(t), q € Pp_m, (3.2.16)

where o0, (t) = H;n:l(t —s;) and ¢ is a polynomial of degree n — m that can be

freely varied. With notation as in §3.2.1, we then have
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Here, the function to be minimized vanishes trivially at the points s;, so that the
discrete measure d\y may be replaced by d\3_,, whose support is supp dAy with
v of the s; (those equal to some ¢;) deleted, and whose jumps at the surviving
support points are the original jumps of d\y. Therefore,

-/ {f(t) aj(?)(f;t)

and we are led to the unconstrained least squares problem

2

EIZL = Hf _pm(f7 ) —O0m(d ||(21)\* - q(t) 0-72n<t)d)‘7\/—ua

N—v

minimize : [|f* —qllarxy, ¢ € Puom, (3.2.17)
for a new function f* and a new measure d\}; given by

f(t) = pm(f31)

o) VD) =om®dA-() (3.2.18)

[rt) =
If ¢,,_.m is the solution of this problem, then

ﬁn(t) = pm(f? t) +om (t)‘jn—m<t)

solves the constrained least squares problem.

The (discrete) orthogonal polynomials belonging to dA\%, can be generated by
m successive applications of the OPQ routine chri7.m (cf. the end of §2.4.3), or
else, by the Stieltjes procedure stieltjes.m (or Lanczos procedure lanczos.m);
cf. §2.2.3.

As far as computing the function f* is concerned, it is well known from the
theory of polynomial interpolation that f* can be written in terms of a divided
difference of order m as

(@) =[s1,82,--y8m,t]f, tE€suppdiy_,. (3.2.19)

This can be computed either by the explicit formula

L £(s) 0
0= o= Ty 32

Jj=1

or generated “in place” by the following algorithm, written as a Matlab script,
for i=1:m+1, d(i)=f(i); end
for k=1:m
for i=1:m-k+1
d(i)=(d(i+1)-d(1))/(s(i+k)-s(1));
end
end
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At the beginning of the algorithm, the (m + 1)-vector d contains the values of

f at the points s1,82,...,Sm, Sm+1, where s,, 11 is one of the support points
of dA\},_, . After completion of the algorithm, d contains the divided differences
[Siy Sit1s-+-s8mySmt1)fy e =1,2,...,m+ 1. In particular, d(1) = f*(sm+1)-

Example 3.51 The Bessel function Jy on [0, jo 3]

We approximate the Bessel function Jy of order zero on the interval from 0 to
the third positive zero jo 3 of Jy and impose the constraint that the approximant
vanish exactly at the first three zeros of Jy.

Here, s1 = jo,1, S2 = jo,2, S3 = jo,3 are the first three zeros of Jy, and the
interpolation polynomial p3(Jo; -) is identically zero, since we are interpolating
at the zeros of Jy. Furthermore, by (3.2.20),

()= ;o o3(t) = (t = Jo,1)(t — Jo,2)(t — Jo,3)-

The following routine, extracted from the OPQ routine Example3_51.m, calculates
the constrained least squares polynomial p,(t) of degree n at a given scalar- or
vector-valued ¢, using N equally spaced points 5 on [0, jo 3] (end points included)
and equal weights wy, = 1/N, k = 1,2,..., N. Since s3 coincides with ¢y, the
measure d\y in (3.2.17) is d\y = o3 (£)d\y_ ;-

s=[2.4048255577 5.5200781103 8.6537279129] ;
t1=linspace(0,s(3),N)’;

N=N-1; m=3;

xw=zeros (N, 2); d=ones(1,N);

t0=t1(1:N); f=bessel(0,t0);

xw=[t0, ((£t0-s(1)) .*(t0-s(2)) .*x(t0-s(3)))."2/N];
ab=r_hahn(N-1);

ab(:,1)=t0(N)*ab(:,1)/(N-1); ab(:,2)=(t0(N)/(N-1)) "2*ab(:,2);
ab(1,2)=1;

abl=ab; ab=chri7(N-1,abil,s(1));

abl=ab; ab=chri7(N-2,abl,s(2));

abl=ab; ab=chri7(N-3,abil,s(3));
£0=1./((£0-s(1)) .*(£0-5(2)) . *(£t0-s(3)));
[ghat,c]=least_squares(n-m,f0,xw,ab,d);
x=linspace(0,s(3))’; p=zeros(100,n-m+1);
g=clenshaw(n-m,x,1,0,ab,c);
pC,n-m+1)=(t-s(1)) . *(t-s(2)) .*(t-s(3)) . *q;

When run with N = 51 and n=3:5:18, the routine produces least squares errors
E,, and maximum errors E>° (over 100 equally spaced points on [0, Jo,3]) shown
in Table 3.14. The approximants for n = 3,4, and 5 are depicted in Fig. 3.3
(produced by the routine Figure3_3.m), where the solid curve represents the
exact function, and the dashdotted, dashed, and dotted curves the constrained
least squares approximants for n = 3,4, and 5, respectively.
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Table 3.14 Least squares and maximum errors
for Example 3.51.

3 1.607(-01) 4.198(-01)
8 6.528(-04) 1.614(-03)
13 6.733(-08) 2.182(-07)
18 3.414(-12) 2.110(-11)

Bessel

05 I I I I I I I I |

Fia. 3.3. Constrained least squares approximants to the Bessel function.

It is, in principle, possible to handle derivative constraints as well. The poly-
nomial p,,(f; ) in (3.2.16) then must be the appropriate Hermite interpolation
polynomial and the factor ¢ — s; in 0y, (t) has to be endowed with the appro-
priate multiplicity. Computing the divided difference in (3.2.19), which now has
multiple points, may be cumbersome in general, but is relatively straightforward
in special cases.

Example 3.52 The Bessel function Jy on [0, jo,3], revisited.

The spurious behavior of the approximants near ¢ = 0, exhibited in Fig. 3.3,
can be eliminated, and the overall quality of the approximation enhanced, if we
add the two constraints

to the three already imposed in Example 3.51. Then m = 5, since to the three
points s1, s2, s3 a double point is added at the origin. The Hermite interpolation
polynomial is found to be
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1 1
ps(Joit) = 1 — 12 + —— (51 + s2)t2(t — 51)
511 5153

— 5 (5182 + 5183 + 8253)t2(t — 51)(t — s2),
818283

and the polynomial o5 in (3.2.16) becomes
o5(t) = t2(t — s1)(t — s2)(t — s3).
An elementary computation will show that

Jo(t) T+ (E+ L+

*(t) :=[0,0 t]Jy =
fr () 0,0, 51, 52, 83, ]Jo o5 (1) 51525312

The routine displayed in Example 3.51 and the routine Figure3_3.m re-
quire only minor modifications (two additional applications of chri7.m with

Bessel

05 L L L L L L L L |

FiG. 3.4. Derivative-constrained least squares approximants to the Bessel func-
tion.

zero shifts, and changing the function £0 and the polynomial p; see the routines
Example3 52.mand Figure3.4.m). Yet, as is shown in Fig. 3.4, the approximants
with n = 5,6, and 7 are markedly improved compared with the corresponding
approximants in Fig. 3.3.

3.2.3 Least squares approximation in Sobolev spaces

An extension of the classical least squares problem of §3.2.1, which attempts to

simultaneously approximate function and derivative values, can be formulated
as follows:

s N
minimize : Z Zw,(:) [P\ (ty) — f,ig)]2, pE Py, (3.2.21)
o=0k=1
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where the minimum is taken over all polynomials p of degree <n. Here, f, (0)

oc=0,1,...,s, s > 1, are function and derivative values of f at ¢z, and w(a)
are positive Welghts often chosen in terms of one set of positive weights wy by
defining

wl(ca) = YoWk, Yo > 0, k= L2,.. N (3222)

The appropriate inner product and norm are those of Sobolev type,

(u,v)g = ZZU}(U) WO ), ulls = v/ (w u)s. (3.2.23)

o=0k=1

The solution of (3.2.21) is entirely analogous to the classical solution pro-
cess, except that inner products and norms are to be replaced throughout by the
Sobolev inner products and Sobolev norms of (3.2.23) and the orthogonal poly-
nomials are the Sobolev orthogonal polynomials (cf. §1.7). Thus, in particular,
we can write the solution p,, in the form

- zn: Gmi(t), & = (fimi)s (3.2.24)

2 [l

where the data f now consist of the values and the first s derivatives of the
given function at the points ¢, and m; are the Sobolev orthogonal polynomials
belonging to the inner product (3.2.23). Likewise, Algorithm 3.4 has its exact
analog in the present context, producing the least squares approximants and
their first s derivatives at the points ¢, along with the Fourier coefficients.

Algorithm 3.5 (Polynomial least squares approximation in Sobolev spaces)

Initialization:
p-1=0, e1=Ff
Continuation: for ¢ =0,1,...,n do
R 1
¢ = —5(ei—1,m)s,
* Tl ™

Di = Di—1 + &y,

e; = €ej_1 — C;T; (lf 1< TL)

Algorithm 3.5 is implemented in the 0PQ routine least_squares_sob.m.
This kind of approximation is attractive when derivatives are easy to come
by.
Example 3.53 Complementary error function.
Consider the function

2 2 2 o 2
f(t) =eerfct = ——ef e " du
VT
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on the interval [0, 2]. Its derivatives are easily generated; the first two are

2 " 2 4
— t) =2(1+2¢t t) — —t.

= PO =20+ 2000 - 52
We apply the OPQ routine least_squares_sob.m with s = 2 using N = 5 equally
spaced points t; on [0,2] (end points included) and the same equal weights
w,(:) =1/N for 0 =0,1,2. In Table 3.15 (which is analogous to Table 3.13), we

show in the top half selected results for the Sobolev least squares error E, and the

F(t) = 2t£() -

Table 3.15 Sobolev least squares errors vs ordinary least
squares errors, and mazximum errors, for Example 3.53.

n En EZOO Egol ESL?Z

0 1.153(+00) 4.759(-01) 1.128(+00) 2.000(-00)
2 7.356(-01) 8.812(-02) 2.860(-01) 1.411(+00)
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 2.674(-01) 4.759(-01) 1.128(+00) 2.000(+00)
2 2.245(-02) 3.865(-02) 3.612(-01) 1.590(+00)
4 1.053(-16) 3.516(-03) 5.160(-02) 4.956(-01)
9 1.053(-16) 5.409(-03) 8.124(-02) 7.959(-01)
14 1.053(-16) 5.478(-03) 8.226(-02) 8.057(-01)

maximum errors £5%, E5°y, 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). Complete results can
be had by running the routine Example3_53.m. Note that in the case of Sobolev
least squares, the Lo error E’g ~N—1 is essentially zero, as it should be, given that
the Hermite interpolation polynomial of degree 3N — 1 interpolates the data
exactly. In contrast, we have E, =0forn> N —1 in the case of ordinary least
squares. The table also shows rather convincingly, and as expected, that Sobolev
least squares approximation approximates the derivatives decidedly better than
ordinary least squares approximation, and even the function itself when n is
sufficiently large.

3.3 Moment-preserving spline approximation

The moments of a function (or a distribution) often have physical meaning.
When trying to approximate the function, it may be desirable to preserve the
moments, that is, to choose the approximation in such a way that as many of
its moments as possible are the same as those of the given function. Instances of
this have appeared in the physics literature, for example in the approximation
of the Maxwell velocity distribution by a linear combination of Dirac d-functions
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(Laframboise and Stauffer, 1969) or by a linear combination of Heaviside step
functions (Calder and Laframboise, 1986). The solutions given in the cited refer-
ences use classical methods—Prony’s method in the former, and a reduction to
a Hankel matrix eigenvalue problem in the latter reference. Both approaches are
sensitive to rounding errors, and thus require high-precision calculations. It is
possible, however, to exploit the close connection of these problems with Gaus-
sian quadrature to arrive at more stable solution procedures that are applicable
also in the case of more general approximation problems involving variable-knot
polynomial spline functions. We begin in §3.3.1 with the physically important
case of approximation on the positive real line and discuss the more difficult case
of a compact interval in §3.3.2.

3.3.1 Approximation on the positive real line

3.3.1.1 Approzimation by step functions We consider a function f = f(t) de-
fined on the positive real line Ry = {t: 0 <t < oo} and wish to approximate it
by a linear combination of Heaviside step functions,

sn(t) = a,H(t, —t), teRy, (3.3.1)
v=1
where H is defined by
1 ifu>0,
H{u) = {0 if u < 0. (3.3.2)

The “knots” t, are assumed distinct and ordered increasingly, 0 < t; < ta <
-o- < tp, and a, € R. We seek an approximation such that

/ sn(O) At = pj, j=0,1,...,2n— 1, (3.3.3)
0

where

[ = /0 FOH dt (3.3.4)

are the moments of f. Note that all a,, and ¢, in (3.3.1) are considered unknowns
that can be freely chosen subject to the ordering of ¢,.. Since there are 2n of them,
it seems plausible that 2n conditions, such as those in (3.3.3), can be imposed
to uniquely determine them. That this, under suitable conditions, is indeed the
case is the content of the following theorem, which also tells us how s, if it
exists, can be constructed.

Theorem 3.54 For fited n € N, let f satisfy the following conditions:

6In applications to physics, the moments may be defined with respect to a surface differential
dV. Depending on the geometry of the problem, the differential, up to unimportant numerical
factors, is dV = dt for rectilinear geometry, dV = tdt for cylindrical geometry, and dV = t2 dt
for spherical geometry. Our discussion is for dV' = d¢, but can easily be adapted to the other
two cases.
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(i) fe CHRy);

(ii) the first 2n moments (3.3.4) of f exist;

(iii) f(t) = o(t™2") as t — oc.

Then, the approzimation problem (3.3.1)-(3.8.8) has a unique solution if and

only if the measure
dA(t) = —tf'(t)dt on Ry (3.3.5)

admits a Gaussian quadrature formula (cf. (3.1.1))

/ gt)dAN(t) = > Ag(rd)  for all g € Py, 1, (3.3.6)
0 v=1
satisfying 0 < 78 < 1§ < --- < 7C. If that is the case, the knots t, and
coefficients a, in (3.3.1) are given by
G XY
t, =1, a =G, v=12,...,n. (3.3.7)

Proof We first use integration by parts to express the moments of f in terms
of those of the measure dX in (3.3.5),
! OotjdA(t) j=0,1 2n — 1 (3.3.8)
= — , =0,1,...,2n — 1. .3.
Hj = i1 J

Indeed, for any T > 0, there holds

/f ttr dt = tJ“f

7]+1/ frae e
0

As T — oo, the left-hand side tends to the moment p; by assumption (ii) and
the first term on the right to zero by assumption (iii). Therefore, the second term
on the right-hand side also has a finite limit as T — oo, which, in fact, is given
by (3.3.8) by virtue of the definition of d in (3.3.5).

The moments of s,,, on the other hand, are easily computed to be

o0 n t, 1 n
s (t)tj dt = a,,/ tdt= —— AR
I N A R P

The moment-matching equations (3.3.3), thus, become

n

Z(ayty)tﬂu':/ dA(t), j=0,1,...,2n—1,
0

v=1

which are premsely the equations stating that ¢, = 7& and a,t, = A§ for
v=12,...,n. O
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If the function f, in addition to satisfying the conditions (i)—(iii) of Theorem
3.54, is decreasing on Ry, then the measure d\ of (3.3.5) is positive, and the
Gauss formula (3.3.6) exists. The step function s, satisfying (3.3.3), therefore,
exists uniquely.

Example 3.55 The Maxwell distribution.

This is the case f(t) = e~*", for which dA(t) = 2t%¢~*" dt on Ry. The Gauss
formula for d\ is readily obtained from the recurrence coefficients ay(d\) and
B1(dX), which, in turn, can be obtained from those of the half-range Hermite mea-
sure (Example 2.31) by two applications of Algorithm 2.5. The desired step func-
tion approximation is computed and plotted by the OPQ routine Example3_55.m,
using the following script for calculating the knots ¢, and coefficients a, (stored
in the array ta):

load -ascii abhrhermite;

abO=abhrhermite(1:n+2,:);

abl=chril(n+1,ab0,0);

ab=chril(n,ab1,0); ab(1,2)=sqrt(pi)/2;

ta=gauss(n,ab) ;

ta(:,2)=ta(:,2)./ta(:,1);
The file abhrhermite contains the first 100 recurrence coefficients of the half-
range Hermite measure. The results for n = 5 are shown in Table 3.16 and
depicted in Figure 3.5.

Table 3.16 Step function approximation of the
Mazwell distribution.

12% ay
0.3384096 0.2504936
0.8266625 0.4613997
1.4328544 0.2418570
2.1454082 0.0332937
3.0141725 0.0006839

T W N |

3.3.1.2  Approximation by Dirac delta functions The approximant now takes
the form

do(t) = a,6(t—t,), teRy, (3.3.9)
v=1

where §( ) is the Dirac delta function, and the moment-matching conditions as
before are

/ do() dt = pj, j=0,1,...,2n— 1. (3.3.10)
0

In this case there is always a unique solution if f is positive on R . The following
theorem indeed is almost self-evident.
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FiGc. 3.5. Moment-preserving step function approximation to the Maxwell dis-
tribution.

Theorem 3.56 Let f >0 on Ry (and f > 0 on a set of positive measure), and
assume that the first 2n moments p;, 7 =0,1,...,2n — 1, of f exist. Then, the
approzimation problem (3.3.9)-(3.3.10) has a unique solution given by

t,=71%, a, =2, v=1,2,...,n, (3.3.11)

v

where ¢, A\ are the nodes and weights of the n-point Gauss quadrature rule for

the measure dA(t) = f(t) dt.

3.3.1.3  Approximation by spline functions The theory developed in the pre-
vious subsections can be extended to spline functions of arbitrary degree m,
the case m = 0 corresponding to step functions, and m = —1 (in a manner of
speaking) to Dirac delta functions. Since we continue to consider approximation
on the positive real line R, and the approximants are to have finite moments,
the splines cannot have a purely polynomial component and, hence, must van-
ish at infinity. Such splines, of degree m > 0 with n distinct positive knots t,,

v=1,2,...,n, can be written in the form
n
Smm(t) =Y _ay(ty =), tERy, (3.3.12)
v=1

where vy = uH (u), with H the Heaviside step function (3.3.2), 0 < t; < t3 <
<. <tp, and a, € R. We seek to determine s, ,, such that

/ SnmO) At = p;, j=0,1,...,2n—1, (3.3.13)
0

where 1 are the moments (3.3.4) of the given function f.
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Theorem 3.57 For fixed m,n € N, let [ satisfy the following conditions:

(i) f e O™ (Ry);

(ii) the first 2n moments (3.3.4) of f exist;

(iil) f¥(t) = o(t=2" ") ast — oo, u=0,1,...,m.

Then, the approximation problem (3.8.12)-(3.8.13) has a unique solution if and
only if the measure

(_1)7n+1

dAml (1) = -

t7”+1f(7n+1)(t) dt on R+ (3314)

admits a Gaussian quadrature formula

/ ) dAl™ (1) Z XCg(r8)  for all g € Py, 1, (3.3.15)
0

satisfying 0 < 78 < 1§ < .- < 7'7?. If that is the case, the knots t, and

coefficients a, in (3.3.12) are given by

=78 _ N =1,2 3.3.16
tV—Ty, aV*[TﬂTH, v=14...,N. ( . )

Proof Substituting (3.3.12) into (3.3.13) yields, since t, > 0,

n 12 . © .
Zay/ tﬂ(t,,—t)mdtz/ Yf(t)dt, j=0,1,....2n—1.  (3.3.17)
v=1 0 0

The left-hand side, through m integrations by parts, can be seen to equal

titm ¢
(y+1)(3+2 ]—i—m; /

m!
= a, tirmtl,
<j+1><j+2>~~<j+m+1>; v

(3.3.18)

The integral on the right in (3.3.17) is transformed similarly by m+1 integrations
by parts. We carry out the first of them in detail to exhibit the reasonings
involved. For any T' > 0, we have

T 1 T

- () dt
0

/ T = —— et
0 0 Jj+1

]+1

The integrated term clearly vanishes at ¢ = 0 and tends to zero as t =T — oo
by assumption (iii) with g = 0. Since j < 2n — 1 and the integral on the left
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converges as T' — oo by assumption (ii), we infer the convergence of the integral
on the right. Therefore,

tft)dt = ——— () dt

A J+1 Jo

Continuing in this manner, using assumption (iii) to show convergence to zero
of the integrated term at the upper limit (its value at ¢ = 0 always being zero)

and the existence of fooo t7+# f(0) () dt already established to infer the existence

of [P trtl ftD () dt, u=1,2,...,m, we arrive at
/oo tjf(t) dt = (71)m+1 /OO tj+m+1f(m+1)(t) dt.
0 G+DG+2) - G+m+1) Jy

(3.3.19)
Comparing this with (3.3.18), we see that eqns (3.3.17), and hence eqns (3.3.13),
are equivalent to

i( m4+1\gj > (_1)7n+1 m+1 p(m+1) j
atm Y = ) pmetd plmet D) (4| 43 i,

~ 0 m/!
j=0,1,....2n—1,

which are precisely the equations stating that t, = 7¢ are the nodes, and

a, ™t = \G the weights, of the n-point Gauss formula for the measure dA"
given in (3.3. 14)

The nodes 7&, being the zeros of the orthogonal polynomial 7, ( -;dA™) (if
it exists), are umquely determined, hence also the weights S O

Theorem 3.57 reduces to Theorem 3.54 when m = 0. It becomes Theorem
3.56 if m = —1 and the factorial m! in (3.3.14) is omitted. If f is completely
monotonic on Ry, that is, such that (—1)"f("™)(¢t) > 0 for all t € R, and all
m = 0,1,2,..., then the measure d\[™ in (3.3.14) is positive. Moreover, by
(3.3.19), the first 2n moments of dAI"! exist so that the Gauss formula (3.3.15)
exists and has distinct positive nodes 7¢ and positive weights AS. The latter
implies a,, > 0 in (3.3.12) and thus the complete monotonicity of the spline

approximant in the weak sense (—1)™s\"% () > 0.
Theorem 3.58 Let

o™(s) = s~ (s — )" 5> 0, t > 0. (3.3.20)
Then, in the affirmative case of Theorem 3.57, there holds, for any t > 0,
Ft) = snm(t) = Ru(ai™), (3.3.21)

where Ry, (o) is the remainder term of the Gauss quadrature formula (3.58.15),

/ h o(s)dAml (s ZAG R (0). (3.3.22)
0
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Proof For any T > 0, one has by Taylor’s formula

F(t) = FT) 4 F/(T)(E = T) + -+ — fO(T)(t — T)™
m: (3.3.23)
+— / )™ D (s) ds.

Since by assumption (iii) of Theorem 3.57, limp o, THfW)(T) = 0 for p =
0,1,...,m, letting T — oo in (3.3.23) gives

(71)m+1 71)m+1

ft)=—%F— /too(s—t)mﬂmH)(s) ds = =y

m! m)!

/OO (s— t)’_ff(mﬂ) (s)ds.
0

Therefore, by (3.3.20) and (3.3.14),

Ft) = /0 b o™ (s) Al (s). (3.3.24)

On the other hand, by (3.3.12) and (3.3.16),

—~ Y Golml
smm@):ZW 7 = t)F —ZA

Subtracting this from (3.3.24) yields (3.3.21). O

To discuss convergence as n — oo (for fixed m), we assume that f satisfies
assumptions (i)—(iii) of Theorem 3.57 for all n = 1,2,3,.... Then, according to
Theorem 3.58, our approximation process converges pointwise (at t), as n — oo,
if and only if the Gauss quadrature formula (3.3.22) converges when applied
to the particular function o(s) = o™ (s) in (3.3.20). Since o™ is uniformly
bounded on R, this is true, for example, if dA[™ is a positive measure and the
moment problem for dAI™ on R (with dA[™l(s) = 0 for s < 0) is determined
(cf. Freud (1971, Chapter 3, Theorem 1.1)).

Example 3.59 Exponential distribution.
Here, f(t) = et on Ry, and the measure dAI™l in (3.3.14) becomes the
generalized Laguerre measure

1
dAMI(t) = =t Fle™tdt on Ry,
m:

The knots t, of the spline (3.3.12), therefore, are the zeros of the generalized
Laguerre polynomial Lif” with parameter « = m + 1 (cf. Commentary to Table
1.1), and the coefficients a, are readily computed from (3.3.16) in terms of the
corresponding Gaussian weights AG. The 0PQ routine Example3_59.m computes
ISn.m — flloo for selected values of m and n, where the co-norm is relative to a

set of 100 equally spaced points on [0, t,]. (For ¢ > ¢,, one clearly has |s, m (t) —
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Table 3.17 The errors ||Sn,m — flleo in Example

3.59.
n m=1 m =2 m=3
5 4.7619(-2) 1.7857(-2) 7.9365(-3)
10 1.5405(-2) 3.4965(-3) 9.9900(-4)
20 5.1584(-3) 9.5823(—4) 1.3567(—4)
40 1.1614(-3) 3.7782(-4) 3.9944(-5)
80 3.0111(—4) 8.7392(-5) 7.1035(-6)

f(t)| = f(t).) Since the moment problem for the generalized Laguerre measure
is determined (Freud, 1971, Chapter 2, Theorem 5.2), it follows from the remark
made in the sentence preceding this example that s, ., (t) — f(t) as n — oo for
any fixed m and t > 0. Convergence, however, is relatively slow, as is shown by
the numerical results of Table 3.17.

The key commands of the routine Example3_59.m are as follows:

ab=r_laguerre(n,m+1); ab(1,2)=ab(1,2)/prod(1l:m);
xw=gauss (n,ab) ;

ta(l:n,1)=xw(:,1); ta(l:n,2)=xw(:,2)./(xw(:,1). " (m+1));
x=linspace(0,ta(n,1));

errmax=max (abs(splinefunc(n,m,x,ta)-exp(-x)));

The routine splinefunc.m evaluates sy, (x) for any vector-valued z and for
knots t,, and coefficients a, input through the n x 2 array ta.

Example 3.60 The Maxwell distribution, revisited.
For f(t) = , the measure (3.3.14) becomes
1

2
m tm+1Hm+1(t)eit d¢t on R+,

dAm (1) =
where H,,+1 is the Hermite polynomial of degree m 4+ 1 (cf. Commentaries to
Table 1.1). If, as we assume, m > 0, then H,,; changes sign at least once on
Ry, so that dA™ is no longer a positive measure. The existence of a Gauss
quadrature formula (3.3.15) with distinct positive nodes is, therefore, in doubt,
and thus also the existence of the respective spline approximant (3.3.12).
In order to explore these issues, we attempt to generate the three-term re-
currence relation for the monic orthogonal polynomials (- ) = 7 ( - ; dAI™]),

7Tk+1(t) = (ﬁ — g (d)\[m]))ﬂ'k (t) — B (d/\[m})ﬂ'k_l(t). (3.3.25)
They exist uniquely as long as the [-coefficients do not vanish. (We can no longer
expect them to be positive, however.) Since the inner product is
1
(U, V) gatm) = — u(t)v(t)t"”“le_H(t)e_752 dt,
m' Ry

that is, up to a polynomial factor of degree 2m + 2, the one for the half-range
Hermite measure, it is relatively straightforward to implement the discretization
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method of §2.2.4, using Gauss quadrature formulae for the half-range Hermite
measure to do the discretizations. The procedure furnishes exact answers if we
use an (n+m+1)-point quadrature rule, assuming we want the first n recurrence
coefficients. The quadrature rule in question, on the other hand, can be gener-
ated in the usual way (cf. §3.1.1.1) from the first n + m + 1 half-range Hermite
recurrence coefficients, which, in turn, are computable as described in Example
2.41. (The first 100 of them are available to 25 decimal places in the OPQ file
abhrhermite.)

If 6, = ﬁk(d)\[’”]) #0for k=0,1,...,n, the desired Gauss nodes 7 are the
eigenvalues of the (nonsymmetric) Jacobi matrix

(7)) 1 0
B1 a1
(@AM = | Bran T . (3.3.26)
. . 1
0 67171 Qp—1

Since some of the 8s may well be negative, we are not attempting to symmetrize
the matrix as is customarily done for positive measures. It is still true, however,
that our spline approximation problem has a unique solution if and only if all
eigenvalues of (3.3.26) are simple and positive. In that case, we can proceed to
compute the required Gauss weights A\S. By putting g(t) = 7,_1(¢; A\, =
1,2,...,n,in (3.3.15), it is easily seen that the vector A& = A\, AS, ..., AG]T i
the solution of the linear system

P, (dN™)XY = gpe;, €T =[1,0,...,0], (3.3.27)

where P, is the matrix whose element in position (u,v) is m,_1(75), p,v =
1,2,....n

The computations were carried out for n =1:20 and m =1 : 3 (see the OPQ
routine Example3_60.m). All coefficients [y were found to be different from zero,
but quite a few of them negative; see Table 3.18. Interestingly, the negative (s
seem to occur in pairs of two.

Table 3.18 The signs of the coefficients Gy in

(8.3.25).
m [ <0 for k=
1 2-3,6-7,10-11, 15-16
2 1-2,4-5, 7-8, 11-12, 14-15, 18-19
3 1-2,4-5,9-10, 16-17

) )

In case all eigenvalues of the Jacobi matrix (3.3.26) are positive, we can take
them as the nodes ¢, of the spline (3.3.12) and obtain the coefficients a, by means
of (3.3.16) in terms of the solution A® of (3.3.27). A summary of the results is
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Table 3.19 Euxistence and accuracy of the spline approzima-
tions of Example 3.60.

n m=1 m=2 m=3|n m=1 m=2 m=3
1 6.9(-2) 1.8(-1) 2.6(-1)|11 — 1.1(-3) 1.1(-4)
2 8.2(-2) — 2.3(-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(-H)
5 2.6(-2) — 1.6(-3) |15 7.7(-3) — 7.1(-5)
6 2.2(-2) 3.1(-3) * 16 — 4.9(-4) 7.8(-5)
7 — 2.4(-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) — *
10 9.0(-3) 1.1(-3) — 20 5.4(-3) 3.1(-4) *

presented in Table 3.19. A dash indicates the presence of a negative eigenvalue
and an asterisk the presence of a pair of conjugate complex eigenvalues. In all
cases computed, there were never more than one negative eigenvalue, or more
than one pair of complex eigenvalues. The numbers shown in Table 3.19 represent
ISn.m — flloo computed as in Example 3.59. In the case n = 16, m = 3, the
matrix P, is close to singular and, therefore, the corresponding entry in Table
3.19 possibly inaccurate.

3.3.2  Approximation on a compact interval

We consider now moment-preserving spline approximation on a finite interval,
which, without loss of generality, may be assumed to be the interval [0, 1]. The
spline function s, ,,, then has an additional polynomial component, so that

Smm(t) =p(t) + > _ay(t, —t)T, pEPy, 0<t<1, (3.3.28)
v=1

and we assume that all knots ¢, are strictly inside the interval [0, 1],
O<ti<ta<-- <ty <L (3.3.29)

There are two approximation problems that seem worth considering.
Problem 1. Find s, ,, in (3.3.28) such that

1
/sn,m(t)tjdtzuj, j=0,1,...,2n+m. (3.3.30)
0

Compared to (3.3.13), we can match m + 1 additional moments, since we have
that many more parameters (the coefficients of p) at our disposal.
Problem 11. Find s, ,, in (3.3.28) such that

1
/ SnmO) At = p;, j=0,1,...,2n—1, (3.3.31)
0



238 APPLICATIONS

and
st (1) = f¥(1), p=0,1,...,m. (3.3.32)
Here, we must assume that the first m derivatives of f at the end point ¢t = 1
exist and are known. These immediately determine p, since 551“ ,)n(l) =pW(1).
If f is a polynomial of degree m, then s, ,, = f is a trivial solution of either
problem. We will, therefore, assume that f & P,,.

Theorem 3.61 Assume that f € C™*1(0,1] and f & P,,. Then, Problem I has
a unique solution if and only if the measure

[m] (=D™
dA™(t) = o I (t)dt on [0,1] (3.3.33)
admits a generalized Gauss—Lobatto quadrature formula (cf. §3.1.1.4)
1 m
| @0 = S0 0) + (<1 1)
»=0 (3.3.34)
+ Z Ag(r))  for all g € Popyomyn,
v=1

satisfying 0 < 7 < 78 < --- < 7F < 1. If that is the case, the knots t, and

coefficients a, in (3.3.28) are given by
t,=7F a, =X v=1,2,...,n, (3.3.35)

v

and the polynomial p in (5.8.28) is uniquely determined by its derivative values
att =1 given by

PP (1) = FE 1) + (=)™ mAT ) p=0,1,...,m. (3.3.36)
Proof See Frontini, Gautschi, and Milovanovié (1987, §2.2, Corollary 1 to The-
orem 2.3). m|

Note that complete monotonicity of f (cf. the paragraph preceding Theorem
3.58) again implies positivity of dA™l, hence the unique existence of Sn,m for
any n > 1 and m > 0. In turn, by Theorem 3.12 this implies a,, > 0 in (3.3.28),
but complete monotonicity of s, ,, (in the weak sense) only if (—1)*p*) () > 0
for all k. Since by Taylor’s theorem

(k)
(18 () = (1" (Z(l)ﬂp(”“) 1- t)ﬂ) ,

pn=0 ph
the latter is true if (—1)#pt) (1) >0 for 4 = 0,1,...,m, or, by (3.3.36), if
(=1 1) 4 ml(=1) AT >0, p=0,1,...,m.

Since the first term is positive by assumption, these inequalities restrict only
those weights in (3.3.34) for which (71)”)\5521 <0.
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Theorem 3.62 Assume that f € C™*1(0,1] and f € P,,. Then, Problem II has
a unique solution if and only if the measure AAI™ in (8.3.33) admits a generalized
Gauss—Radau quadrature formula (cf. §3.1.1.4)

1 n
/ g(t) A (1) Z A gu(0)+ 3" MEg(r)  for all g € Papam, (3.3.37)
0

pn=0
satisfying 0 < T < 7 - < 7B < 1. If that is the case, the knots t, and
coefficients a, in (3328) are given by
t, =718 a, =), v=1,2...n, (3.3.38)
and (trivially)
Moo
=3 ! |< ) (t — 1)~ (3.3.39)
p=o

Proof See Frontini, Gautschi, and Milovanovié (1987, §2.2, Corollary 1 to The-
orem 2.4). O

Complete monotonicity of f, as before, implies the unique existence of s;, 1,
for all n and m, but now also complete monotonicity (in the weak sense) of each
Sn.m-

There are error estimates in terms of the remainder terms of the generalized
Gauss—Lobatto and Gauss-Radau quadrature rules that are entirely analogous
to the one in Theorem 3.58. For this, as well as for convergence results as n — oo
and numerical examples, we refer to Frontini, Gautschi, and Milovanovié (1987,
§3 and 4).

3.4 Slowly convergent series

There are many ways slowly convergent series can be evaluated. A large class of
methods is based on linear or nonlinear sequence transformations, that is, the
sequence of partial sums of the series is transformed into another sequence that
converges faster to the same limit. For texts along these lines, see, for example,
Wimp (1981), Delahaye (1988), and Brezinski and Redivo Zaglia (1991). An al-
ternative approach, more in the spirit of this book, consists in first representing
the series as a definite integral involving a positive measure, and then applying
Gaussian quadrature to the integral. This also produces a new sequence—the se-
quence of Gauss quadrature approximations—but it originates from the integral
representation of the series and not from its partial sums. In the following, we
consider simple examples of this idea, involving series

S=>a (3.4.1)
k=1

whose general term is expressible in terms of the Laplace transform, or its deriva-
tive, of a known function.
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3.4.1 Series generated by a Laplace transform

We assume that the term ay in the series (3.4.1) is the Laplace transform
(o)
(Lf)(s) = / o= £ (1) dt (3.4.2)
0

evaluated at s = k of some known function f,
ar = (Lf)(k), k=1,2,3,.... (3.4.3)

Such series typically converge slowly. For example, if f ~ ¢, ¢ > 0, ast — 0,
and f grows at most exponentially at infinity, one has by Watson’s Lemma (see,
e.g. Wong (1989, p. 20)) that ax ~ k=71 as k — oo, showing slow convergence
of (3.4.1) unless o is large. We can write, however,

S=Y e =Y [ e,

and, upon interchanging summation with integration and some minor regroup-
ing,

oo o o} 1
_ —(k=1)t _ —t _ —t
S /0 321 e e " f(t)dt /0 Tt © f)de,

that is,

Y R (O
S—/O Tt ¢ © dt. (3.4.4)

This is the desired integral representation of the series. If the series converges at
least as fast as . k=¥~ v > 0, then f(t)/t in (3.4.4) is integrable at ¢t = 0.

The task is now shifted from one of summation to one of integration. There
are, in fact, several ways we can proceed. One that comes to mind immediately
is Gauss—Laguerre quadrature of

t f@)

1—et ¢

in (3.4.4) or, possibly, generalized Gauss-Laguerre quadrature if f(t)/t is not
regular at ¢ = 0. On the surface, this seems like a natural approach, but it
ignores the presence of poles (located at the integer multiples of 27i) in the first
factor of the integrand. These poles have the effect of slowing down convergence
of Gauss—Laguerre quadrature. A better way is to incorporate these poles (or at
least some of them) into a rational Gauss-Laguerre formula of the kind discussed
in §3.1.4.1, Example 3.27, where £, = 0 and , = 1/(2v7). (Experience gained in
§3.1.4.3 suggests incorporating the first m = 2|(n + 1)/2)] poles in the n-point
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quadrature rule.) Alternatively, they can be integrated, as in Example 2.42, into
an Einstein weight function by writing

t
S (3.4.5)

_ [T _
S_/O D arw, axe) =

Then, if f(¢)/t is a smooth function, the correponding Gauss—Einstein quadrature
rule converges rapidly. If f(t)/t ~ t*~1 v > 0, as t — 0, then modified Gauss—
Einstein quadrature (cf. Example 2.43) is called for.

Example 3.63 The Theodorus constant

- 1
T= ; s = L860023079221190807. ..

So called by Davis (1993) because of its relation to a spiral attributed to the
ancient Greek mathematician Theodorus of Cyrene, it is an example of (3.4.3).
Indeed,

1 L1 1

B2 g2 0 510

so that the Convolution Theorem for Laplace transforms can be applied if one
notes that s~/2 = (£1/v/7t)(s) and (s +1)~1 = (Le~*)(s),

sV s+ 1)t = <£\/% * et) (s).

Here, the star indicates convolution,

1 _/ 1 e—(t—r)dt_e__t/tidT
vt o VAT VT o VT

2

Substituting 7 = u*, one gets

and, therefore,

where
—1172 x t2
F(z)=e et dt
0

is Dawson’s integral (cf. Abramowitz and Stegun (1992, Chapter 7)).
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The integral representation for T' can now be written in the form

2 [ F
T=2 / L (VD) /21 g (3.4.6)
\/E 0 1—e t

Vit
or, alternatively, as

_ 2 [YFWY ,ap __t
- = /0 SR, a0 = g (34)

et —

The three quadrature schemes mentioned above—generalized Gauss—Laguerre
and rational Gauss-Laguerre quadrature of (3.4.6), and modified (by t=1/2)
Gauss—Einstein quadrature of (3.4.7)—are compared with respect to relative
errors in Table 3.20; see the OPQ routine Example3_63.m.

Table 3.20 Relative errors of three quadrature schemes to evaluate
the Theodorus constant.

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

It is seen that rational Gauss—Laguerre quadrature is the clear winner, fol-
lowed, at a distance, by Gauss—Einstein and ordinary Gauss-Laguerre quadra-
tures. This is true not only in terms of accuracy, but also in terms of machine
time, the timing for rational Gauss—Laguerre being, as shown, about 80% of the
one for the other quadrature schemes.

Example 3.64 The Hardy-Littlewood function

This function has an interesting history. It was introduced by Hardy and Lit-
tlewood (1936) in connection with a summation procedure of Lambert. Hardy
and Littlewood showed that there are infinitely many (though rare) values of
x with £ — oo such that H(z) > C(loglogxz)'/?2. The function, therefore, is
unbounded from above. Recently, Clark and Ismail (2003) studied the complete
monotonicity on [0, 00] of the function —(z™¢(™ (x))(™) where 1) is the loga-
rithmic derivative of the gamma function. They proved complete monotonicity
for m = 1,2,...,16 and conjectured it to hold for all m. The conjecture was
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shown by Alzer, Berg, and Koumandos (2004) to be equivalent to H(x) > —7/2
on [0, 00|, and eventually disproved by showing that H(z) < —C(loglogz)'/? for
infinitely many (but rare) values of x going to infinity.

To express the general term of the series as a Laplace transform, we recall
(Abramowitz and Stegun, 1992, eqn 29.3.81) that

éew/s = (E(t)IO(Q\/HD (s), (3.4.8)

where [y is the modified Bessel function of order zero. Therefore, by Euler’s
formula,

1 11
B sin(z/s) = — —

Lo (€ e ) = (L Io(2ViR) — To(2v ()

so that

ft)=f(t;x) = % [Io(2V/ixt) — Io(2v/—ixt)). (3.4.9)

This is an entire function of u = xt, and it is readily seen from its power series
expansion that lim;_,o f(¢;2)/t = x. For purposes of calculation, however, the
power series is of limited use, since it suffers from severe cancellation of terms
when u = zt is large.

A more suitable expression for f can be obtained from the integral represen-
tation (cf. Abramowitz and Stegun (1992, eqn 9.6.16))

Io(z) _ l ezcosG d9,
T Jo

which, substituted in (3.4.9), yields
1 (™ o cos
flt;z) = — / eV2ueostgin(v2ucosf)dh, u = xt. (3.4.10)
T Jo

Since the integrand is a 2m-periodic, even, and entire function of 6, integration
in (3.4.10) is in effect over the full period, and the composite trapezoidal rule
the method of choice for evaluating the integral. See the OPQ routine fHL.m.

In analogy to (3.4.4) and (3.4.5), we now have

_ [Tt [y
H(J;)—/O T ot 3 e tdt

or

t
dt
et —1

i = [ avn, e -

and the same three methods as in Example 3.63 can be used to evaluate these
integrals. The third one—Gauss—Einstein quadrature—is now performing best,
both with regard to speed of convergence and machine time, but shares with the
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other two methods their propensity of losing accuracy owing to cancellation of
terms in the quadrature sum. A measure of cancellation is the absolutely largest
term of the quadrature rule divided by the absolute value of the quadrature sum.
This measure is shown in the column of Table 3.21 headed by “can.” The smallest
integer n for which two consecutive quadrature approximations (with n resp.

Table 3.21 Performance of three quadrature
schemes to evaluate the Hardy—Littlewood func-

tion.
x n H(x) can Nf
Gauss—Laguerre
1 10 1.472828 3.780(-01) 30
13 0.944182 2.956(+00) 40
10 20 0.759295 2.377(+01) 50
20 28 2.197003 1.299(+03) 60
40 45 2.970698 1.893(+07) 70
Timing: 24.7
Rational Gauss—Laguerre
1 7 1.472828 4.080(-01) 30

5 12 0.944182 2.507(+00) 40
10 16 0.759295 2.415(+01) 40
20 25 2.197003 1.279(+03) 50
40 49 2.970699 1.579(+07) 80
Timing: 487.3

Gauss—Einstein

1 5 1.472828 5.017(-01) 30
5 9 0.944182 3.596(+00) 40
10 13 0.759295 3.569(+01) 40
20 21 2197003 1.359(+03) 60
40 39 2970699 1.689(+07) 70

Timing: 16.0

n + 1 terms) differ in absolute value by less than gg = 109 x eps = 2.22 x 1077
are shown in the column headed by “n.” The last column shows how many
terms (in steps of 10) are needed in the composite trapezoidal rule to obtain the
function f in (3.4.10) within an error of &1 = 103 x eps = 2.22 x 10~ !3. The
rational Gauss—Laguerre method, when 2z = 40, experiences overflow problems in
the routine stieltjes.mused in mcdis.m for generating the rational quadrature
rule. To eliminate them, we used the routine lanczos.min place of stieltjes.m,
paying the heavy price associated with this choice already noted in Examples 2.39
and 2.40. The results in Table 3.21, showing the superiority of Gauss—Einstein
quadrature, are produced by the routine Example3 64.m. For a graph of H(x)
for 0 < z < 100, see Figure 3.6.
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F1a. 3.6. The Hardy-Littlewood function on [0, 100].

3.4.2  “Alternating” series generated by a Laplace transform

These are series (3.4.1) in which
ar = (D)"Y LH(k), k=1,2,3,..., (3.4.11)

that is, the signs of the Laplace transforms, not necessarily those of ay, alternate.
Here, in place of (3.4.4), one finds

e 1
= — f(t)e " dt. 4.12
s= [ Ee e (3412
We have the same three options as in §3.4.1 of evaluating this integral, the third
one being based on

1

——a
et +1

S = /0 F&)dA(E),  dA(t) =

that is, on Gauss quadrature relative to a Fermi distribution (cf. §3.1.4.3).
Example 3.65 A logarithmic series > po  (=1)* ' (k+1)"! =1 —In2.

Since (s41)7' = (Le™")(s), we have f(t) =e " and S = [T e "dt/(e" +1).
The 0PQ routine Example3_65.m implements the three quadrature methods. The
results are summarized in Table 3.22, showing relative errors and timings.

It is seen that ordinary Gauss—Laguerre quadrature is rather slow in con-
verging, more so than in the preceding examples because of the poles of the
integrand being at integer multiples of 7i rather than 27i as before. In contrast,
rational Gauss—Laguerre converges quite fast, but is more costly. Gauss—Fermi
quadrature, converging reasonably fast and being also exceptionally fast in terms
of machine time, appears to be a good compromise.
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Table 3.22 Relative errors of three quadrature schemes to evalu-
ate the logarithmic series of Example 3.65.

n  Gauss-Laguerre Rational Gauss-Laguerre Gauss—Fermi
1 1.2355(-01) 6.1564(-02) 3.1044(-01)
4 7.6210(-05) 1.2730(-06) 9.2350(-04)
7 9.8184(-06) 1.9494(-11) 1.7364(-06)
10 3.2281(-06) 9.0452(-16) 2.9055(-09)
15 6.4151(-08) 6.1689(—14)
20 4.3124(-09) 1.9090(-16)
35 6.1327(-13)
50  4.5226(-15)

Timing: 6.95 Timing: 19.3 Timing: 1.59

Example 3.66 The series Z;il(—l)kflkflefl/k -
From (3.4.8) one obtains s~te™ /s = (LJy(2v/))(s
and, therefore,

0.19710793639795065 . . . .
), so that f(t) = Jo(2VE),

S = / Jo(2Vt)e~t dt,

or

1
et +1

o0
S = / Jo(2vt) dA(t), dA(t) = dt.
0
The OPQ routine Example3_66.m, a slight variation of Example3_65.m, produces
results as shown in Table 3.23. They are similar to those in Table 3.22 except
for Gauss—Fermi quadrature, which is now the most efficient in all respects.

Table 3.23 Relative errors of three quadrature schemes to evalu-
ate the series of Example 3.66.

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

3.4.3 Series generated by the derivative of a Laplace transform

‘We now consider the case where

aw=—— (L) . k=1,2.3,.... (3.4.13)
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A short calculation similar to the one leading to (3.4.4) will show in this case
that

_ 00 t —t
S = /0 f(t)etdt, (3.4.14)

1—et

or, alternatively,

s= [ rmaxy, =,

dit 3.4.15
o et _ 1 Y ( )

that is, integration relative to the Einstein measure. The three quadature meth-

ods used previously continue to be applicable.

Example 3.67 The series > oo, (k — 1)k—3e~ /% = 0.34291894384460978 . . . .
The general term in this series is the negative derivative of the Laplace trans-

form used in Example 3.66, so that again f(t) = Jy(2v/t) and

S:/ : L pevietdr
0

— et

or
°° t
S = / Jo(2VE) dA(t), dA(t) = o dt.
0 e =
The performance of the three quadrature methods, not surprisingly, is similar to
the one shown in Table 3.23; see the OPQ routine Example3_67.m for details.

Example 3.68 The series Y 7o | (2k+1)k=2(k+1)7%/2 = 1.2859748161552402.. ... .
It is known (Abramowitz and Stegun, 1992, eqn 29.3.44) that

1 1
sl
the negative derivative of which, for s = k, yields the general term of the series.
Thus, f(t) = erf\/t, and

> t
S = / erfv/te~t dt.
0

1—et

(LerfV/t)(s)

To remove the square-root singularity at ¢ = 0, we write this as

S:/OO ! t—erf\/gtwe*tdt,
o l—e™t Vi

or else as
* erf\/t t
S = / ertVE /o dA(t), dA(t) = —— dt.
0 Vi et =1

To evaluate this effectively requires the generalized Laguerre measure (with pa-
rameter o = 1) in the former, and the modified (by t'/2) Einstein measure in the
latter integral. Modified in this manner, the three quadrature methods used in
the previous examples perform as expected. See Table 3.24 for numerical results,

and the OPQ routine Example3_68.m for implementational details.
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Table 3.24 Relative errors of three quadrature schemes to evaluate
the series of Example 3.68.

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

3.4.4  “Alternating” series generated by the derivative of a Laplace transform

This is the case of

d
ar = —(=DF 11— (Lf)(s)| . k=1,2,3,..., (3.4.16)
ds —k
which gives rise to
> ¢
S = —— f(t)e tat 3.4.17
| = e (3.417)
or oo 1
S = tf(t)dA(t), dA(t) = dt. 3.4.18
| oo, axo = o (34.18)
Example 3.69 The series
(—1)F 13 + 1)k (k +1)73/% = 0.74288076461170605 . . . .
k=1

This is the alternating counterpart of the series in Example 3.68, hence again
f(t) = erfy/t. With the same adjustments made as in Example 3.68 to take care
of the square-root singularity, we need to evaluate

/°° Vierfv/t
S = _—
0

= t/2e 7t dt

and - )
= £E - /2 -
s /0 Vierfvt-tY/2dX(t),  dA(t) T

This is done as before, using, however, generalized ordinary and rational Gauss—
Laguerre quadrature for the first of these integrals, and modified (by #/2) Gauss—
Fermi quadrature for the second. Implemented in the O0PQ routine
Example3_69.m, the results are similar to those in Table 3.24, except that the
first quadrature rule (generalized Gauss-Laguerre) requires n = 50 to reach an
accuracy near the level of machine precision.

dt.
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3.4.5 Slowly convergent series occurring in plate contact problems

The series to be considered here are series of the type

i 52k+1
(3.4.19)
k:() (2k + 1)
or the type
i 52k+1
(3.4.20)
= 2k + 1)
where
ze€C, |2|<1, p=2or3. (3.4.21)

Of particular interest is the case where |z| is close or equal to 1, in which case

both series converge very slowly. It suffices to concentrate on the first of these

series, R,, since Sp(z) = iRp(—iz). Attention, moreover, can be restricted to the

first quadrant in the complex plane, since R,(—z) = —R,(z) and R,(Z) = R,(z).
Series of the type (3.4.19) with

z=x, 0<2<1 or z=¢ acR (3.4.22)
occur in the mathematical treatment of unilateral plate contact problems. When

z = €! is on the unit circle, some of these series can be summed explicitly as
Fourier series. For example, see Hansen (1975, equs (17.2.16) and (14.2.21)),

L cos(2k+1)a 1
ZW =gm(r=2ld]), -m<ax<m, (3.4.23)
k=0
or
> sin(2k + 1 1
) M+ e Ta(r —laf), —m<a<m, (3.4.24)

e _ 2
2k + 1) 8

and there are analogous formulae for the alternating series. When z = 1, the sum
of (3.4.19) is expressible in terms of the Riemann zeta function (Abramowitz and
Stegun, 1992, eqn 23.2.20),

Ry(1) = (1 =277)¢(p), (3.4.25)

whereas S2(1) is known as Catalan’s constant, and S3(1) = 7%/32.

3.4.5.1 The summation procedure We follow the same idea as described in
83.4.1 except that only a part of the general term of the series (3.4.19)—mamely
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the coeflicient—is expressed as a Laplace transform (cf. Abramowitz and Stegun
(1992, eqn 29.3.11)),

o WL 0= et (s

Then,
5 S 52k . 0 o tp—le—t/Q
R - = A Qk/ -kt Y€ Ty
p(2) 2P Z (k+% » op kz:%z ; e o1
- * 2 —t\k p—1_—t/2
—2p(p71)!/0 Z(ze )PP e dE

z - 1 —1,-t/2
= e /2 dt
22(p—1)! Jo 1—22%t ’

that is,

Ry(z) = —— /ootpletﬂdt (3.4.27)
pz_2p(p71)l o et—2z22 77 o

We distinguish two cases.
Case 1: z = 1. In this case, (3.4.27) can be given the forms

R (1 1 T g 3.4.98
= - t . .
»(1) 2% (p—1)! /0 T—et " ( )

or
1 o0 ¢
R,(1)= —— tP=2et2AN(t),  d\(t) = dt 3.4.29
)= oy [ PEPAG, a = (a20)

and the three quadrature methods of §3.4.1 again become applicable. Alterna-
tively, we may use the explicit formula (3.4.25) in conjunction with tabulated
values of the Riemann zeta function (cf., e.g. McLellan IV (1968)). In particular,
R2(1) = 7T2/8.

Case 2: z # 1. Here we could proceed similarly as in Case 1 and write, for
example,

Ry(z) = —— T gy
P(Z)_ 2p(p71)| A ethQ € ( )
Unfortunately, the first factor in the integrand is rather ill-behaved when |z| is
close to 1, exhibiting a steep boundary layer near t = 0. Gaussian quadrature,
therefore, will no longer be effective.

Instead, we make the change of variable e™* = 7 in (3.4.27) (and then replace
7 again by t) to obtain

Ry(z) = — / L ICT0)) (3.4.30)

z72 — ¢
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This expresses R,(z) as a Cauchy integral of the measure
dAPL(t) = =1/ 2[In(1/8))P dt (3.4.31)

(cf. (2.3.1) and (2.3.2)). Since under our assumptions 2z~ lies outside of the
interval [0, 1], the integral in (3.4.30) can be evaluated by the continued fraction
algorithm of §2.3.2. This is quite cheap and effective (unless z=2 is very close to
[0,1]), once sufficiently many of the recurrence coefficients for the measure dAP!
have been precomputed. For p = 2, p = 3, the first 100 of them are available to 25
resp. 20 decimal digits in the OPQ files absgmllogl and absqmllog2. They have
been computed in quadruple precision by a simplified and extended version of the
ORTHPOLq routine qtest2 implementing the procedures discussed in Examples
2.27 and 2.28.

Example 3.70 R,(z), p=2 and 3, and x = 0.8,0.9,0.95,0.99,0.999 and 1.0.
We apply (3.4.30) for z = z in conjunction with the continued fraction algo-
rithm of §2.3.2, using the recurrence coeflicients in absqmilogl and absqmilog?2.
For the first four values of = we selected epsO= 10% x eps, for the others eps0=10°
xeps resp. eps0=10'"xeps. The 0PQ routine Example3_70.m produces the re-

Table 3.25 Numerical results for Example 3.70.

r p=2 p=3 Ry (z) Rs(x)
0.8 12 11 0.87728809392147 0.82248858052014
0.9 17 15 1.02593895111111 0.93414857586540
0.95 24 21 1.11409957792905 0.99191543992243
0.99 49 40  1.20207566477686 1.03957223187364
0.999 95 57 1.22939819733 1.05056774973
1.000 57 12 1.233625 1.051795

sults shown in Table 3.25. The entries in the second and third column indicate the
final starting value” of the backward recurrence index v that yields convergence
for the given accuracy tolerance eps0. For z > 0.999, full accuracy could not
be achieved with numax=100 recurrence coefficients, only the partially accurate
results shown in Table 3.25. Interestingly, the continued fraction algorithm seems
to converge even for x = 1, albeit slowly, but there is no theoretical justification
for it (to the best of our knowledge).

Example 3.71 R,(e'*) for p =2 and 3, and o = wr/2, w = 0.2,0.1,0.05,0.01,
0.001, 0.000.

The same procedure as in Example 3.70 was applied, except that the error
tolerance for the fifth value of w was increased to 10° x eps. The results, produced
by the OPQ routine Example3_71.m, are shown in Table 3.26. Those for Re(Rs)

"The starting value of the recurrence index v in the routine cauchy.m has been increased
in steps of 1 rather than 5 to produce the results of Table 3.25.
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and Im(R3) were checked against the formulae in (3.4.23) and (3.4.24) and found
to agree in all but the last digit, which occasionally is off by one unit.

Table 3.26 Numerical results for Example 3.71.

P v v R (R, (2))
2 0.2 16 0.98696044010894 0.44740227008596
3 15 0.96915102126252 0.34882061265337
2 0.1 21 1.11033049512255 0.27830297928558
3 19 1.02685555765937 0.18409976778928
2 0.05 28 1.17201552262936 0.16639152396897
3 25 1.04449441539672 0.09447224926029
2 0.01 56 1.22136354463481 0.04592009281744
3 47 1.05140829197388 0.01928202831056
2 0.001 97 1.232466849 0.006400460

3 55 1.051794454 0.001936923

2 0.000 57 1.2336 0.0000

3 12 1.0518 0.0000

3.4.5.2  Series involving ratios of hyperbolic cosine and sine functions

of the types

o0 1 cosh(2k + 1)z
T,(x,b) =
p(zv ) 1;0 (2k + 1)? cosh(2k + 1)b
and
o0 1 sinh(2k+ 1)z
Uy(z,b) =
p(,0) I;) (2k + 1) cosh(2k +1)b’
where

0<xz<b b>0 and p=23,

also are of interest in plate contact problems. They present a more challenging
problem of summation, but yield to the procedure of §3.4.5.1 if the ratios of
hyperbolic functions are suitably expanded. In the case of (3.4.32), for example,
one writes

cosh(2k + 1)z

GOSN T )T _ Ny {e—(2k+1)[(2n+1)b—w] 4 e—(2k+1)[(2n+1)b+w]}
cosh(2k + 1)b Z

n=0
and combines this in (3.4.32) with the Laplace transform technique (3.4.26) to

obtain (after an elementary calculation using an interchange of the summations
over k and n)

Ty(00) = gy S0 pu(a) (@], (3439
" n=0
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where

1
5 aAP (1)
with dAP! as given in (3.4.31). The integral in (3.4.36) is again a Cauchy trans-
form of the measure dAP!, this time evaluated at u = exp(2[(2n + 1)b + s]).
Clearly, u > 1, unless n = 0 and s = —b, in which case, by (3.4.30) and (3.4.25),

T qlpl
polty =t [ B = 01— g
0 _
The integral in (3.4.36), hence both ¢, (z) and ¢,(—2z) in (3.4.35) (the latter
if n > 0 or z < b), can be computed by the continued fraction algorithm as in
83.4.5.1. For large n, this algorithm converges almost instantaneously. We also
note that the series in (3.4.35) converges geometrically with ratio e~®, which is
quite satisfactory unless b is small.
For the series (3.4.33) one finds similarly

Uylab) = gy S P pn(-a) —pula) (3437
n=0

with convergence behavior similar to the one for the series in (3.4.35). Numerical
details can be found in Gautschi (1991c, §5).

Series which include alternating sign factors in (3.4.32) and (3.4.33) can be
treated similarly.

3.5 Notes to Chapter 3

§3.1.1. Classical Gauss quadrature formulae (for dA(¢) = d¢) have been computed
on digital computers as early as 1955; see Davis and Rabinowitz (1956), (1958),
who used Newton’s method to compute the nodes.

§3.1.1.1. The characterization of the Gauss quadrature nodes as eigenvalues
of the Jacobi matrix has been known for some time, among others by physicists,
but it is difficult to trace its origin. More recent is the characterization of the
Gauss weights in terms of eigenvectors, which was noted in 1962 by Wilf (1978,
Chapter 2, Exercise 9) and previously, around 1954, by Goertzel (Wilf, 1980). It
has also been used in physics by Gordon (1968). Golub and Welsch (1969) must
be credited for having recognized the importance of these characterizations in
computing and for having developed a detailed computational procedure based
on the QR algorithm.

The eigenvalue/vector characterization of Gauss quadrature rules has become
the basis of current methods for computing Gaussian quadrature formulae. This
is not to say that they are necessarily the most accurate methods. In special cases,
for example Gauss—Legendre formulae, there may well be more efficient and more
accurate ways to compute them; for a discussion of this, see Swarztrauber (2002)
and the literature cited therein.
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Even when adhering to eigenvalue/vector computation, there are alternatives
to the Golub—Welsch algorithm based, for example, on rational QR methods
or divide-and-conquer algorithms, which may provide better accuracy (Laurie,
2001). In the case of positive definite Jacobi matrices, algorithms based on two-
term recursion may also prove to be advantageous; cf. Notes to §1.3 and Laurie
(2001).

The remainder term of a Gauss quadrature formula can be estimated either,
as in Example 2.47 and Notes to §2.3.3, by contour integration in the complex
plane, or by Gauss—Kronrod formulae (§3.1.2.1) or other functionals employing
function values on the real line (Ehrich, 2001). The latter technique is frequently
used in adaptive quadrature routines.

There is considerable literature on nonpolynomial Gaussian quadrature; see,
for example, Gautschi (1981b, §2.3.3). A recent example of interest in dealing
with oscillatory integrals is Ixaru and Paternoster (2001); see also Milovanovié¢
and Cvetkovié¢ (2004).

For Gauss quadrature on the unit circle and related Szegé polynomials, see
the references cited in the Notes to Chapter 1.

Interval quadrature formulae involve integral averages, rather than point eval-
uations, of functions in their quadrature sums. The extent to which they can be
made “Gaussian” has been discussed by several authors; see Bojanov and Petrov
(2001), (2003) and the literature cited therein.

83.1.1.2. Theorem 3.2 is due to Golub (1973a); the proof given here differs
somewhat from the one given in the cited reference. Examples 3.4 and 3.5 are
taken from Gautschi (2000a).

§3.1.1.3. Theorem 3.6 is due to Golub (1973a), with the proof given here
differing somewhat from the one given in the cited reference. Example 3.8 is
from Gautschi (2000b). The numerical problem for very large n, alluded to at
the end of this section, was noticed by Velamparambil (1998).

§3.1.1.4. Generalized Gauss—Radau and Gauss—Lobatto formulae with double
end points can be found for all four Chebyshev measures in Gautschi and Li
(1991).

§3.1.2.1. Soon after Kronrod’s work, it has occurred to a number of people,
probably first to Patterson (1968), that other quadrature rules can be extended
in the manner of Kronrod, for example, Gauss—Radau and Gauss—Lobatto rules.
For more recent work on this, see Baratella (1979) and Laurie (2004). Patter-
son also was the first to consider repeated Kronrod extensions. Starting with
a 3-point Gauss-Legendre formula, he was able (numerically) to extend it to
a 7-point formula, then extend this formula to a 15-point formula, etc., until
reaching a 255-point formula. Rather remarkably, all these extensions have dis-
tinct real nodes in (—1,1) and positive weights; see Patterson (1968), (1973).
Gauss—Kronrod extensions for Bernstein—Szegé measures, that is, Chebyshev
measures divided by a positive polynomial, are considered in Gautschi and Rivlin
(1988), Gautschi and Notaris (1989), and Notaris (1990). Repeated Kronrod ex-
tensions of certain interpolatory quadrature rules involving a Bernstein—Szegd
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measure are discussed in Peherstorfer (1990b). For Kronrod extensions of gen-
eralized Gauss—Radau and Gauss—Lobatto formulae, see Li (1996). A large class
of weight functions admitting satisfactory Kronrod extensions for n sufficiently
large is identified in Peherstorfer (1990a).

In cases where a satisfactory Kronrod extension does not exist, one may either
try to increase the number of Kronrod nodes, as has been done with some success
in Kahaner, Waldvogel, and Fullerton (1982), (1984) for the Laguerre measure,
or lower the degree of exactness requirement, as has been done in Begumisa
and Robinson (1991) for the Hermite measure, among others. An alternative
approach, for both these measures, is taken by Ehrich (2002), who suggests using
the stratified and anti-Gauss rules of Laurie (1992), (1996) and generalizations
thereof. Anti-Gauss rules (see Notes to §1.4.2) rather than Kronrod rules have
also been suggested as a means of estimating Gauss quadrature errors; see Laurie
(1996). For related work, see also Calvetti and Reichel (2003a).

There are a number of reviews on Gauss—Kronrod quadrature and Stieltjes
polynomials; see, for example, Monegato (1979), (1982), (2001), Gautschi (1988),
and Notaris (1994). Results on the error of Gauss—Kronrod quadrature formulae
are reviewed in Ehrich (1999).

§3.1.2.2. If the Gauss nodes 7, are already known, there is a certain redun-
dancy in Laurie’s algorithm inasmuch as these Gauss nodes are recomputed along
with the Kronrod nodes Tf . This redundancy is eliminated in an algorithm of
Calvetti, Golub, Gragg, and Reichel (2000), which bypasses the computation of
the trailing block in (3.1.44) and focuses directly on the Kronrod nodes and the
weights of the Gauss—Kronrod formula. Both algorithms assume positivity of
the Gauss—Kronrod formula. In the absence of positivity, there are alternative
algorithms developed by Ammar, Calvetti, and Reichel (1999).

Most of the earlier work, including Kronrod’s, for computing Gauss—Kronrod
rules separates the computation of the nodes from that of the weights. Patterson
(1968) and Piessens and Branders (1974) expand the Stieltjes polynomial in
Legendre resp. Chebyshev polynomials prior to computing its zeros. Monegato
(1976), (1978b), Baratella (1979), and Dagnino and Fiorentino (1984) use similar
methods to compute 7%, for Gegenbauer measures. Kautsky and Elhay (1984)
and Elhay and Kautsky (1984) compute the Kronrod nodes as eigenvalues of a
certain matrix derived by matrix decomposition methods. A method computing
the Kronrod nodes and all weights in one sweep, using Newton’s method applied
to an appropriate system of nonlinear equations, is discussed in Calio, Gautschi,
and Marchetti (1986). The phenomena noted in the second part of Example 3.19
are new.

83.1.3.1. Turan’s quadrature formula has been generalized by a number of au-
thors to nodes with arbitrary (usually odd) multiplicities, with or without some
of the nodes being preassigned. This gives rise to the concept of o-orthogonality,
which generalizes s-orthogonality. For surveys of the relevant literature, see
Gautschi (1981b, §2.2.2-2.2.4) and Milovanovié (2001). For error estimates and
constructive methods, see also Milovanovié¢ and Spalevié¢ (2002). Kronrod ex-
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tensions of the Turdn formula are considered in Li (1994) and Shi (1996), and
generalized Turdn-Radau and Turdan-Lobatto formulae in Spalevié¢ (2002).

There is a large class of measures having the property that all zeros of the cor-
responding s-orthogonal polynomials are independent of s (Gori and Micchelli,
1996). The respective Gauss—Turdn quadrature formulae are useful in evaluating
Hilbert transforms and other strongly singular integrals (Cauchy principal value
and Hadamard finite part integrals); see, respectively, Gori and Santi (1995) and
Gori and Santi (1999).

§3.1.3.2. The basic idea of the method described in this subsection is due
to Milovanovié (1988). The implementation in Gautschi and Milovanovié¢ (1997)
uses a slightly different method for computing the weights. In both references,
the initial approximations are generated by a discrete homotopy in n (rather
than in s, as described here). The method is generalized in Milovanovi¢ and
Spalevi¢ (2002) to o-orthogonal polynomials and related quadrature rules.

83.1.4. The original source for quadrature rules of mixed polynomial/rational
degree of exactness is Gautschi (1993a), with implementational detail provided
later in Gautschi (1999). Another approach, which leads to an eigenvalue/vector
characterization similar to the one in §3.1.1.1, has been developed in Bultheel
et al. (2003).

There are other ways to deal with poles, especially nearby poles. One is to
add a correction term to a standard, in particular Gaussian, quadrature rule.
This is an approach taken by Lether, who in Lether (1977b) uses the method
of subtracting the singularity, and in Lether (1977a) uses the principal part of
the Laurent expansion at each pole to obtain the correction term. The latter,
however, requires the evaluation of the regular part of the integrand at each pole.
This is avoided in a method proposed by Hunter and Okecha (1986).

§3.1.4.1. Quadrature rules for integrals [, f(¢) dA(t)/wm (t) and dA supported
on [—1,1] have been studied by Lépez Lagomasino and Illdn (1984) from the
point of view of convergence, when f is analytic in a domain containing [—1, 1]
in its interior. They assumed m = 2n and ¢, € (—1,1) with s, = 1. Theorem
3.25 in this case has been given independently by Van Assche and Vanherwegen
(1993, Theorem 1). These authors also consider quadrature rules (3.1.69) with
supp(d)\) = [—1, 1] whose nodes are the zeros of the rational function (1+¢,t) "1+
Zz;i cu(1 + ¢,t)~" orthogonal (in the measure d\) to 1 and to (1 4 ()77,
v=1,2,...,n— 1. Although no longer “Gaussian” rules, they require for their
construction polynomials orthogonal with respect to the measure dA/wy,_1ws.
The use of conjugate complex parameters (,, is considered in Lépez Lagomasino
and Illdn Gonzdlez (1987). Theorem 3.25 in the general form stated here is from
Gautschi (1993a), and so are the Examples 3.31-3.32.

The implementation of Theorem 3.25 given here is based on the discrete
Stieltjes procedure, which enjoys general applicability. Alternatively, one could
try to use the modified Chebyshev algorithm with modified moments defined
by my = [ pe(t) dA(t)/wm(t). The major difficulty with this is the accurate
computation of the moments. This is true even in the simple case of d\(t) = dt on
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[—1,1] and px = T} the Chebyshev polynomials, which, however, was successfully
resolved in Weideman and Laurie (2000) by a skillful use of recurrence relations.
The same authors also develop rational Fejér quadrature rules.

Rational Gauss formulae for the Chebyshev measure and real poles of mul-
tiplicity 2, with the space S, = Q2, being purely rational, are studied in Min
(1998a).

83.1.4.2. The procedures developed here for treating difficult poles were pro-
posed in Gautschi (1999, §3.4).

83.1.4.3. The application of rational Gauss formulae to generalized Fermi—
Dirac and Bose-Einstein integrals is further discussed in Gautschi (1993c). The
modification suggested for large 6 is from Gautschi (1999, §5).

§3.1.4.4. The material in this subsection is new. Rational Gauss—Lobatto
quadrature rules for the Chebyshev measure, however, have been studied by
Min (1998b).

§3.1.4.5-3.1.4.6. This follows closely the treatment in Gautschi, Gori, and Lo
Cascio (2000).

§3.1.5. Quadrature formulae for Cauchy principal value integrals, especially
the elegant formula (3.1.123), but also the numerical implementations in §3.1.5.3,
are due to Korneicuk (1964). Many of these formulae have been rediscovered later
on by other authors. For references, see Gautschi (1981b, §3.2).

§3.1.5.3. Another way of circumventing the loss of accuracy when x is near
a Gauss node 7¢ is to evaluate Cf(z;d\) by either (3.1.121) or (3.1.125) at
the nodes of the (n + 1)-point Gauss formula and then use polynomial (or
other) interpolation to evaluate C f(z;d\) for arbitrary x. This was proposed by
Diethelm (1999) and implemented for the Hermite measure d\(t) = exp(—t2) dt
on R. Similar methods for the Hermite and Laguerre measures are discussed,
respectively, in De Bonis, Della Vecchia, and Mastroianni (2002a) and De Bonis,
Della Vecchia, and Mastroianni (2002b); see also Capobianco, Criscuolo, and
Giova (2001).

83.1.6. The techniques discussed in this section, the one based on Stieltjes’s
procedure and the one based on the modified Chebyshev algorithm, and es-
pecially also the matrix formulation of Gauss quadrature sums used in these
techniques, are due to Fischer and Golub (1991). Example 3.45 is new.

§3.1.7. Solutions to the problem of estimating matrix functionals of the type
considered have many applications, besides those mentioned in §3.1.7.2. See, for
example, Golub and von Matt (1991) for applications to constrained matrix least
squares problems, and Calvetti, Hansen, and Reichel (2002), Calvetti and Reichel
(2003b) (also Hanke (2003)) for applications to the evaluation of regularization
parameters in Tikhonov regularization. The case f(t) = (A—#)~! with A outside
the spectrum of A has important applications in physical chemistry and solid
state physics; see Golub and Strakos (1994, §1) for references.

The use of orthogonal polynomials for discrete measures supported on the
spectrum of positive definite matrices has been pioneered by Hestenes and Stiefel
(1952) and Stiefel (1958).
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Calvetti, Reichel, and Sgallari (1999) use anti-Gauss quadrature rules (see
Notes to §1.4.2) instead of Gauss—Radau and Gauss—Lobatto rules for estimating
matrix functionals.

83.1.7.1. The original source for the Lanczos algorithm is Lanczos (1950).
Some of the uses of this algorithm in numerical linear algebra are reviewed in
Golub (1973b).

§3.1.7.2. The use of quadrature methods in obtaining error bounds for the
solution of linear algebraic systems goes back to Dahlquist, Eisenstat, and Golub
(1972). The results for estimating diagonal elements of the inverse of a positive
definite matrix are from Golub and Meurant (1994, Theorem 5.1).

§3.2.1. Much of the material in this subsection is well established. The device
in (3.2.10) of improving the accuracy, and the related Algorithm 3.4, are due
to de Boor (Conte and de Boor, 1972, §4.11). The approximations discussed in
Examples 3.49 and 3.50 can be found in many texts on Chebyshev polynomials,
for example, Fox and Parker (1968, §2.13) and Mason and Handscomb (2003,
§6.3).

Equation (3.2.6) shows that least squares approximation is “moment-preserv-
ing” in terms of modified moments (cf. §3.3). For extensions of this observation,
see Bojanov and Gori (1999).

The sensitivity of the coefficients in the least squares solution to small per-
turbations in the data is studied in Beckermann and Saff (1999).

In real-time applications it is often required to process a stream of continu-
ously arriving data and to update and downdate least squares approximations
relative to moving “time windows.” For a discussion of this, see Elhay, Golub,
and Kautsky (1991) and Fuchs (1999).

§3.2.2. The reduction of constrained least squares problems to unconstrained
ones is part of folklore; an explicit mention thereof can be found in Gautschi
(1989, §8). Examples 3.51 and 3.52 are new.

§3.2.3. For the history of this problem, see the Notes to §1.7. Algorithm 3.5
is new in the context of Sobolev least squares approximation, and so is Example
3.53.

§3.3.1. The connection between moment-preserving spline approximation and
Gaussian quadrature was first observed by Gautschi (1984a) in the context of
piecewise constant, and Dirac delta function, approximation. The extension to
spline functions of arbitrary degree was carried out in Gautschi and Milovanovié¢
(1986b); for a summary, see also Gautschi (1992). Moment-preserving approxi-
mation by defective splines is related to generalized Gauss—Turdn quadrature; for
this, see Milovanovié¢ and Kovacevié (1988), Kovacevi¢ and Milovanovié (1996),
Gori N. Amati and Santi (1990), and Milovanovié¢ (2001, §5).

§3.3.2. Further extensions of the approximation problem on [0, 1] are discussed
by Micchelli (1988), who relates moment-preserving approximation to the theory
of monosplines. A similar approach is taken by Gori and Santi (1992) to deal
with defective splines. For these, see also Frontini and Milovanovié (1989).
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83.4.1. The summation procedure described in this subsection was first sug-
gested in Gautschi and Milovanovi¢ (1985). It was implemented using Gauss—
Einstein and Gauss—Fermi quadratures. The alternative use of rational Gauss—
Laguerre formulae, although mentioned in Gautschi (1996, §3.2), is implemented
here for the first time. The series of Example 3.63 is a special case of the se-
ries > k”"!r(k), where 0 < v < 1 and r is a rational function. Summation of
these more general series and their alternating companion series is discussed in
Gautschi (1991a). An alternative approach, using Euler-Maclaurin summation,
is considered in Lewanowicz (1994b). For the Hardy—Littlewood function H (z),
see Gautschi (2004), where a more effective summation procedure is proposed
that works also for large values of x.

§3.4.2-3.4.4. The material in these subsections is taken from Gautschi and
Milovanovié (1985).

§3.4.5. This section follows Gautschi (1991c). See also Boersma and Dempsey
(1992) for alternative methods.
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