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Preface

Orthogonal polynomials have received, and continue to receive, much attention in
the mathematical community. Developed from a study of continued fractions by
Chebyshev in the 19th century and fostered by, among others, Markov and Stielt-
jes, orthogonal polynomials have found applications in many areas of mathematics
and physics. More recently, the field of orthogonal polynomials has “mushroomed
enormously”, as Walter Gautschi has put it in his enjoyable book [23]. Piling up
an enormous number of theoretical and practical results, research in this area con-
tinues to expand into previously unknown terrain. This text is restricted to the
treatment of the well-established classical orthogonal polynomials and their close
relatives, the classical associated functions.

The availability of modern day computers and the numerous applications also de-
mand efficient algorithms to handle computational problems involving orthogonal
polynomials. Some of these areas have so far been mainly of theoretical interest
and prove to be a formidable challenge for the design of efficient algorithms. For
example, classical orthogonal polynomials and classical associated functions play
an essential role for Fourier analysis on the hyperspheres S¢ and the related ro-
tation groups SO(d). Both types of manifolds are important, for example, in the
case of the sphere S? for the analysis of satellite data which are usually recorded
in spherical coordinates. The main goal of this text is to develop efficient algo-
rithms related to the various applications of classical orthogonal polynomials and
the classical associated functions.

Another efficient algorithm, one that has strongly influenced large areas of research,
clearly is the fast Fourier transform (FFT). It is no exaggeration to call it one of
the most important algorithms of the 20th century [12]. Since the description of
a divide-and-conquer method for the calculation of the discrete Fourier transform
by Cooley and Tukey in 1965 [13], the FFT has become one of the most influential
algorithms ever. Today, the FFT has undergone many improvements and is an
essential part of a large fraction of algorithms used today.

In recent years, a generalization of the FFT to arbitrary point configurations in the
time (or space) domain, called the non-equispaced fast Fourier transform (NFFT),
has contributed to a number of new numerical methods. A software library is
publicly available free of charge [40]. The NFFT offers a more flexible way to
approach a number of problems that previously have been difficult to access for
Fourier methods; see, for example, [43, 68] and the references therein. As it turns
out, the NFFT is also an important tool for the discrete Fourier transform on the
sphere S?, the rotation group SO(3), and other manifolds, also in higher dimensions,
for one simple reason: Typically, it is desirable or even required that the manifold be
sampled non-uniformly with respect to the chosen coordinate system. One reason
for this is that a uniform sampling usually entails a number of numerical problems.
For example, on the sphere S?, a uniform sampling in spherical coordinates leads
to points that cluster near the poles. Therefore, it is rather essential to have an
algorithm that works efficiently for arbitrary nodes.

A problem with Fourier analysis on the mentioned manifolds is that one needs
to handle expansions that no longer only involve complex exponentials, but also
classical orthogonal polynomials and classical associated functions. To enable the
application of the NFFT algorithm, an efficient method is needed to modify the
expansions at hand so that they attain a suitable form. This must often be con-
sidered the hardest part as one routinely faces numerical challenges. In this thesis,

xi
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we provide a complete framework for efficient and, as far as numerical results in-
dicate, numerically robust algorithms to handle these problems. To achieve this,
we formulate new theoretical results that characterize the connection problem for
classical orthogonal polynomials and classical associated functions. This problem
is concerned with the linear transformation that converts one expansion in classical
orthogonal polynomials (or associated functions) into another one in a different se-
quence of classical orthogonal polynomials (or associated functions). Based on the
theoretical results, we develop new efficient methods that provide the desired trans-
formations. Our numerical examples show that the new methods offer competitive
results.

Chapter 1 contains a compilation of mostly basic material on classical orthogonal
polynomials and their associated functions. While many results can be found in
standard references, the material has been adopted into a consistent form that is
suitable for our needs. Most importantly, a number of explicit expressions for the
connection coefficients is given. These numbers describe how a sequence of orthog-
onal polynomials may be represented through the members of another. We also
observe a number of special cases that are important for algorithmic considerations
in later chapters. Moreover, we give a complete definition of classical associated
functions. To my best knowledge and despite the fact that most of these functions
are well-known (at least in certain circles), reference literature on this topic seems
to be scarce. This made it necessary to provide a concise study of this matter.
Our approach is based on a modification to the Rodrigues formula for classical or-
thogonal polynomials and should be consistent with the literature, at least up to
conventional scaling.

Chapter 1 is divided into two parts. In each, we develop a method for the effi-
cient conversion between different expansions in classical orthogonal polynomials
and in the closely related associated functions, respectively. We start with some
basic material on certain classes of structured matrices that are important for our
investigations. The single most important type of structured matrices that we
will encounter are the semiseparable matrices. Interestingly, these have been in-
vestigated independently in different fields, see [78], and have recently received a
growing amount of attention. The main goal of this chapter is to establish a link
between the connection problem for classical orthogonal polynomials and their as-
sociated functions, and the class of semiseparable matrices. Our exploration of this
topic was inspired by earlier work on the subject by Rokhlin and Tygert [70] who
obtained such connection for the associated Legendre functions. They combined
this with an algorithm developed by Chandrasekaran and Gu [9] to efficiently cal-
culate the eigendecomposition of symmetric diagonal plus semiseparable matrices.
As will be shown, this can be exploited for the desired purposes.

In the first part of Chapter 2, we describe an algorithm for the efficient calcula-
tion of the eigendecomposition of diagonal plus triangular generator representable
semiseparable matrices. This algorithm was first published by the author in [38] and
is based on an idea similar to that of Chandrasekaran and Gu in [9]. In addition, we
provide also a simple extension to higher semiseparability ranks. It is then shown
that the connection matrices between different sequences of classical orthogonal
polynomials are properly scaled eigenvector matrices of certain diagonal plus trian-
gular generator representable semiseparable matrices. The entries of these matrices
are calculated explicitly for all important cases. This substantially expands upon
the results obtained in [38] which covered only the Gegenbauer polynomials. For
the first time, we provide results for all classical orthogonal polynomials. We show
how the described algorithm that obtains the eigendecomposition of the calculated
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matrices can be exploited to obtain an entirely new method to convert between
expansions in different classical orthogonal polynomials.

In the second part of Chapter 2, we briefly review the algorithm from [9] for the
efficient calculation of the eigendecomposition of symmetric diagonal plus generator
representable semiseparable matrices. An application, albeit unrelated to the con-
tent of this text, was explored in [46]. In addition to the original algorithm, we also
give a simple extension to higher semiseparability ranks. Then we show that the
connection matrices between different sequences of classical associated functions
contain properly scaled eigenvectors of certain symmetric diagonal plus generator
representable semiseparable matrices. The entries of these matrices are calculated
explicitly for all relevant cases. This work substantially expands upon the findings
in [70] where a similar result for the associated Legendre functions was obtained.
For the first time, we provide results for all classical associated functions, including
the generalized associated Jacobi functions.

In Chapter 3 an alternative method is developed for the conversion between differ-
ent sequences of classical orthogonal polynomials. As of now, it is unfortunately
not applicable to the classical associated functions. The method is based on the
observation that the connection coefficients have a certain smoothness. This can
be exploited by simple, yet powerful approximation techniques. More precisely, a
number of results is given that state the exact convergence rate with which inter-
polants at the Chebyshev points converge to the desired coefficients. This enables
the use of a variation of the well-known fast multipole method [28] to accelerate
the calculation of the transformation. The work in this area was motivated by a
similar result by Alpert and Rokhlin [1] for the connection between Chebyshev and
Legendre polynomials, albeit with weaker theoretical results. Their findings were
later generalized by the author in [39] to the Gegenbauer polynomials, proving for
the first time the exact convergence rate. In this text, we also extend the technique
to all classical orthogonal polynomials.

To demonstrate a few applications of the methods that we have developed, two
non-equispaced fast Fourier transform algorithms are described in Chapter 4, one
for the sphere S? and the other for the rotation group SO(3). A method, similar
to the first algorithm, was published by Rokhlin and Tygert in [70]. However, we
combine this method, which is based on the findings in Chapter 2, with the NFFT
for the first time. This allows for arbitrarily placed nodes on the sphere S?. Discrete
Fourier transforms on the sphere are important in many applications. Related work
includes [41, 42, 44, 45]. The second algorithm can be seen as a generalization of
the previous concepts to the rotation group SO(3). While the methods are very
similar, we use, for the first time, the results from the second part of Chapter 2 to
establish the technique on the rotation group SO(3).

Since this thesis repeatedly makes use of a number of properties of classical or-
thogonal polynomials, an extensive formula reference is provided in the Appen-
dix A. There, all relevant expressions can also be found for different normalizations,
whereas the results in the text are usually only given for one particular normal-
ization. To the reader this should serve as a reference for all expressions that
are needed to implement the described numerical methods for classical orthogonal
polynomials and classical associated functions.

The material has been arranged such that it can be read sequentially. General
knowledge about orthogonal polynomials and structured matrices is not mandatory,
but highly recommended. Chapters 2 and 3 contain a large number of tables and
figures for illustration of numerical results. The reader may skip this material safely.
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Chapter 1
Orthogonal polynomials

This introductory chapter is to present basic material on orthogonal polynomials
with a particular focus on the classical orthogonal polynomials and their associated
functions. Most of the results are found in standard references [2, 10, 23, 63, 64,
65, 73, 74] and have been adapted from there. Proofs are given for a number of
other results that are usually not found in the literature.

1.1 Definition and existence

Orthogonal polynomials can be introduced in various ways. A definition that is
sufficient for our purposes is given by Gautschi [23, p. 1]: Let A(z) be a non-
decreasing function on the real line R with finite limits for  — +o0o0 and assume
that the induced positive measure d has finite moments of all orders

tn = pn(dX) = / 2" d\(x), n=0,1,..., with pg > 0. (1.1)
R

Let P denote the space of real polynomials and let P,, C P be the restriction to
those of degree at most n. Then for two polynomials p,q € P one may define an
inner product by

0,0) = (P @)ar = / p(x)q(z) dA(z). (12)

If (p,q) = 0, then p and q are said to be orthogonal to each other. If we take p = g,
then

lell = v/%p.p) = (/R (p())” d)\(x))l/2

is the induced norm of p. We restrict ourselves to polynomials of a continuous
variable, usually denoted x. Most of the theory, however, carries through to poly-
nomials of a discrete variable; see, e.g., [64, p. 106].

Definition 1.1 A sequence of polynomials {pn}nen, with degree degp, = n is
called orthogonal (with respect to a measure d\) if it satisfies
(PnsPm) =0, n,m=0,1,..., withn #m,
[lpn|| > 0, n=0,1,....
In most cases, the measure d\ uniquely defines a sequence of orthogonal polyno-

mials {pn }nen, up to a multiplicative constant in each p,; see Theorem 1.9. Two
important cases of such scalings are the monic and orthonormal variants.

Definition 1.2 Let {p,}nen, be a sequence of orthogonal polynomials. Then ky,
denotes the leading coefficient of the polynomial p,(x) = kya™ + -+, and h, :=
llpnll? the square of its norm.

Definition 1.3 Let {p, }nen, be a sequence of orthogonal polynomials. Then {pp }nen,
denotes the corresponding sequence of monic orthogonal polynomials

pn(@) =k pp(@) =" + -+,

I

with leading coefficient k, = 1 and squared norm h,, = |pnll?. Likewise, {Pn}nen,

denotes the sequence of orthonormal polynomials

Pn(z) = h’r_Ll/2pn(x)7
with ky, as leading coefficient of p, and the squared norm hy = 1.

1



2 1. ORTHOGONAL POLYNOMIALS

The following result shows how the squared norm h,, and leading coefficient l~cn for
the monic and orthonormal polynomials, respectively, can be calculated from the
known squared norm h,, and the leading coefficient k,,.

Lemma 1.4 Let {p,}nen, be a sequence of orthogonal polynomials with leading
coefficients ky,, and hy. Then

_ hn, ~ kn
B = —2 d ky= .

PROOF. For the monic polynomial p,, = k;, !p,, we calculate

||2 — Hpn||2 _ hn

The identity for &, follows immediately from p, = hn "/ *pp. 0

Remark 1.5 It should be noted that above definition of normalized orthogonal
polynomials carries a slight sense of arbitrariness. For each normalized polynomial
Dp, also the polynomial —p,, has unit norm. Our definition ensures that the sign of
the leading coefficients of normalized and non-normalized variants, p,, and p,, are
the same.

Remark 1.6 Throughout this work, results will usually be given only for one
normalization. Appendix A contains an extensive collection of formulae for all
three normalizations.

Orthogonal polynomials satisty (pn,pm) = On mhn with the usual Kronecker delta

1, ifn=m,

Onom =
’ 0, else.

Owing to the orthogonality relation, orthogonal polynomials provide a basis for
polynomial spaces. The following result can be found in [23, p. 2].

Lemma 1.7 Let {p,}nen, be a sequence of orthogonal polynomials. Then the set
{pj : 0 < j < n} constitutes a basis for the space P,,.

PROOF. Clearly, P, is an (n + 1)-dimensional vector space. If

n
Z Y5 =0,
=0

then, by orthogonality, taking the inner product with the polynomials p;, i =
0,1,...,n, on both sides reveals that v; = 0 for j = 0,1,...,n. Thus, the polyno-
mials pg, p1,--.,pn must be linearly independent and thereby constitute a basis for
the space P,,. O
We have defined the inner product in (1.2) in a loose sense since it is generally not
guaranteed that it will be positive definite. Since positive definiteness is a sensible
and important requirement that is satisfied by most inner products that we may
define, let us make the definition precise.

Definition 1.8 The inner product in (1.2) is said to be positive definite on P if it
satisfies ||p|| > 0 for any p € P with p # 0.

We are now ready to state a sufficient criterion for the existence and uniqueness of
a sequence of orthogonal polynomials, with respect to a measure d\. For this, we
must require positive definiteness.

Theorem 1.9 If the inner product (1.2) is positive definite, then there exists a

unique infinite sequence of monic polynomials {Pntnen, that is orthogonal with
respect to the measure d\.
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PROOF. The polynomials p,, can be generated by applying the Gram-Schmidt pro-
cess to the monomials e, (z) := 2™, n = 0,1, .... Positive definiteness of the inner
product ensures that the recursively generated polynomials

-1 _
K <en’pj> =

Pn = €n — DPj, TL:O,17...,

j=0 <ﬁjaﬁj>

are uniquely defined and, by construction, are orthogonal to all polynomials p; with
0<j<n. O

1.2 Properties

Let in this section a measure d\ be given as before and we assume that it has
infinitely many points of increase. We will also assume that the measure dA is
absolutely continuous, whereby dA(z) = w(z) dx with some non-negative integrable
weight function w. Let {p,, }nen, denote a sequence of polynomials, orthogonal with
respect to the measure dA, with its monic and orthonormal variants {p,, }nen, and

{Pn }nen,, respectively.

1.2.1 Symmetry.

Definition 1.10 An absolutely continuous measure dA(z) = w(x)dx is called
symmetric with respect to the origin, if its support interval is [—a,a] for some
0<a<oo, and w(—z) = w(z) holds for all v € R.

Symmetry of the measure d implies that each orthogonal polynomial p,, is either
an even or an odd function. This depends on the parity of the degree n and is
formalized in the following result which can be found in [23, p. 6].

Theorem 1.11 Let dX be a symmetric measure. Then

pn(—2) = (=1)"ppn(x), n=0,1,.... (1.3)
PROOF. We define the polynomials p, (z) := (—1)"p,(—2) = (=1)"knpn(—2z). Then

<ﬁnvﬁm> = (71>n+mknkm<ﬁnaﬁm> = 5n,milna

that is, the polynomials p,,(z) are orthogonal. Since k;, p, is a monic polynomial,
we have p,(z) = pn(z) by uniqueness of the monic orthogonal polynomials; cf.
Theorem 1.9. (|

1.2.2 Zeros. The following two results state important facts about the zeros of
orthogonal polynomials. They can be found in [23, p. 6].

Theorem 1.12 For n > 1, all zeros of the polynomial p, are real, simple, and
located in the interior of the support interval of the measure d\.

PROOF. Since
/pn(x) A\@) =0, n=12,..
R

the polynomial p,, must change the sign at least once inside the support interval of
dA. Let =, j =1,2,...,k, be all such points. If we had k¥ < n, then

k
/an(x) H(m —xj)dA(z) =0

by orthogonality. This is impossible since the integrand has constant sign. Thus,
we must have k = n. O
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Theorem 1.13 For n > 1, the zeros of the polynomial p,+1 alternate with those
of the polynomial p,, that is,

T1(n+1) < Tl(n) < T2(n+1) < 72(") << T,(L”) < TT(L:L:;U,
where Ti(n) and Ti(nH) are, in ascending order, the zeros of p,, and pyy1, respectively.
PROOF. See Remark 1.25 on page 6 for a sketch of a short proof. O

1.2.3 Three-term recurrence. For convenience, it is customary to formally ex-
tend a sequence of orthogonal polynomials {p, }nen, by an element p_.

Definition 1.14 Let {pn}neN0 be a sequence of orthogonal polynomials. Then the
polynomial p_1 is defined by p_1 = 0. Furthermore, we let k_1 = h_; = 1.

Arguably, the single most important property of orthogonal polynomials is that
they satisfy a three-term recurrence. The following result is found in similar form
in [23, p. 10].

Theorem 1.15 Let {pn}neNO be a sequence of orthogonal polynomials. Then the
polynomials p,, satisfy the three-term recurrence and initial conditions

pn+1(x) = (anx_bn)pn(x) _cnpnfl(x), n=0,1,...,

1.4
p-1(z) =0, po(z) = ko, 4

with some coefficients ay, by, cn, ko € R, where an,c, # 0 forn = 1,2,..., and
agp 75 0.
PROOF. Since z - p,(x) is a polynomial of degree n + 1 it can be represented as a
linear combination of the polynomials p; for j =0,1,...,n+1,

- (@ pn,pj)

z - pu(x) = Z’yjpj(ac), with v, = ——"220
= (pj,p5)

With the shift property (x-, -)
(1.2), the identity

(+,x-), obviously enjoyed by the inner product

(- pn,pj) _ (P2 - pj)
(pj>p;) (pj>p;)
is obtained. This evaluates to zero when j < n — 1, owing to orthogonality of the
polynomial p,, to those of strictly smaller degree. We have consequently ~; = 0 for

7=0,1,...,n— 2, whereby

<x'pnvpn+1> <x'pn»pn> ($) <x'pnvpn71>
<pn+1apn+1> <pn7pn> <pn—lapn—1>
Solving this equation for p, 41 yields the desired result. For n = 0,1,..., the fact
that p,41 is a proper polynomial of degree n + 1 also implies a,, # 0. For ¢, with
n=1,2,..., we note that

T pp(z) = Pnt1(z) + Pn—1().

_ <pn+1apn+1> <517 'prnpn—l) _ kn—1knt1 hn ?é 0
" {2 prsPnt1) (Pao1,Pn1) K2 hpy

(1.5)

O

Remark 1.16 Although the coefficient ¢ is free of choice (it multiplies the poly-
nomial p_; = 0 in (1.4)) it is convenient to define ¢y = 0.

If the measure d\ is symmetric, the three-term recurrence (1.4) is simplified. This
is made precise in the following result.

Lemma 1.17 Let {p,}nen, be a sequence of polynomials that is orthogonal with
respect to a symmetric measure. Then b, = 0 is satisfied in (1.4).
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PROOF. With Theorem 1.11 (1.4), we can verify for n = 0,1,..., the identity

0=pp+1(z) = (=1)" ' pppr(—2)
= (anxpn(x) — bppn(x) — cnpn_l(x))
— (—1)"+1( — an® pp(—2) — bppn(—x) — cnpn,l(—x))
= (anmpn(x) — bnpn(z) — cnpn_l(x)) — (anxpn(x) + bppn(z) — cnpn_l(x))
= — 2b,pn ().

This implies b, = 0 because we have p,, # 0 while x is free of choice. O
It is at times useful to write the three-term recurrence (1.4) in an alternative form
as follows.

Corollary 1.18 The orthogonal polynomials {py} satisfy the equation

n€Np
T pp(x) = alppi1(z) + 0 pn(z) + pn_1(z), n=0,1,..., (1.6)
with
1 b c
/:— b/:l /:i :01.
a’n an’ n an7 Cn an, n 9

Of course, there are corresponding three-term recurrences for the monic and nor-
malized variants, {pp }nen, and {pn tnen,, respectively. Knowing the three-term
recurrence coefficients a,,, by, ¢, the leading coefficients k,,, and the squared norms
h,, allows to derive these forms.

Lemma 1.19 The monic orthogonal polynomials {ﬁn}neNo satisfy

ﬁnJrl(x) = (anx_l;n)pn(x) _Enﬁnfl(x)v n= 0;]-7"'a

B B - (1.7)
p-1(x) =0, po(z)=ko=1,
with
an =1, by :bnk—", Cn :cnk”‘l, n=01,....
kn+1 knJrl
PROOF. Replace p; = k;p; for j =n—1,n,n+1in (1.4). |

Corollary 1.20 The monic orthogonal polynomials {l'jn}neNo satisfy the equation
2 () = @pPns1(2) + UpPn (@) + EPn-1(z), n=0,1,...,
with
a,=1, b, =b,, &, ==cn, n=0,1,....
Lemma 1.21 The orthonormal polynomials {pn},cy, satisfy
ﬁn-i—l(x) = (afnx_gn)ﬁn(x) _Enﬁn—l('r)7 n= 0517“-;
poi(@) =0, Po(x) =ko=hg""?,

with

- hn, 1

Ap = Qp = = )
hnt1 Vot

- h b

by = by, m = n=0,1, (1.8)
hn+1 vV cn+1

i —c hn—l _ Cn

" " hn+1 En+1 '

ProoF. Replace p; = h}/gﬁj forj=n—1,n,n+1in (1.4). O
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Corollary 1.22 The orthonormal polynomials {ﬁ”}neNo satisfy the equation

with

sy

1 no
=—, b, ==, & == n=0,1,.... (1.9)

1.2.4 Jacobi matrix.

Definition 1.23 Let {p,}nen, be a sequence of orthogonal polynomials. Then the
corresponding Jacobi matrix is the infinite tridiagonal matriz

/ /
by ag 0
/ / !
3 a b a4
== 4 b
0

Its n x n pm’ncipgl minor matriz is denoted J,,. The Jacobi matrices Joo and J,,, as
well as I and J,, are defined accordingly for monic and orthonormal polynomials.

With the vector p(z) = (po(z),p1(z),. .. ,pn_l(m))T the recurrence (1.6) may be
rewritten in matrix-vector form,

l‘p(&?) = an(x) + a;pn(x)en, (1'10)

where e,, = (0,0,...,0, 1)T is the nth coordinate vector in R™. This form reveals
that the zeros of p,, are the eigenvalues of the matrix J,,. The following result is
found in [23, p. 13].

Theorem 1.24 The zeros Ti("), 1=1,2,...,n, of the polynomial p,, are the eigen-
values of the Jacobi matrix J,,. The corresponding eigenvectors are the vectors

P(Ti(n))-
PROOF. The assertion follows from (1.10) by replacing « with Ti(") fori=1,2,...,n.
Note that p(Ti(n)) is not the null vector since pg (Ti(n)) = ko £ 0. O

Remark 1.25 The fact that the zeros of the polynomial p, are the eigenvalues
of the matrix J,, allows for a simple proof of Theorem 1.13. Since J, is the first
principal minor of J,,41, the eigenvalues of J,, separate those of J,;1; see [82, p.
103] for a proof of this result.

An interesting property of the Jacobi matrix J., is that it is symmetrized under
normalization of the orthogonal polynomials p,,.

Lemma 1.26 The Jacobi matriz J corresponding to the orthonormal polynomials
Dn 1S Symmetric.

PROOF. By virtue of (1.8) and (1.9), we obtain

~/ = T’ 7 ~/
ay, =VCn+1, b, =bn, ¢, Cp,-

Therefore, we have

5

bo c 0
i (\/a by V& .
> Ve by
0 -
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1.3 Classical orthogonal polynomials

1.3.1 General theory. According to most definitions, see for example [10, p.
150], [64, p. 21], [74, p. 141], and [23, p. 26], classical orthogonal polynomials are
those satisfying a linear second-order differential equation of hypergeometric type,
defined as follows.

Definition 1.27 A differential equation of the form
oy’ + 71y + Xy =0, witho € Py, T €Py, and N € R (1.11)

is called o differential equation of hypergeometric type or hypergeometric differen-
tial equation.

According to Chihara [10, p. 150], the equation (1.11) was shown by Bochner [6]
to fully characterize the class of classical orthogonal polynomials. Historically, the
classical polynomials and many of their common properties, including that they
solve a hypergeometric differential equation, had been known before.

A hypergeometric differential equation is a special case of a Sturm-Liouville equa-
tion [3, p. 497]. These usually have singularities in their solutions unless the
parameter \ takes certain values. Finding these values can be thought of as an
eigenproblem.

Remark 1.28 Every solution of (1.11) is an eigenfunction to the eigenvalue A of
the differential operator D = D(o, 7) that is defined by
d? d

D=—-0 2 T e
Given the differential operator D, consider the problem of finding (non-singular)
eigenfunctions and their corresponding eigenvalues A. Problems of this type typi-
cally arise in mathematical physics while solving a partial differential equation in
non-cartesian coordinates after applying the method of separation of variables. Un-
der certain conditions it can be shown that there is a discrete set of eigenvalues
An, n = 0,1,..., whose corresponding eigenfunctions form an orthogonal system
with respect to a certain inner product. In the particular setting of (1.11), these
eigenfunctions turn out to be the classical orthogonal polynomials.
That equation (1.11) indeed admits for polynomial solutions follows from the fact
that the differential operator D carries polynomials into other polynomials of the
same degree. Following Nikiforov and Uvarov [64], let us establish an explicit
formula for these polynomial solutions: the well-known Rodrigues formula.

Lemma 1.29 Let y be a solution to (1.11). Then the nth derivative y, = y™),
n € Ny, satisfies the equation

OYp + Talp + HnYn = 0, (1.12)

with 7, =T +no’, up = A +n7’ + "(anl)a”.

PROOF. It is straightforward to verify that y; = y(!) satisfies the differential equa-
tion
oyl +7iy) + myr =0,
with 71 =7+ ¢’, g = A+ 7’. The proof for n > 1 follows by induction. O
The converse is also true. It can be shown (see [64, p. 6]) that every solution y,, of
(1.12) with pu; #0,j =0,...,n — 1, is of the form y,, = y(™) | where y is a solution
of (1.11). This observation allows one to construct particular solutions of (1.11) by
setting p,, = 0. Then y,, is a constant solution of (1.12). This means that when
n(n — 1) "

/\:)\nzz—m"—72 a’,
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equation (1.11) has a particular solution of the form y = p,,, that is, a polynomial
of degree n. These thoughts give rise to the Rodrigues formula presented in the
following.

Theorem 1.30 Let p,, be a polynomial of degree n satisfying (1.11). Then
(m) _ AnmBn d"7™ _ Ap B, A"

Pn Wy, daxn—m Wn oM dxnTm™m (o"w), (1.13)
with
m—1
An,m = Am()\n)a Am(A) = (_l)m ﬂj(/\)a AO(A> =1,
j=0

n(z)
a normalizing constant B, € R\ {0}, w,(x) := U(lw)ef c@ Y and w = wy.

PROOF. We multiply equations (1.11) and (1.12) by the functions

T(x) Tn ()
w(z) = ;h5el 5O and wy(z) = el TO (1.14)

to obtain the self-adjoint forms
(O"LU y/)/ + Awy = 0, (awny;z)/ + pnwnyn = 0.

From (1.14) the identity w,, = o™w follows up to a positive multiplicative constant.
Now, we start with the self-adjoint form of the hypergeometric differential equation
for any 0 < m < n, i.e., we take

(mey;n)/ + pmWmYm = 0.

Recall that ow,, = w41 and vy, = ym+1. Then,

WinYm = ——— (Wit 1Ym+1)’
Hm
]‘ 1"
= ————(Wmt2Ym+2)
fmltmet (1.15)
"
= (Wm+3 3
Mmﬂm+1ﬂm+2( m+3Ym+3)
A _
= T:(wnyn)(n m).
If y = p, is a polynomial of degree n then y, = p%n) = B, is a constant with

some B, € R\ {0}. Thus, from (1.15) the following explicit expression for the

polynomials y,, = pim

(m) _ AnmBpn A" AnwBn AV

is obtained,

Pn Wy, Az T T gmay dgnem (0" w).
O
An important special case is the formula for the polynomial p,, itself.
Corollary 1.31 For m =0 in (1.13), we obtain the formula
B, d"
=2 (o"w), 1.1
pn= " (o) (1.16)

and all polynomial solutions of (1.11) are defined by (1.16) up to a constant mul-
tiplicative factor. Each polynomial p, corresponds to the eigenvalue
n(n — 1) "
2
of the differential operator D; see Remark 1.28.

An = —n1’ —
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To derive the different classes of polynomials that arise from (1.11), three different
cases for the degree of the polynomial ¢ can be distinguished. For each, one can
write the linear polynomial 7 in a general form with two degrees of freedom, say,
a,B € R. Furthermore, the function w from (1.14) can be shown to satisfy the
differential equation

(ow) = Tw. (1.17)

Solving this equation, one obtains, up to constant factors, all possible forms of the
function w,

b— .13)(.13 - Cl),

(b—2)%(z—a)’, ifolx)=
(z —a),

w(z) = 4 (x — a)¥e’”, ifo(z) = (
g’ 8z if o(z) = 1.

Here, a and b are for our purposes real constants. By a linear change of variable,
the expressions for o and w can be standardized into the following forms:

1—-z)*(1+2)?, ifo(xr)=1-2?
w(z) = %%, if o(z) =z, (1.18)
e’ if o(z) =1.

The last display omits the special case o(z) = 22 which generates the Bessel poly-
nomials. These are not orthogonal on a real domain but in the complex plane; see
[64, p. 24]. Under the last transformations, equations (1.11) and (1.17) retain their
form and the corresponding polynomials p,, remain polynomials in the new variable
and are, as before, defined by a Rodrigues formula of the form (1.13).

A consequence of the Rodrigues formula is that the function w, under mild restric-
tions, can be shown to be the weight function that defines the inner product with
respect to which the polynomials p, are orthogonal. The following result can be
found in a slightly different form in [64].

Theorem 1.32 Let the function w from (1.14) satisfy the conditions

o(z)w(z)s! =0, with 7 =0,1,..., (1.19)

z=a,b

at the endpoints of an interval [a,b] on the extended real line, and let w be positive
inside this interval. Then the polynomials p, corresponding to the eigenvalues A,
are orthogonal with respect to the measure induced by w on [a, b,

b
/ P (2)pm () w(x) dz = Op mhn, with h,, > 0.

PrOOF. We assume n # m and take the differential equations satisfied by p,, and
Pm, Tespectively,

(Uwp’n)l + Aw pp, = 0, (awp'm)/ + AW Py, = 0.

We multiply the first equation by p,,, the second by p,,, and subtract the first from
the second. We now have

Pn (Uwpm)/ — Pm (Uwpn)l = (/\n - )\m) W Pn, Pm - (120)

The left-hand side can be written in the form

d
Pn (Ume)/ — DPm (UU’pn)/ = @(Uw W(pnapm))a
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Pn Pm
D D

where W (py, pm) := is the Wronskian, that is, a polynomial. We integrate

both sides to obtain
b
1
n m de = ———
/a P (@) pm (2) w(z) da T

and since W(pn (), Pm (ac)) is a polynomial in z, the right hand side vanishes by
(1.19). The positivity of the value h,, is ensured by the positivity of the weight
function w(x) inside the support interval [a, b]. O

(o @)W (o (2). p )]

a

1.3.2 Examples. According to the different degrees of the polynomial o (see
(1.18)) we obtain three different types of classical orthogonal polynomials. These
are usually normalized in some ad-hoc way and are therefore neither monic nor
orthonormal. This section is to give a concise overview over all classical polyno-
mials. A comprehensive reference with the most important properties and related
constants and formulae, also for the monic and normalized variants, is given in the
Appendix A.

Hermite polynomials
2

If o(z) =1, then w(x) = e~ and
T(x) = =2z, X, =2n.

The corresponding polynomials are the Hermite polynomials H,, which are orthog-
onal over the real line (—o00,00). They satisfy the Hermite differential equation

Y (2) - 20y (z) + 2ny(x) = 0, with y = H,,
and have the Rodrigues formula
2 d" .2
H,(z) = (—1)"e" dx—n(e . )

The corresponding three-term recurrence and initial conditions are

Hpt1(z) =22Hy,(z) — 2nH,—1(x), n=0,1,...,

Hfl(l‘) = O7 H()({,E) =1.

Hermite polynomials play an important role in probability theory and mathematical
physics, e.g., as eigenfunctions of the Fourier transform or in Schrédinger’s equation
for the harmonic linear oscillator; see, e.g., [2, p. 278], [74, p. 133], and [7, p.
346]. They do not carry any parameter, so there is only a single sequence of
Hermite polynomials. Since this work is concerned with methods to convert between

different polynomial families within the same class of orthogonal polynomials, they
will not play a role for the rest of this text.

Laguerre polynomials

—T

If o(z) = x, then w(z) = z%e~* and
T(x)=14+a—x, I, =n.
To ensure the existence of the moments p, in (1.1), we must require @ > —1.
The corresponding polynomials are the Laguerre polynomials lea) normalized by
Lg,a)(l) = (":a) They are orthogonal over the positive real line [0, c0) and satisfy
the Laguerre differential equation
zy"(x) + (1 + o — )y (z) + ny(z) =0, with y = L),

The Rodrigues formula reads

1

dr
L(a) — —anr = (patng—T)
() NOE o (z2Fe™")



1.3. CLASSICAL ORTHOGONAL POLYNOMIALS 11
Laguerre polynomials satisfy the three-term recurrence and initial conditions

(n+ DL @) = (o + @n+a+ D)LY (@) — (n+a) Ly (@), n=01,...,
L) =0, Li(x)=1.

They have many applications, mainly in quantum mechanics, and bear a close

connection to Hermite polynomials; see [2, p. 282] and [7, p. 353]. Sometimes they

are called generalized Laguerre polynomials or associated Laguerre polynomials; see,

e.g., [65, p. 48]. This convention is not used in this work as it would introduce
confusion with other denominations.

Jacobi polynomials
If o(2) = 1 — 22, then w(z) = (1 — 2)*(1 + 2)” and

T(x)=—(a+B+2)x+B—a, Iy=nn+a+B+1).

To ensure the existence of the moments p, in (1.1), we must require o, 5 > —1.
The corresponding polynomials are the Jacobi polynomials P,(La’ﬁ ) normalized by
ple? )(1) = ("*). They are orthogonal over the closed interval [—1,1] and are

n
solutions to the Jacobi differential equation

(1—2?)y"(2) — ((a+B+2)z+a—B)y(z) +nn+a+ B+ 1y(z) =0,

where y = PT(LO"B). The Rodrigues formula is

P (@) = sl ) 1)

T 2T (n+1) L= a2)" 1+ 2)" 7).

From this, we also obtain the useful identity
P () = (=1)" PP (—x). (1.21)

Notice the change of the roles of o and S on the right hand side. If « = 3, then the
weight function w is symmetric and (1.21) is equivalent to (1.3). Jacobi polynomials
satisfy the three-term recurrence and initial conditions
2(n+1)(n+a + B+ 1)2n +a+ B)PTY (z)
= (@n+a+ Bz + (2n+a+ f+1)(0” - 7)) P ()
—2(n+a)(n+B)2n+a+ B+ 2)P D (2), n=0,1,...,
PPy =0, PP () =1.

(1.22)
Here, (a)p :=ala+1)----- (a+b—1) is the rising factorial or Pochhammer symbol.
Notice that the recurrence is not usable if @« = § = —1/2 and n = 1 to obtain the

polynomial Pl(_l/Q’_l/Z). But from the fact that Pl(_l/2’_1/2) (z) is an odd linear
polynomial, normalized to Pf71/2’71/2)(1) = (1{2) = 2, we must have

—1/2,—1/2 x
PR (@) = 2
Jacobi polynomials have numerous applications. They arise, for example, in the
study of spherical symmetries and rotation groups. A few of these areas are men-
tioned below.
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Legendre polynomials

Legendre polynomials P,, are Jacobi polynomials P7(La’ﬁ) with a = 8 =0,

Pale) = POO0) = gopds (10",

which are orthogonal with respect to the symmetric measure dA(z) = dz. They
are solutions to the Legendre differential equation

(1 —2?)P)(z) — 22P,(z) + n(n + 1) P, (z) = 0.
The recurrence formula (1.22) is simplified to
(TL + 1)Pn+1(x) = (2n + 1)$Pn(f£) - nPnfl(m)v n= 07 17 RN
Pfl(l‘) = O7 Po({L‘) =1.
Legendre polynomials can be used for series expansions of radial functions on the
two-dimensional unit sphere S?; see, e.g., [62].
Chebyshev polynomials of first and second kind
Chebyshev polynomials of first kind 7;, and Chebyshev polynomials of second kind
U,, are Jacobi polynomials for « = 8 = —1/2 and o = 8 = 1/2, respectively, with
a different normalization,
L(1/2)I'(n+1) p(=1/2,-1/2)
'n+1/2) "
r3/2)r 2
(o) — DB/ 42
I'(n+3/2)
where the trigonometric formulae are valid for z € [—1,1] with § = arccosz (at

the borders we need to take limits). Chebyshev polynomials satisfy the Chebyshev
differential equations of first and second kind,

(1= 2®)T7)(2) = aTy (2) + 0T (z) = 0,
)

T.(z) = (x) = cos(nd),

sin ((n + 1)) (1.23)

sin 6

Pr(Ll/Q)l/Q) (SIJ) _

(1 — 22U/ (z) — 32U, (z) + n(n + 2)U,(z) = 0.
The three-term recurrences and initial conditions are
Thi1(z) = 22T, (x) — Th—1(2), n=12,...,
T 1(x)=0, To(z)=1, Ti(z)==z,
and
Uns1(z) = 22U, (x) — Up—1(2), n=0,1,...,

U_l(x) = 0, Uo(x) = 1.
Note that the recurrence formula for the Chebyshev polynomials of first kind T,
starts at n = 1. By virtue of (1.23), Chebyshev polynomials are closely related to
Fourier series, a fact that underlines their great importance for numerous applica-
tions.

Gegenbauer polynomials

Gegenbauer polynomials C,(f‘), with a > —1/2 and « # 0, are Jacobi polynomials

with a different normalization,
Pl +1/2)I'(n + 20) plo—1/2.0-1/2) (7).
Fn+a+1/2)T(2a) "

The parameter o must not vanish since this would leave above formula indeter-

O (z) =

minate. However, the monic and normalized versions C_',(La)(x) and CL (x) are
well-defined, even when o« = 0. The corresponding polynomials are identical,
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respectively, to the monic and normalized Chebyshev polynomials of first kind.
Gegenbauer polynomials are solutions to the Gegenbauer differential equation

(1 —22)y"(x) — (2 + Vay/(z) + n(n + 2a)y(z) =0, with y = C®).
The three-term recurrence and initial conditions are
(n+ 1)6’7(1?_)1(30) =2(n+ a)acC,(La) () — (n+ 20— 1)CT(LQ_)1(30), n=20,1,...,
C(_al)(x) =0, Céa)(:v) =1.

Gegenbauer polynomials have applications as a generalization of Chebyshev and
Legendre polynomials to higher dimensional spheres; see [62].

1.4 Connection coefficients for classical orthogonal polynomials

The connection coefficients are those coefficients that allow one to express a se-
quence of orthogonal polynomials {py, }nen, in terms of another sequence {gn }nen,
of orthogonal polynomials. Determining these coefficients is an elementary theoret-
ical question. For example, Askey [4] considered this problem among a line of other
related ones, like the linearization of products of orthogonal polynomials. However,
results about the connection coefficients between classical orthogonal polynomials
also have practical impact. This is the topic of Chapters 2 and 3. Therefore, the
purpose of this section is not only to survey basic results that are mostly found
in the literature, but to state a number of special cases that can be exploited for
numerical computations. Usually, most of the latter observations do not appear in
the usual references, although they are rather simple consequences of known results.

1.4.1 General theory.

Definition 1.33 Let {p, }nen, and {qn tnen, be two different sequences of orthog-
onal polynomials. Then every polynomial p;, j = 0,1,..., can be represented as a
linear combination of the polynomials qo,q1, ..., q;,

J
pj = § Ki,j4qi-
i=0

The polynomials {pn}nen, are called the source polynomials and the polynomials
{qn}nen, are called the target polynomials. The coefficients k;; are called the
connection coefficients between {py tnen, and {qntnen,- Fori <0, j <0, orj <1,
the connection coefficients are defined by rk; ; = 0.

If (-, - )qx is the inner product with respect to which the target polynomials ¢, are
orthogonal, then the connection coefficients are clearly given by

Kij = (gi,pj)ax (1.24)

(¢iqi)ar
Remark 1.34 While connection coefficients ; ; exist for every pair of orthogonal
polynomials, only the cases where the sequences {py }nen, and {¢, }nen, belong to
the same type of classical orthogonal polynomials will be of interest for the rest
of this text. For example, we will only consider the connection problem for two
different sequences of, say, Jacobi polynomials, but not for a sequence of Hermite
and another sequence of Jacobi polynomials.

The following theorem shows that the connection coefficients can be generated by a
recurrence that follows directly from the three-term recurrences satisfied by source
and target polynomials. This is a slightly modified version of Theorem 1 in [59, p.
295].
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Theorem 1.35 Let {p,}nen, be a sequence of orthogonal polynomials satisfying
the three-term recurrence and initial conditions
pn—i—l(x) - (anm_bn)pn(x) _Cnpn—l(‘r)7 n= 0517“-;

p-1(z) =0, po(x) = ko, (1.25)

that have leading coefficients k.. Furthermore, let {qn}tnen, be a sequence of poly-
nomials, orthogonal with respect to the measure d\, that satisfy the three-term re-
currence and the initial conditions

Qn-i-l(m) = (dnx - bn)qn(x) - énqn—l(x)a n = 07 1a sy

A 1.26
q-1(z) =0, qo(z) = ko, 1:26)

with izn = (qn, qn)ar and leading coefficients l%n Then the connection coefficients
Ki; in the formula

J
pj = E KRi,jqi
i=0

satisfy the recurrence formula

1 higs b, & hia
Kij = Gj—1 (A‘ﬁ Kit1,j-1+ 7 =1 + FY Ki—1,j-1
7

i Ny i h; (1.27)
—0j—1Rij—1 = Cj—1KRi j-2,
for 0 < i < j with the initial conditions

k o
= <Cf°bo —bo> , ifi=0andj=1,
k() ao

Ri,j = (128)
i fi=j
et 1 =7.
k;

PROOF. Let us start with the general case. First, we use (1.24) and the three-term
recurrence (1.25) to obtain

(gispjlax 1
Kij =7 = = (@j-1(q, Tpj—1)ax — bj—1(qi, Pj—1)ax — ¢j—1(qi; Pj—2)dr)-
J <Qi7Qj>d)\ hz( ) < J J < J > J < J > )
(1.29)
The shift property of the inner product, i.e., (-, z-)ax = (z-, - )anr, allows us to

apply the three-term recurrence (1.26) to expand the polynomial z-g;; cf. Corollary
1.18. Then,

1 b; G
(@isT-pj—1)ax = (T, Pj—1)dr = E<Qi+17pj—1>d)\+j<Qi7pj—l)dk+j<Qi—17pj—1>dA~
1 (3 1

It remains to combine this result with (1.29) and identify the remaining inner prod-
ucts with the connection coefficients, e.g., (¢, Pj—1)ax = iLmi,j_l. This completes
the proof of the recurrence formula.

For the initial conditions, assume ¢ = j first. Both p; and ¢; are orthogonal to every
polynomial of strictly smaller degree, so the following identity is readily obtained,

iy Di iy ki ki (qi, ki’ ki (qi, @ ks
Hi,i = <q 29 >d)\ = <q Ax >d/\ = = <q Am >d)\ = = <q Aq >d>\ = = . (130)
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Finally, for the coefficient ¢ 1, the proof amounts to another direct calculation,
Kot — (a0, P1)ax
ho
(Ko, (apx — bo)ko)ax
ho

1 kg ,» A
= E?ZU%, (apz — bo)koYax

= L 5o (90 5 (aox — boYoYax + ( %bo — bo ) (o, o)
= o \ao 0, (Go 0)ko)dr 4,00 ~ bo ) ko, Foja

1 ko [a ag >
= =2 <AO<QO,(11>d,\ + (Aobo - b0> <QO,QO>d,\>
Qo ag

O
Not surprisingly, in the case of symmetric measures, the recurrence is simplified.
The result is an immediate consequence of the last theorem.

Corollary 1.36 Let two polynomial sequences {pn }nen, and {gn tnen, be given that
satisfy the assumptions of Theorem 1.35. Assume furthermore, that both sequences
are orthogonal with respect to symmetric measures. Then the connection coefficients
ki satisfy the simplified recurrence formula

1 iy & hio
Kii =0i_1| ———FKiz1.i-1+ ———FKi—-1.i-1 ) — Cj—1Ki i— 1.31
1,5 J 1(% P Rit1,5-1 @ b i—1,j—1 j—1Ri, 525 ( )
for 0 <@ < j with initial conditions k;,; = kl//%” i=0,1,..., and kop = 0. This

implies k;; = 0 if ¢ + j is odd.

PROOF. We take the result from Theorem 1.35 and notice that b; = b;_; = 0 by
symmetry of the corresponding measures; cf. Lemma 1.17. O
Once the connection coefficients between two sequences of orthogonal polynomials
are obtained, they are also available for differently normalized variants.

Lemma 1.37 Let {py}nen, and {gn}nen, be two sequences of polynomials with
leading coefficients ky,, l;:n, and squared norms h.,, fzn, n =20,1,..., respectively.
Furthermore, let {p%}nen, and {q}}nen, be differently normalized versions of the
same polynomials with leading coefficients k, I;::; and squared norms h},, iL:;, n =
0,1,..., respectively. If in the equation

J
pi = Kijdi i=0,1,..., (1.32)
=0

the connection coefficients k; ; are known, then in the equation

J
p;:ZH’::quv .j:()ala"'a
=0

the connection coefficients K7 ; are given by
;

E* k.
x« g L.
fd = Ry $,j=0,1,....
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(a) Non-symmetric measure. (b) Symmetric measure.

Figure 1.1: Schematic representation of a triangular connection matrix K = (k; ;)
between two sequences of orthogonal polynomials, and the recurrence for the con-
nection coefficients s, ;. Non-shaded areas represent coefficients that always van-
ish. Black squares represent entries given by the initial conditions; these are &; ;,
i =0,1,..., and ko,1. Gray squares stand for the rest of the coefficients that are
determined by the three-term recurrence. For the computation of one of these co-
efficients r; (represented by * ) the entries Kim1,j—1, Kij—1, Kij—2, and K41 -1
(represented by e ) have to be known. In the case of a symmetric measure, the re-
currence is simpler since the dependence on &; ;_1 is removed. Also, the coefficient
Ko,1 is known to be zero as is the rest corresponding to the non-shaded boxes. The
rest of the coefficients is aligned in a checkerboard pattern.

If furthermore kyk} > 0 and IAcnlAf;"L > 0, i.e., the sign of the leading coefficients is
the same, then

ProOOF. We replace p; = (k;/k})pj and ¢; = (ki/k?)qr in (1.32). This proves the
first assertion. For the second, we replace p; = (hj/h;f)l/2p;f and ¢q; = (fli/izj)lﬂq;“
in the same equation. O
The recurrence for the connection coefficients «; ; is illustrated in Figure 1.1. While,
in principle, it allows to numerically compute every connection coefficient &; j, it
is only of marginal use in practice. To see this, let us first define the connection
matriz.

Definition 1.38 Let {p,}nen, and {qn}tnen, be two sequences of orthogonal poly-
nomials, and denote by k;; the connection coefficients between them. Then the
upper triangular matriz

K = (ki)Yo € RVIDXVHED N € N,

is called the connection matrix of degree N between {p,, }nen, and {gn }nen, -

This matrix allows for writing the conversion between expansions in different sys-
tems of orthogonal polynomials in a more succinct matrix-vector notation.



1.4. CONNECTION COEFFICIENTS FOR CLASSICAL ORTHOGONAL POLYNOMIALS 17

Lemma 1.39 Let a function f be represented by a finite expansion in a sequence
of orthogonal polynomials {pp }nen,, i-e.,

N
=0

with N € No. If {qn}nen, is another sequence of orthogonal polynomials, then the
corresponding expansion coefficients y; in

N
j=0
and the coefficients x; in the previous expansion are related by the equation
y=Kx, withy= (yj)é-vzo, X = (xj)j-v:m (1.33)

where K is the connection matriz of degree N between {p, }nen, and {qn }nen, -

For most problems under consideration, one needs an efficient way to apply the
connection matrix K. Even though all its entries can be evaluated with a total
of O(N?) arithmetic operations using the recurrence formula (1.27), this is usually
considered too expensive as one is often interested only in applying the matrix K to
a vector like in (1.33). Computing the entries of K explicitly and then multiplying
the usual way is in most cases not the most efficient way.

As we shall see later in Chapters 2 and 3, there exist algorithms that apply K to
a vector at a more favorable cost than O(N?). These methods will not be based
on the recursive procedure, but will use explicit expressions for the connection
coefficients x; ;. This compels us to first seek these expressions.

1.4.2 Explicit expressions. A basic problem is to obtain explicit expressions for
the connection coeflicients x; ; between two sequences of orthogonal polynomials.
Another question, although not important here, is to ask whether these coefficients
are positive. These and related problems have a long history. Also, many results
in this area that have been thought to be new in the first place, have later been
re-discovered in older works. As a starting point for the study of results about
connection coefficients, reading [4] or [2] is recommended. Both texts contain almost
all important results used in this work that are related to the classical orthogonal
polynomials. One also finds a lot of background on relevant historical developments
there. Other references include [36, 59, 73].

The approach to connection coefficients used in this work is based on [59] using
the recurrence that was proven in Theorem 1.35 and Corollary 1.36 for symmetric
measures. It should be noted that this is by no means the only valid way to go. In
most cases, there are several options how expressions for the connection coefficients
can be derived; see [4].

The recurrence formulae (1.27) and (1.31) can help generating explicit expressions
for the connection coefficients x; ; by using a procedure that relies on enough sample
expressions that are generated by the recurrence. While this approach might not be
mathematically as sophisticated as others, it has the advantage that it requires only
very little extra knowledge about the orthogonal polynomials at hand. To obtain a
concrete expression for the connection coefficients x; ; the following program from
[59, p. 296] can be followed. It consists of two steps.

First, one uses the recursive formulae and initial conditions from Theorem 1.35 or
Corollary 1.36 to generate the connection coeflicients &; ; for, say, 7,7 = 0,...,n,
for some finite and not too large n. It is convenient, if not imperative, to realize this
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step with a symbolic computation software such as MATHEMATICA!. The computed
expressions are then, if possible, simplified and rearranged. This should lead to a
guess how the connection coefficients x; ; might be defined explicitly.

The second step consists in proving that the guessed formula is indeed correct by
showing that the recurrence formula (1.27) and the initial conditions (1.28) are
satisfied. It can be implemented with a symbolic computation software to check
the respective identities.

In the following, a number of results which yield explicit expressions for the con-
nection coefficients between various families of classical orthogonal polynomials are
given. We will observe several special cases where the corresponding connection
matrix K has a particular structure. The terms used to characterize these matrices
are explained in Chapter 2.

Generally, the expressions will involve fractions of gamma functions, some of which
can formally become singular in certain special cases. To avoid obscurities which
could lead to the impression that the obtained expressions would not be always well
defined, let us fix how the results should be interpreted.

For a family of orthogonal polynomials with one or more parameters, e.g., the
Gegenbauer polynomials C,(La) carry a single parameter «, the connection coeffi-
cients between two sequences of polynomials obviously depend on these parameters.
It can be checked easily that all quantities in the definition of the mentioned classi-
cal orthogonal polynomials depend smoothly on the respective parameters. Thus,
Theorem 1.35 also asserts that the generated connection coefficients will depend
continuously on the involved parameters. In problematic cases it is therefore al-
lowed to take limits in the expressions for the connection coefficients, with respect
to the parameters. The following finite limit is then frequently encountered.

Lemma 1.40 Let n,m € Ng. Then

I'(m+1)

lim LY <_1)HF(m7n+ 1)’

vom D(-v) 0, else.

ifn <m,

PROOF. First, assume n < m. The function I'(z) has isolated poles of order one at
z=n—m and z = —m with respective residues

(-

_ ="
Tm—n+1) Res(I', —m) =

Res(I',n —m) = T+ 1)

Since I'(z) is analytic in the punctured open discs of radius one centered at either
pole, we suppose without loss of generality that 0 < |m — v| < 1 and consider
the Laurent series expansion around z = n — m and z = —m, each multiplied by
(m —v), ie.,

(m—v)T'(n—v)= Zaj(m _ l/)j + (=1)m—"

D(m—n+1)’
(m = V)D(=v) = Y by(m =)’ + FE;DH)

with certain a;,b; € C, j € N. Since the limits

tim o= )0 =) = SVt - r(n) =

INMATHEMATICA is a registered trademark of Wolfram Research, Inc.
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exist, we have

. Pln—v) ., I(m+1)
B vy W S e

For the case n > m, we note that while I'(n — m) is finite, the function 1/T'(z) has
a zero of order one at z = —m. Therefore, the limit lim, _,,, I'(n — v)/T'(—v) must
vanish. (]
The last result should be kept in mind for each explicit expressions for connection
coefficients ;. It is understood that for parameter combinations for which the
numerator or denominator (or both) would be undefined due to poles of the gamma
function, one has to take the limit with respect to one parameter and consider
Lemma 1.40 to obtain a valid expression.

Laguerre polynomials

The Laguerre family of orthogonal polynomials carries a single parameter a@ > —1.
An explicit expression for the connection coefficients between these polynomials is
given in Askey [4, p. 57], without any reference, but mentioning that it is very
old. It can also be obtained by the “guessing” procedure from above, although the
result itself is not given in [59]. The expression for the connection coefficients turns
out to be reasonably simple, indeed so concise that it serves as a good example for
patterns common to all classical orthogonal polynomials.

Definition 1.41 Let {E%a)}neNo and {f/%ﬁ)}neNo with o, B > —1 be two families
of monic Laguerre polynomials. Then the connection coefficients k; ; in the formula

are denoted R;; = Rl B) REOJ‘-)H(B) if it is clear that the related polynomi-

als are the Laguerre pblynomials. The corresponding connection matriz is denoted
KL (@0)=8) or K@) for short.

Theorem 1.42 Let o, 3 > —1. Then the connection coefficients between the se-

quences of Laguerre polynomials {EE{D‘)}%NU and {I_ngﬁ)} are given by

neNp

(@@ ) TGHD)TG—i+a—p) . o
i q = th)<igi<j.
i Ma-BTG+1) IG-i+tn @~ “H0=t=)

PROOF. Verify that the recurrence formula (1.27) and initial conditions (1.28) are
satisfied. O
Let us look at a special case, namely when the difference between § and « is a pos-
itive integer. Using Lemma 1.40, the following simple formula is readily obtained.
Corollary 1.43 Let —1 < o < 8 such that 5 — « is a positive integer. Then the
connection coefficients between the sequences of Laguerre polynomials {EE{X)}

and {Lﬁ[’)

n€Ny

}nGNo are given by

B—a\T(G+1) . o
=(a)=(8) ( : (._’_1)), if0<i<j<i+f—aq,
KR; =

0, else.
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This implies that the degree-n connection matrizc

B—a+1
1 % *
1 *
K()=(6) _ 1« *
1
*
1

is stricly (0,8 — a)-banded; see Definition 2.2 on page 60.

PROOF. Use Theorem 1.42 in conjunction with Lemma 1.40. (|
One can then take this theme even a step further and look at the case when 8 =
a+ 1.

Corollary 1.44 Let —1 < «. Then the connection coefficients between the se-

quences of Laguerre polynomials {E%‘)‘)}%NO and {Eﬁf‘“)} are given by

n€Ny
L ifj =1,
RO L1 =it
0, else.
Thus, the connection matriz
1 1
1 2
K@= (at+1) _ 1
n
1

is strictly (0,1)-banded; see Definition 2.2 on page 60.
PROOF. The proof is a direct consequence of the preceding Corollary. O
The last two results are remarkable because they reveal special cases where the
connection matrix is not densely populated. This is usually an appealing prop-
erty from a computational point of view, since the cost of an n x n matrix-vector
multiplication can then be reduced from O(n?) to O(n).
A similar observation about structuredness of the connection matrix can be made
in the dual case, i.e., when 8 — « is a negative integer. But let us start here with
the special case f = a — 1.
Corollary 1.45 Let 0 < a. Then the connection coefficients between the sequences
. = = (a—1 .

of Laguerre polynomials {L%a)}neNo and {L%‘ )}nENo are given by

-y _ TG +1)

7 (—1)T@E+1)’

Thus, the connection matriz

K7@D — triu(uv?),

with 0 < i < j.

with

u= (/DG +1) L v= (-G + 1),
is upper (1)-generator representable semiseparable; see Definition 2.6 on page 62.
PROOF. The result is a direct consequence of Theorem 1.42. O
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Now, we are ready to show that larger steps, i.e., 8 = a — k, k € N, result in
connection matrices with semiseparability rank equal to k.

Corollary 1.46 Let —1 < B < « such that a—f is a positive integer. Then the con-
nection matriz K6 between the sequences of Laguerre polynomials {Esla)}neNo
and {E%B)}neNo is upper (o — B)-generator representable semiseparable.

PrOOF. The matrix K(®~) is a product of a — 8 many upper (1)-generator
representable semiseparable matrices,

R(@=0) — RBHD=6) . RE+2=6+1) | . Rla-D=(@-2) | g(e)>(a-1)

and is as such upper (o — [3)-generator representable semiseparable; see Theorem
2.7 on page 62. O
We have now identified important special cases, more precisely, those that represent
integer steps from « to § which give rise to rank-structured connection matrices
K@= The structuredness of these matrices can be exploited to apply the
connection matrix to a vector with O(n) operations instead of O(n?).

Remark 1.47 The situation for the connection coefficients between different La-
guerre polynomials is typical and the theme repeats in the case of Jacobi polyno-
mials, albeit in a slightly more complicated way; see Section 1.4.2.

As shown in Figure 1.2, any connection between different sequences of Laguerre
polynomials, {E%a)}neNo and {E%ﬁ)}neNm can be decomposed into two parts: a
transformation from the parameter « to a certain o’ and then from o to the
actual target 3, where o/ has been determined such that o/ — « is an integer and
|8 —d| < 1.

The purpose of such a decomposition becomes clear when one is interested in ap-
plying the connection matrix K(®) =) efficiently. This matrix can be factored into
the product of the heavily structured matrix K(@)—(") (which is either banded or
semiseparable) and the matrix K(a/)ﬁ(ﬁ% ie.,

R(@0=(8) — g(a) =) glo)=(@)

The matrix K(@)—( ), as we shall see in Chapter 3, can also be applied efficiently.
This completes the important results about the connection coefficients in the La-
guerre case. Let us turn to the second and arguably more important class of Jacobi
polynomials. The situation here is more complex since Jacobi polynomials P,(La’ﬁ)
carry to parameters «, 8 > —1. However, if one parameter is kept fixed, then
the connection coefficients have a similar behavior, as observed for the Laguerre
polynomials, with respect to structuredness of the connection matrices.
Jacobi polynomials with one parameter kept fixed

Definition 1.48 Let {P,(La’ﬁ)}neNo with a, B > —1 and {Pﬁ”"”}nem with 7,6 > —1
be two families of monic Jacobi polynomials. Then the connection coefficients k;_;
in the formula

i
P =N"g POV =01, (1.34)

i=0
are denoted ; j = Kf’j(o"ﬂ)_)(%é) or just Rgoj‘fﬂ)_)('y’é) if it is clear that the correspond-

ing polynomials are the Jacobi polynomidls, The corresponding connection matrix
is denoted K7 (@) =(1.0) op K(@B8)=(:0) for short.

As said before, the connection between sequences of Jacobi polynomials is some-
what symmetric to the Laguerre case. But unlike Laguerre polynomials, Jacobi
polynomials carry two parameters, o and (. It is therefore natural to start with
the cases where one of these parameters remains fixed. A useful observation is that
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upper (k)-generator

representable
upper (1)-generator R
semiseparable
representable

semiseparable .

-
-

(0, 1)-banded

a—k a—k+1 a—2 a—1

|
1

B

a+1 a+2 a+k—1 o+ k
t
a

R+ R

Figure 1.2: The connection between Laguerre polynomials: If the parameter o in
the polynomials L, («) is increased or decreased in unit steps then the connection
matrices are (0, 1)-banded or upper (1)-generator representable semiseparable, re-
spectively. Integer steps of length k lead to (0, k)-banded or upper (k)-generator
representable semiseparable matrices. General steps can be decomposed into an
integer length step and a second step that spans only a small distance.

once an expression with respect to one parameter has been obtained, the identity
P,Eaﬁ)(x) = (—1)"P7(lﬁ’a)(—a:) readily allows to obtain the corresponding expres-
sions with the roles of @ and B exchanged. This is made precise in the following
result.

Lemma 1.49 The connection coefficients for monic Jacobi polynomials satisfy the
identity

—(avﬂ)—>('v 8) _ i+ ‘—(ﬁ7a)—>(577)
4,7 ( 1) IR )

(a7ﬂ)—>(%5)

ProOF. Take the connection coefficients &; ; which satisfy

J
(Xﬁ) Z 76)*(775)1:)("/ 5)( ) ]: 0
1=0

Then use (1.21) to obtain

1

gLy

J
P8, it = (e ,0) (0, :
P () = 37 (-1 HRSDTOO PO () = 0,1,
i=0
O
The following result is found in [4, p. 63] for Jacobi polynomials in the standard
normalization, and in [59, p. 305] for monic Jacobi polynomials, in the latter with
the roles of o and 8 exchanged due to a different definition.
Theorem 1.50 Let a,v,3 > —1. Then the connection coefficients between the
sequences of Jacobi polynomials {P,E“ﬁ)}neNO and {PT(L'Y’B)}nGNO are given by

Sepmts L PTG DTG +B+ D TR+ y+6+2)

B3 F(a—fy)Ql TG+ TE+B8+1)T(2j+a+F+1)
Fj+i+a+8+)T(GH—i+a—7)
FG+i+y+6+2) T(G—-i+1)

with 0 < i < j.

PROOF. Verify that the recurrence formula (1.27) and initial conditions (1.28) are
satisfied. 0
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Now, we are in a position to use Lemma 1.49 to derive the corresponding expression
for the connection coefficients when the parameter « is kept fixed.

Corollary 1.51 Let o, 3,6 > —1. Then the connection coefficients between the
sequences of Jacobi polynomials {P(a”@)}neNU and {Péa’é)}neNU are given by

RED@D) _ ()it g 6e)

(*1)”3§F(J+1) T(j+a+1) T(2i+a+0+2)

L(B—=0)20T(+1) IM'i+a+1)T(2j+a+5+1)
LUtitatB+DT(—i+B—0)
F(g+z+a+6+2) rG—i+1) °’

with 0 <4 < 3.
As for the Laguerre case, important special cases are obtained for integer changes
in one of the parameters o and .

Corollary 1.52 Let —1 < a < v and —1 < f < 6. If v — « is a positive inte-
ger, then the connection coefficients between the sequences of Jacobi polynomials

(PN ene and {PS"Vcn, are given by
- 1)1+J2]F(]+1) r'(G+8+1)
PTG+ 1) TG+ B+1)
X<'ya>F(2i+’y+ﬂ+2)
ji—i )T +a+tB+1)

FG+i+a+p+1)

FG+i+y+68+2)]

0, else,

gl@B)=(.h) _
i

if0<i<j<j+v-a,

and if 6 — B is a positive integer, then the conmection coefficients between the se-
quences of Jacobi polynomials {Pr(fé”@)}neNU and {Pﬁa’é)}neNo are given by

2jF(j+1) L(j+a+1)
2T6+1) T(i+a+1)
§—B\T(2i+a+6+2)
Rleproed) L7 - >F(2j+a+5+1)
F( +i+a+p+1)
F(j+z+a+5+2)

0, else.

fo<i<j<i+d—p,

This implies that the connection matrix

y—a+1
—_—
1 = *
1
1
K(@8)=(18) _ : -
1
*
1

is strictly (0, — «)-banded. Similarly, the matriz K(#)=(9) s strictly (0,6 — f)-
banded; see Definition 2.2 on page 60.
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PRrROOF. Use Theorem 1.50 and Corollary 1.51 in conjunction with Lemma 1.40. O
As seen before, unit changes to the parameters result in even more simpler struc-
tured connection matrices.

Corollary 1.53 Let o, 8 > —1. Then the connection coefficients between the se-
quences of Jacobi polynomials {PT(L(X’B)}%NO and {P,S““ﬁ)}neNo, or {P,Sa’ﬁ)}neNo
and {P,EQ’BH)}%NO, respectively, are given by

1, Zf] = Z‘7
—2j(j + B) PN
=, 8) = (a+1,8) _ , ifj=1+1,
Rij @i tatA@jtatprn 1
0, else,
1, if § =1,
2j(j + ) L
~(a,f) = (e,f+1) _ , ifi=i+1,
Rij @ tat PG tarprn 1
0, else.
Thus, the connection matriz
1 x
1 =
K(aB)—=(at+1,8) _ 1
*
1

is strictly (0,1)-banded. Similarly, the matriz K@) =B+ s (0, 1)-banded; see
Definition 2.2 on page 60.

PROOF. The proof is a direct consequence of the preceding Corollary. O
Also similar to the Laguerre case, let us start in the other direction with the cases
v=a—1and § = — 1, respectively.

Corollary 1.54 Let a > 0 and 8 > —1. Then the connection coefficients between
the sequences of Jacobi polynomials {P,Sa’ﬁ)}neNO and {P,S“‘l’ﬁ)}neNO are given by
~(@.B)—(a—1,8) _ 2IG+DIG+B+)TRi+a+B+1)

K'/- y b)
& 20T+ 1) TG +B+1)T(2j+a++1)

with 0 < i < j. Let a« > —1 and 8 > 0. Then the connection coefficients between
the sequences of Jacobi polynomials {P,S“’ﬁ)}neND and {Pﬁa’ﬁfl)}neNO are given by

mlaB)—>(aB-1) _ (_1)z'+j2ir(.7' + )T +a+1)T(2i+a++1)
" 200G+ 1) T(i+a+1)T(2j+a+p+1)

with 0 <1 < j. As a consequence, the matrices
K (@A) = (a=18) — triy (u VT),
with

u_( [(2i+a+B+1) ) v_(QjF(j+1)F(j+ﬂ+1))"
2T+ D)+ B8 +1) N F@j+ta+p+1) /),

)
=0
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.
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Figure 1.3: The connection between Jacobi polynomials where one parameter is kept
fixed. If either o or 8 are increased or decreased in unit steps, then the connection
matrices are (0, 1)-banded or upper (1)-generator representable semiseparable, re-
spectively. Integer steps of length k lead to (0, k)-banded or upper (k)-generator
representable semiseparable matrices. General steps can be decomposed into a step
of integer length and a second step that spans only a small distance.

and
K (@A (@8=D = iy (uv?),
with

e ((—1)ir(2i+a+ﬂ+1)>” oo (2J‘F(j+1)r(j+a+1)>”
S\ 2T+ )i+ a+1) ), S \CDTERj+a+8+1) /),

are upper (1)-generator representable semiseparable; see Definition 2.6 on page 62.

PRrROOF. The result is a direct consequence of Theorem 1.50 and Corollary 1.51. O

Now, following the same principle as before, larger integer steps result in higher
order semiseparable matrices.

Corollary 1.55 Let « > v > —1 and B > —1 such that a — vy is a positive
integer. Then the connection matriz K(P)=8) between the sequences of Jacobi

polynomials {137(,,a’5)}neN0 and {Pfﬂ’ﬁ)}neNo is upper (a—-y)-generator representable
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semiseparable. Analogously, the connection matriz K(®A)=(9) js ypper (8 — §)-

generator representable semiseparable, if for 8 > 6 > —1 and o > —1, the value

B — 9§ is a positive integer.

PROOF. We can use the same argument as in Corollary 1.46 on page 21. (]
Jacobi polynomials — general case

The connection between Jacobi polynomials where both parameters are varied is
more involved. Askey [4, p. 62] uses a relatively direct approach to calculate the
expressions for the connection coefficients in the general case, using the Rodrigues
formula and a derivative identity; see also Section 1.5. He arrives at a formula that
is equivalent to the one shown below, but for Jacobi polynomials in the standard
normalization. From that, the special cases with one parameter fixed are derived.
Another way is to combine the results for changes in one parameter, which have been
obtained in the last section, to obtain expressions for changes in both parameters.
This can be done by using the identities

K@)~ (10) — ROH=(10) K08 >(1.6),
K (@00 = (1:6) _ (@:8)=(,6) (@)= (a,0).

The following theorem combines these to express the connection coefficients in the
general case through the coefficients for changes in a single parameter. A similar
result is given in [59, p. 306].

Lemma 1.56 Let «,v,3,6 > —1. Then the connection coefficients between the
sequences of Jacobi polynomials {P,Saﬁ)}neNO and {PT(L%(S)},LGNO satisfy the identity

J

) (a ﬁ)%(v 5 _ Z 7:8)=(7:0) (a B)=(1:B) (1.35)
k=1
ProOF. Consider the connection coeflicients between the sequences {Py(La’ﬁ )}n Ny’
{P"(L%B)}neNy and {Pﬁ”"s)}neNo as given in Theorems 1.50 and 1.51. Then

Pl = E:(amemeWﬁ

(a B)—(v.8) Z ,—{('y B)—= (v, 5)P(v ,0)

R,

- 1 1

R |

J
Z 7,8) ﬁ(%é)kl(jjﬁ)%(%ﬁ)pi(w?).

k=i

@
Il
<

Thus, we have

J
—(aw@)—>(’7 8) _ B)—=(7,9) - (%5)—>(’Y ﬁ)
=Y A b
k=i

Analogous results hold for differently normalized variants. O
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Theorem 1.57 Let a,7,8,0 > —1. Then the connection coefficients between the
sequences of Jacobi polynomials {PT(L“’B)}HE% and {Pﬁ"s)}neNo are given by

2(@B) = (1.8) _ (—1)¢ PTG +)TG+B+1) T2i+7+05+2)
i T T(a—T(B—-0)2T(+1)Tli+y+1) D2 +a+p+1)

r
F'k+y+1)T(+k+a+5+1)
Nk+8+)T(G+k+v+5+2)
Frk+i+y+B8+)T(G-k+a—y)T(k—i+B—90)
Nk+i+~v+64+2) T(G—-k+1) I'(k—i+1)
(1.36)

PRrOOF. We insert the explicit expressions for the connection coefficients in (1.35).
This leads to

X (=D)F@k+y+B+1)

k=i

g(@h)=(7,9)
i,

Z B8)—=(7:0) (a7ﬂ)—>(%5)
k.j
kf

J
=i

Z( DHF 2Pk + 1) T+ + 1) TRi+y+6+2) T(k+it+y+B8+1)

)

e D(B—-06)2T(i+1) Pi+v+1) PR+ v+ B+ 1) T(k+ity+d+2)
I'(
I'(

Tk—i+B—46) I YT+ )TE+A+1)
IFk—i+1) T(a—y)2kTk+1)T(k+B+1)

Xl"(j—i—k—&-a—l—ﬂ—i—l)F(j—k-i—a—v)
rG+k+~v+p+2) TG-—k+1) °

2k +v+ 5 +2)
2j+a+B+1)

Then, we rearrange and simplify this expression to the desired result. O

Remark 1.58 Askey [4, p. 63] gives a formula for Jacobi polynomials in the
standard normalization which involves the hypergeometric function. Using Lemma
1.37, one obtains

L@ _ PTG+ DTG +at])  T(+ita+Bt1)
b 20T+ 1) T(i+a+1)T(2j+a+B+1)I(G—i+1)
o F i—j,j+i+a+5+1,i+7+1'1
32 i+a+1,2i4+~7+06+2 ’

which is equivalent to (1.36) and where 3F5 denotes the hypergeometric function.

These formulae are usually too complicated to be used in numerical practice. How-
ever, there are other special cases, more precisely, when both parameters « and 3
are changed the same way, that again lead to particularly structured connection
matrices. To consider these cases is only natural, given that we have already consid-
ered integer changes in one parameter at a time. Let us look at the case y = a +1
and 6 = B+ 1 first.
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Lemma 1.59 Let a,8 > —1. Then the connection coefficients between the se-

quences of Jacobi polynomials {P( ”B)}neNg and {P(UH_1 ﬁ+1)}n6N0 satisfy the iden-

tity

1, if j =1,

2j(j +a+1)
(2j+a+6+1)(2{+a/64)rﬂ+2)
2 (5 + o
S(@B) > (at1,6+1) _ - , =i+1,
Rt @i+athZ+a+f+]) (EA
—4( - 1i+ ) +5) iFi—it2
2j+a+B-1)2j+a+8)22j+a+8+1) ’
0, else.

Thus, the connection matriz

1 *x =

1 =x
K(B)=(a+1,p+1) _ 1 §
*
1

is strictly (0,2)-banded; see Definition 2.2 on page 60.

PROOF. Tt is clear that the connection matrix K(®A)=(@+LA+1) must be (0,2)-
banded, since it is the product of the two (0, 1)-banded matrices,

K@B)=(at1,8+1) _ g(atl,B)—=(at+1,8+1) g (e,8)=(a+1,8)

To prove the explicit expressions for the entries, we use Lemma 1.56 which gives

(@B (ot 1,841) _ XJ: (ah1,8) = (a1,841) _(0B) > (oct1,68)

7,] k,j
) if j =1,
glatlA)=(atl,f+1) - (a,f) = (a+1,5)
Kj-1,5-1 Kj-1,j
= +R (a+bﬁ)*(a+1’3+1) §aj B)— (a+1,ﬂ)7 it =i,
H§ci§}j,§)1a(a+1,/3+l),€; ﬁ)ﬁ(aﬂ B) if j =142,
0, else.

We insert the explicit expressions obtained in Corollary 1.53 to complete the proof.

O
The result shows that we are able to carry over results for changes to a single
parameter, « or 3, somewhat naturally to situations for symmetric changes to both
parameters by using Lemma 1.56. Of course, one is also interested in the case when
vy=a—1and § = f — 1. But before stating the result, we need the following
lemma about the calculation of a particular sum.

Lemma 1.60 Let o, 8 >0, and i,j € Ng with i < j. Then
J

'k + )

—1)Y*(2 [ S e ¥

Z( ) k+a+ﬁ)r(k+ﬁ+1)

k=i

_(4yEQiﬁiD, ikt
B T(j+B+1) '
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PROOF. Let us start with the case ¢ = j. Then the sum consists of a single term,

%

T(k+a) o I+ a)
;( DR 2k + a +3)m (1)(22+a+5)m
(14 )+ 0+ ) ks = () g + (D

Thus, the formula is true for « = j. Now, fix an arbitrary ¢ > 0 and prove the
general case by induction over j. The initial case i = j has already been verified.
So we fix j > i arbitrary and suppose that the formula is true for this particular j;
this is the induction hypothesis. Then, using the induction hypothesis, the sum for
7 + 1 satisfies

AR T(k+ o)

;(—1)k(2k+a+3)m
IR L(k+a) (o L(j+a+1)
_kzzj 2k+a+6)m+(—1)+(23+a+6+2)m
:(_1)J'F8,j:;ig + (—1)irxig; + (—1)i (25 +a+ﬁ+2)§j igi;;
7(71)#1 T +a+2) (23+a+ﬂ+2 j+6+1> a )Z-I‘(i+a)
B L'(j+p+2) jta+1 jta+1 L(i+3)
_1\i+1 L(j+a+2) (i + o)
=07 (]+5+2)+( b T(i+ )’

which proves the result. O

Now we are ready to state an explicit expression for the connection coefficients
between Jacobi polynomials when y=a —1and § =8 — 1.

Theorem 1.61 Let a,5 > 0. Then the connection coeﬂ?czents between the se-
quences of Jacobi polynomials {P ”B)}neNO and {P(a 1A= }neNo are given by

gleh)=(a=1,5-1)
Kij

_2I(+1) T@Rita+p) (o Rrat) TG+
2T0E+1)T2j+a+6+1) I'(i+ «) L'+ B)
PRrOOF. We take the result from Lemma 1.56 for y =a —1 and § = 3 — 1,

7

(a B)—(a—1,— a—1,8)—=(a-1,8-1) (a,8)—(a—1,8)

R Z“ & K, ;
k=1

and replace n(a LA)=(e—1,6-1) (a )= (a—1,8)

Corollary 1. 54 Then
glaf)=(a=1,6-1)
i,j
fz (—1)itk 2"T(k+ DI (k+ )T(2i+a+ B) 2T + DI+ B+ 1P (2k +a+ S +1)
204+ DI+ )2k +a+B) 2*T(k+ Ik + B8+ I'(2j +a+ B+ 1)

and R by the expressions obtained in

WP TGHDTG+B+1) TRit+a+h) K, I'(k+a)
== 20T(+1) T(i+a) TR2j+a+B8+1) ;( 2 (2k+a+5)r(k+ﬁ+1)'
Now, we replace the sum by the expression obtained in Lemma 1.60,
@)= (a=1,6-1)
i.J

=(-1)

2 TG+HD)TE+B8+1) TRit+a+p) ((_ )i LP+a+l) (_l)iF(Ha))
20T +1) T(+a) TE2j+at+B+1) TrG+8+1) r'(i+p8)
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This is easily simplified to the desired expression. ]

Corollary 1.62 Let a, 8 > 0. Then the connection matriz KA =(@=15=1) cqp
be written as

K(@B)—(e—1.6-1) triu(uvT) + triu(w zT)7

with

7 ; TRi+a+p) \" 47 PTG+ DTG +a+1D\"
v (Vargrmrirm) e = (et ):
W:< ['(2i +a+ B) )" z=< QHU+JWQ+5+U)"

2T+ DG+ B) F2j+a+p+1) /),y

The matriz K(@A=(a+L.8+1) g ypper (2)-generator representable semiseparable;
see Definition 2.6 on page 62.

Corollary 1.63 Let a,3,7,0 > 0 such that « —~ = B — 4 is a positive integer.
Then the connection matriz K2 =:9) js upper (2(7—05)) -generator representable
semiseparable.

The results in this section allow us to make Figure 1.3 complete. Although the
connection between arbitrary Jacobi polynomials is not a simple expression, chang-
ing both parameters symmetrically leads to easier special cases. This is shown in
Figure 1.4.

Gegenbauer polynomials

Gegenbauer polynomials are a special case of the Jacobi polynomials PT(LQ’B ) with
« = [ and a different normalization; see Section 1.3.2. Since they carry only a single
parameter, the results for the connection coefficients will be somewhat similar to
those for Laguerre polynomials. The following is a first general result. We recall
that since Gegenbauer polynomials are orthogonal with respect to a symmetric
measure, the connection coefficients x; ; are zero if 7 4 j is odd. This is understood
in the following.

Definition 1.64 Let {C’ﬁla)}neNU with o > —1/2 and {C’éﬁ)}neNo with § > —1/2
be two families of monic Gegenbauer polynomials. Then the connection coefficients
Rij in the formula

o8 = }:mj ) j=0,1,...,

are denoted K; ; = RGJ(O‘)_’M) or li( )= () if clear that we mean the Gegenbauer poly-

nomials. The corresponding connectwn matriz is denoted KG(0)—=B) o K()=(5)
for short.

The following formula is found in [4, p. 359], [36], [73, p. 99], and also [59, p. 298].
Theorem 1.65 Let o, 8 > —1/2. Then the connection coefficients between the
sequences of Gegenbauer polynomials {C’éa)}neNo and {C’r(ﬁ)}neNo are given by

Lo _ 1 2T+ DTG+ )T (G +a-p) T(5 +a)
M T Te=—pY T+ TGt D(Gi4+1) T(E+5+1)

with 1+ j even and i < j.
PROOF. It can be verified that the recurrence formula (1.27) and the initial condi-
tions (1.28) are satisfied. O
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upper (2k)-generator . Y
representable semiseparable
B+k—-1 \
B+2 |
s (0, 2)-banded
B+1
BT B
B—1
upper (2)-generator
representable
semiseparable
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Figure 1.4: The connection between Jacobi polynomials if both parameters, a and
B, in the polynomials P,(LO‘”B ) are changed symmetrically: If o and 8 are simul-
taneously increased or decreased in unit steps, then the connection matrices are
(0,2)-banded or upper (2)-generator representable semiseparable, respectively. In-
teger steps of length k have (0, 2k)-banded or upper (2k)-generator representable
semiseparable matrices. General steps can be decomposed into an integer length

step and a second step that spans only a small distance.

Remark 1.66 The proof found in [59] is rather complicated. A more elegant proof
is given in [2] by noting that when o = 8 and v = 4,
@) _ 27j1“(j+1) Fj+a+1) Nj+i+2a+1)
bJ 2T+ DT +a+1)T(25+2a+ DI —i+1)

oo (i Bitit 204 ity 1
3z i+a+1,2i+2v+2 )"

In this case, the hypergeometric function is explicitly summable [2, p. 148, Theorem
3.5.5],

(2 1) = LTI DT~ 22

atbrD)/2,20 ) T T~ e~ )

2

Combining the two results, one obtains the desired identity.
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The next natural step is to look at the case when the difference between § and «
is a positive integer.

Corollary 1.67 Let —1/2 < a < 3 such that 8 — « is a positive integer. Then the
connection coefficients between the sequences of Gegenbauer polynomials {C_'T(La)}neNo
and {C_',(lﬁ)}neNo are given by

GJyjnm< p-a )T

(G—1i)/2) 2
Rg"yj)_)(ﬁ) = Ti+B8+1)T(G+1) T (& +a) if i +j even and
ii+1) TG+a)T(Epp41) i<i<it+28-a),
0, else.

This implies that the connection matrix

2(B—a)+1

1 0 = 0 % ... x

1 0 = 0 =«
1 0 = 0 =« *

1 0 % 0
K@—=B) — 1 0 = *
1 0 0
1 *
0
1

is checkerboard-like ((), 2(8— a))—banded; see Definition 2.2 on page 60 and Defini-
tion 2.9 on page 63.

Corollary 1.68 Let o > —1/2. Then the connection coefficients between the se-
quences of Gegenbauer polynomials {C’éa)}neNo and {C‘,(La+1)}n6N0 are given by

]-7 Zf] = Z‘7
—(j—1)j
(@—(at1) _ G =1 ifj=i+?2
e R N
0, else.
Thus, the connection matriz
1 0 =«
1 0
K@= (at+1) _ 1w
0
1

is checkerboard-like (0,2)-banded; see Definition 2.2 on page 60 and Definition 2.9
on page 63.

PROOF. The proof is a direct consequence of the previous result. O
Let us also observe the case when the parameter « is decreased in an integer step.
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checkerboard-like
upper (1)-generator
representable
semiseparable
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}
a/
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Figure 1.5: The connection between Gegenbauer polynomials: If the parameter «

in C’T(La) is increased or decreased in unit steps, then the connection matrices are
checkerboard-like (0, 2)-banded or upper (1)-generator representable semiseparable,
respectively. Integer steps of length k lead to checkerboard-like (0, 2k)-banded or
upper (k)-generator representable semiseparable matrices. General steps can be
decomposed into an integer length step and a second step that spans only a small
distance.

Corollary 1.69 Let o > 1/2. Then the connection coefficients between the se-
quences of Gegenbauer polynomials {C’éa)}neNo and {C‘,(La_l)}neNo are given by

R(-O{)_)(a_l) _ z FGG+1) T+ )
d 2T(G+a)T(i+1)’
Thus, the connection matrix
K@=~ — triuc(uvT)

i= =0

with 1+ j even and 1 < j.

with

is checkerboard-like upper (1)-generator representable semiseparable.

PROOF. The proof is a direct consequence of Theorem 1.65. O
Corollary 1.70 Let —1/2 < B < «a such that o — 8 is a positive integer. Then
the connection matriz K@ =B) between the sequences of Gegenbauer polynomi-
als {C’,(la)}neNO and {Cgﬁ)}nem is checkerboard-like upper (o — f3)-generator repre-
sentable semiseparable.

PRrOOF. The matrix K(®=) is a product of (o — ) checkerboard-like upper (1)-
generator representable semiseparable matrices,

K(@=6) _ gBD=6)  RBAD=6+) | Rla-D)—=(a-2)  gla)>(a-1)

and is therefore checkerboard-like upper (a — 8)-generator representable semisepa-
rable. See Corollary 9.57 in [79, p. 432]. O
The connection between Gegenbauer polynomials is illustrated in Figure 1.5.

Chebyshev and Legendre polynomials
The results of the previous section enable us to obtain the connection coefficients
between Chebyshev polynomials of first and second kind and Legendre polynomials,
since these are, up to normalization, identical to the Gegenbauer polynomials. Note

that the monic and normalized Gegenbauer polynomials {C_'y(la)}neNo are also well
defined for o = 0, in contrast to the standard normalization.
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Theorem 1.71 The connection coefficients between the sequences of Chebyshev
polynomials

{Tn}neNo = {]57271/2,71/2)}”61\]0 = {C(’r(LO)}"ENU
and
{Un}neny = {BM*eny = {C }nen,

are given by

L if j =1,
R%l/2,-1/2)—>(1/2,1/2) i, ifj=ivo
0, else,

Rgz/g,1/2)->(-1/2,-1/2) =277, with i + j even.

PROOF. The proof is obtained from Corollary 1.68 for & = 0 and Corollary 1.69 for
a = 1. Alternatively, we can use Lemma 1.59 for « = § = —1/2 and Theorem 1.61
fora=p=1/2. O

Theorem 1.72 The connection coefficients between the Chebyshev polynomials of
first kind

{TH}HENO = {p'r(Lil/Zil/Q)}nENo = {C£LO)}7LENU
and the Legendre polynomials
{Pn}nGNo = {Pr(zoyo)}nGNo = {C"r(Ll/2)}n€N0

are given by

122500 _ =3 2T+ T (5 —5) T ()
v 2y7 2 T(i+1) T'(&F+1) I(H+3)
Loos(cy2mz _ L2 TG+ TG +3) T (5 +3)

1 ]

+
TVEST(H DT ¢
Theorem 1.73 The connection coefficients between the Chebyshev polynomials of
first kind
{Un}neno = {7 }eny = {CV hnen,
and the Legendre polynomials

{Pn}nGNo = {Rgo’o)}nGNo = {C’I(Ll/Q)}nGNO

are given by

L0090/ _ (i) 2 TG +1) T (45 —3) T (5 +3)
" 2y YT (j+3) T (&FE+1) (& +2)’
La/21/2500 _ L 2T ([i+3) T (5 +3) T (5 +1)
" V2 i+ 1) T (555 +1) T (5 +3)

1.5 Derivative identities

An important property of classical orthogonal polynomials is that they are linked by
a single differential equation. As we have seen in Lemma 1.29 on page 7, derivatives
of classical polynomials are classical themselves. The Rodrigues formula makes it
easy to identify these derivatives.
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Lemma 1.74 Let n > 0. Then the following identities hold:

d _ _
—H, =nH,_1, 1.37
dx " ! ( )
d
L =nlY,
d 5 S(at1,6+1
ap,g ) = pplotlAtl), (1.38)
PROOF. The proof follows from the Rodrigues formula (1.16) on page 8. (]

These are well-known results. For our purposes, we need to express the derivatives
of a classical polynomial in the same family it belongs to. For example, the first
derivative of a Laguerre polynomial L
tion of the polynomials LEO‘) instead of the polynomials LEO‘H), 1=0,1,...,n—1.
Of course, this can be done by using the connection coefficients obtained in the last
section. At this point, the chief observation is that the resulting expressions have
a very simple structure.

should be expressed as a linear combina-

Theorem 1.75 For the monic Laguerre polynomials {E%a)}neNo, we have

d n—1
— L = 4,5 B;L™
dz™" v
=0
with
- _ -1y
A, = (-D)"*Hr 1 BZ:(
(=)™ n+1) T(i+1)
Similarly, for the monic Jacobi polynomials P,S“*"), we have

T, e
—Pled) = Z aﬁ)+c§ Pl

with
A, = (_1)n+1r(n+ a+ 1A, Bi= (—1)° B!
" Fi+a+1)""
_ _ _ 1 _
C,=T(n+pB+1)A", Di=————B], 1.39
oo 2" 10 (n 4 1) B - I'2i+a+8+2)
" T@2n+a+p5+1) ! 2T(i+ 1)

PRrROOF. For the Laguerre polynomials, we use Lemma 1.74 in conjunction with
Corollary 1.45. The result for Jacobi polynomials follows similarly from Lemma
1.74 together with Theorem 1.61. O
The derivative identity obtained for the monic Jacobi polynomials easily translates
into the special cases for the Chebyshev polynomials of first and second kind, the
Legendre polynomials, and the Gegenbauer polynomials.

Corollary 1.76 Assume n € Ng and define

(n) 1, ifn even,
= n) .=
X=X 0, ifn odd.
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Then the following identities hold:

d n n—1
— T, =— 21 ((=)"P L T,
dx AL P (( ) +)
, L2l
=0
d 1 n—1
—Up == ((+1)2 (- +1)U;
30 = g D2 ()™ e U
| W2
= on ; 22X (2 + X + 1) Uiy,
n—1 ., .
d = F(n+1) 27'1—‘(7/"_0(—"-1) . _( )
2 ol — —nrel ) o
w0 = et = Tarn (VTG

~ 27T(n +a) I2i+x+1) Zitx

=0

1.6 Classical associated functions

There does not seem to be a widely accepted definition of associated functions in
the context of classical orthogonal polynomials. The one used in this text is based
on a modification to the Rodrigues formula for classical orthogonal polynomials. It
is motivated by the attempt to generalize some results obtained for the well-known
associated Legendre functions, see, e.g., [2, p. 456], to functions of similar type. It
seems appropriate to give a definition of associated functions via a Rodrigues-type
formula derived from the one for classical orthogonal polynomials.

It can be shown that the obtained functions are identical, at least up to multiplica-
tive constants, to those used in many fields of mathematical physics. For example,
the associated Gegenbauer functions are important on higher dimensional spheres,
and the definition given below coincides with the one used in [62]. It is also possible
to define the more general associated Jacobi functions which play a role in harmonic
analysis on the cross product of two spheres; see [48, 49, 50, 51, 75]. Further types
of associated functions, like associated Laguerre functions and generalized associ-
ated Jacobi functions, are also given below. Generally, the theory developed in
this section involves classes of functions that are well-known in certain circles, but
that are usually not found in the standard references about classical orthogonal
polynomials.

1.6.1 General theory. The following definition introduces associated functions
that are derived from the Rodrigues formula for classical orthogonal polynomials.

Definition 1.77 Let {p,}tnen, be a sequence of classical polynomials, orthogonal
with respect to an absolutely continuous measure dA(z) = w(x)dx, given by the
Rodrigues formula

An,mBn dn=m
o™(x)w(x) dan—m

Py (z) =

(0" (2)w(z)),
which satisfy a differential equation of hypergeometric type

o (@)pl)(x) + ()Pl (&) + Aupn() = 0.
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Then the corresponding associated functions of order m, denoted {pzl}neNo,\mgn
are defined by the Rodrigues-type formula

An B C, dr—r
m(g) = n/2 (W) () — ZnpPntn,p
P (@) := G o= (2)py" () ot/ 2(z)w(z) dzn—r

form=p,u+1,..., with p = p(m) :=|m| and the normalizing factor

(@) @) )
RO @) @) '

and where AW (z) := o#(z)w(x)dz is the measure of orthogonality for the polyno-
mials {pgf)}

Remark 1.78 According to Definition 1.77, we have p]* = p;;™. This redundancy
is intended, as associated functions are often used in combination with other func-
tions that also depend on the order m and where the sign of m matters. Moreover,
in the literature, the associated functions are often defined to incorporate a factor
of (—1)™ or similar. The normalizing factor C,, , is introduced for convenience; see
Lemma 1.80 below.

If the polynomials p, are the Hermite polynomials H,, then o(z) = 1, and it
follows from (1.40) and (1.37) that the corresponding associated functions H" are
identical to the Hermite polynomials H,,. For the rest of this text we will therefore
only treat the Laguerre and the Jacobi case.

(" (z)w(z)) (1.40)

n€Ng,u<n’

The classical associated functions are functions that are either polynomials or al-
most polynomials. To see this, recall that we have o(z) = « for Laguerre polyno-
mials and o(z) = 1 — 22 for the Jacobi polynomials, respectively. Then from (1.40)
it follows that the parity of u, that is, the parity of the order m, decides whether

the polynomial part p%” )(x) on the right-hand side is multiplied by an integer or

a half-integer power of either z or 1 — z2. This means that associated functions
are not more than a factor of \/z or v/1 — 22 away from the space of polynomials
P. This is summarized in the following result. The proof follows immediately from

(1.40).
Lemma 1.79 Let {p,’f}neNo u<n
m is even, then u is even and p"* is a polynomial of degree

gdeg(o) +n—p= n+u(deg(0) - 1)«

be a sequence of associated functions. If the order

2
If the order m is odd, then p is odd and p)' is a polynomial of degree

degTw) - 1) — deg(o)/2

multiplied by /o (x). Here, deg(c) denotes the exponent of the highest power of x
that appears in o.

—1
2deg(a)+n—u:n+u(

Associated functions have a lot in common with the sequence of orthogonal poly-
nomials they are derived from. An easy to verify consequence of Definition 1.77 is
that associated functions p]* are orthogonal with respect to the same inner product.

Lemma 1.80 Let {p, }nen, be a sequence of classical polynomials, orthogonal with
respect to an absolutely continuous measure d\(x) = w(z)dx. Then the associated
functions of order m, {p} }neng,u<n, are also orthogonal with respect to the measure
dA(x) and satisfy

/R (P () dA(x) = /R (pn(2))? dA(2).
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PrOOF. Using (1.40) and (1.41), a direct calculation shows that

/ Py (@)py (x) dA(2) = Cr O / ) (@)pl () AW ()
R R

— 57,,?/]1% (pu(2))” dA(2).

O
The notion of leading coefficients k,, and squared norms h,, can be adopted to the
associated functions. The following definition introduces these quantities.
Definition 1.81 Let {p?}nENo,ugn be a sequence of classical associated functions.

Then k)" denotes the factor in front of the highest power of x that appears in pj',
that is,

d
pot(x) =kpa -, withrz,u(eti(a)—1>+n,

and hl™ denotes the squared norm of pi* with respect to the measure d\(x),

B ;:/ (P (x))? dA(z).
R
Also, it is convenient to define, respectively, monic and orthonormal variants of

associated functions.

Definition 1.82 Let {p]’ }neny,u<n be a sequence of associated functions. Then
{PP }neng,u<n denotes the corresponding monic associated functions

_ ™ (x) _
o) = P
with leading coefficient k™ = 1. Similarly, the normalized associated functions

{1} nene, u<n are defined by

and we have h)' = 1.

Lemma 1.4, which allows to calculate squared norms of the monic variants and
leading coefficients of the orthonormal variants for orthogonal polynomials, easily
translates to the situation involving associated functions. The proof is entirely
analogous.

Lemma 1.83 Let {p]' }nen,,u<n be a sequence of associated functions. Then

}’lm _ hn m __ kn

G R
Associated functions also satisfy a three-term recurrence, because the polynomials
P used in (1.40) also do.
Lemma 1.84 Let the assumptions of Definition 1.77 hold. Furthermore, assume

that the polynomials {p%“) satisfy the three-term recurrence formula and

}nENo W<n
initial conditions

P (@) = (ana — b)) (2) — ep (@), n=pp+ 1.,

pU (@) =0,  p(x) = ko.

Then the associated functions {p}}
wnitial conditions

Pry1(®) = (ag'z = 07" )pp'(z) — ci'pra (@), nm=pp+1,...,
pZL—l(l") =0, pZ’(x) = C/L,#UH/Z(I)kov

(1.42)

neNo pu<n satisfy the three-term recurrence and
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m n+1,u , pm n+ Wb ) m n+ 7“6

= c, = .
" Cn,u " Cn,u " Cnfl,u "

PROOF. The initial conditions can be verified directly using (1.40) and (1.42). Now,
assume p < n. Then

P (@) = Cogr o @)yl (2)
= 10" "(@) ((an = ba)pY) (@) = cuplf?, (1))

C’I’L+1 “w Cn+1 m CnJrl
— o — My ) — ’MC m ).
(e = G ) ) - G iy 10

O
Since the classical associated functions are closely related to the classical orthogo-
nal polynomials, it is not surprising that they are solutions to similar differential
equations.

Theorem 1.85 Let {p, }nen, be a sequence of classical orthogonal polynomials that
are solutions to the hypergeometric differential equation

o(x)y” (z) + 7(x)y (x) + Ay(z) = 0,

with certain o € Py, 0 € Py, and \,, € R. Then the corresponding associated
functions {p' }reng,u<n satisfy the hypergeometric-like differential equation

o(x)y" (x) + 7(x)y () + (An + ful2))y(x) =0, y=p), (1.43)
with

fu(x) = pr’ + L(N; 2) o gz’((;c)) ((g — 1)0’(17) + T(x))

PROOF. Let y = p;* and y = p%"). Now, we use (1.40) and verify

(1) <-y(@) =Co o (2) (”"'(” (@)ila) + r<x>g’<x>> ,

Plugging this into the left-hand side of (1.43), we obtain
o(@)y" (@) + 7(@)y' (x) + (An + fu(2))y(z)
= oy (o) (o)) + (r(0) + 0" (@) @)+ (Ao 7’ + 257067 )ja)).

This part vanishes since it is equivalent to the differential equation satisfied by

neNo pu<n’ cf. Lemma 1.29. Thus, the associated functions

{P7 }reng,u<n satisty the differential equation (1.43). O

the polynomials {pgf )}

1.6.2 Generalized associated Jacobi functions. While the previous definition
applies to all types of classical orthogonal polynomials, the following class of gen-
eralized associated functions is defined exclusively for the Jacobi polynomials and
their descendants.
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Definition 1.86 Let {pT(La,B)}
drigues formula

neN, be the Jacobi polynomials defined by the Ro-

PEa) = ot hes () ) P (= e,

Furthermore, assume m,m’ € Z and define the symbols

*

n* := max{|m/|,|m’|}, pi=|m' —m|, vi=|m'+m|.

ptv
2
ated Jacobi functions Pfla’ﬁ ),

type formula

Notice that we have n* =

. Then forn =n*,n*"+1,..., the generalized associ-

™’ of orders m and m/ are defined by the Rodrigues-

PO (@) = G (1= )2 (14 2) PR ()

n—n*

(_l)n—n* Cn,u,l/
2n="(n —n* + 1)(1 — )2 tr/2(1 + z)B+v/2

dnfn" . .
. n—n*+a+u n—n*+p+v
x ——=(1-a) (1+2) )
(1.44)
with
c - Fn+a+1I(n+8+1)
Tl Fn+)I'(n+a+B+1)

1/2
" Fn—n*+1)'n+n*"+a+8+1)
'n—n*+a+pu+1)I’'n—n*+p+v+1)

Again, the normalizing factor Cy, , , is chosen such that the norm of the function
pLemm’ 1) s equal to that of the polynomial P (z) with respect to the
measure of orthogonality.

Lemma 1.87 The generalized associated Jacobi functions {Prga’ﬁ)’m’m/}neNO n<n

of orders m and m' are orthogonal on the interval [—1, 1] with respect to the measure
d\(z) = (1 — 2)*(1 + 2)?dx and satisfy
! / 2 ! 2
/ (PleBrmm’ () d\(z) = / (PP (2))” dM().
—1 —1

Proor. The constant C, , , must satisfy

1/2

i _( I (PP ) (1= 2)2(1 + 2)P da )
n,uY = 1 (atp,B+v) 201 _ Natu B+v
[ (PETET @) (1= )1+ )P do

n—n*

This is indeed true, since

/1 (PP (2))* (1 = 2)*(1 + 2)° da

-1
20+8+1 Fn+a+1T(n+B+1)
Cn+a+B8+)In+1)I'(n+a+8+1)
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and
1
/ (Pr(lﬂi‘;ihﬁ+l’) (.’I}))Q (1 _ x)OH'M(l + x)ﬁ-‘ru dz
—1

20t ntftvtl I'n—n*4+a+pu+)T(n—n*+B+rv+1)
2n—-n)+a+p+B+v+1)Tn—n*+)I(n—n*+a+pu+B+v+1)
2 Hatftl Pn—n*4+a+pu+1)I(n—n*+B+v+1)
@2n+a+pB+1) Fn—n*+1)I'(n+n*+a+6+1)
The desired result is then verified by

1 ’
/‘Rgmmmkw%%”“m@oa—xwu+xﬁm
-1

1
= ChoponChopw / plotmfty) gy pleatift) )y (1 — g)atn(1 4 2)8+ de

n—n* k—n*
-1

1
= 5,1,,6/ (PP (2))* (1 = 2)*(1 + 2)° da.
-1

O
The notion of leading coefficients, squared norms, and monic and orthonormal
functions can be adapted to the generalized associated Jacobi functions. Similar to
Lemma 1.84, one verifies that a three-term recurrence is satisfied by the generalized
associated Jacobi functions.

Lemma 1.88 The generalized associated Jacobi functions P,(La’ﬂ)’m’m/(z)

the three-term recurrence

P(aﬁ)ﬂn,m/ (:E) _ (am’mlai - b;n,m’)p(oz,ﬁ),m,m’ (x) o Cm’mlp',(l(i76)7m7m/ (JL‘),

n+1 n n n 1

satisfy

and initial conditions
P(Oéﬁ),myml (.%') =0,

n*—1

plasd)man’ () _ g T(n* +a+ )"+ B+ 120 +a+8+1) \?
" B Din*+1)I(n*+a+ B+ D (a+pu+D)I(B+v+1)
x (1= 2)"(1 +2)"/?,

with
o’ _ ( (n+a+1)(n+pB+1) >1/2
" m—n*+a+p+)(n—n*+8+v+1)n—n*+1)(n+1)
Cn+a+B+1)2n+a+5+2)
2((n+a+B+1)(n+n*+a+p+1)"
bm,m;( (n+a+1)(n+pB+1) )1/2
" m—n*"+a+pu+l)(n—n*+8+v+1)n—n*+1)(n+1)
2n+a+B+1) (B+v—a—p)2n* +a+p)
(2n+a+pB) 2((n+a+ﬂ+1)(n+n*+a+/3+1))1/27
and

mmz_%+a+ﬂ+2<(n—m)(n+®m+a+wm+mm+6+D
(

" 2m4a+p n—n*+1) nln+)(n+a+p)(n+a+8+1)

1/2
" (n+n*+a+p8) (n—n*4+a+p) (n—n*4+8+v)
n+n* +a+B8+)(n—n"+a+pu+l)(n—n*+5+v+1) '
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Not surprisingly, there is also a hypergeometric-like differential equation satisfied
by the generalized associated Jacobi functions.

Theorem 1.89 The Jacobi polynomials {P,&“’B)}%ND are solutions to the Jacobi
differential equation of hypergeometric type

o(@)y" () + 7(x)y (@) + Ay(x) =0, y= P>,
with
o(z)=1-2%  7(@)=—(a+B+2z+B—-a, A=nn+a+p+1).

(0, ),m,m’

The generalized associated Jacobi functions Py satisfy the hypergeometric-
like differential equation

o(@)y"(z) + 7(2)y () + (Ao + fup(@))y(z) =0, y=PLDmm™ (1.45)
with

- pa+p)  v(2B+v)

PROOF. Let y = LA™ and J= P,(Loiﬁ’ﬁw). Respecting (1.44), we write down
the terms appearing in (1.45):

T(I)ﬁy(I) =Chpuv(1— :17)“/2(1 + I)"/ZT(x)

X <;<14V—a: - lfx>g(x)+g’(x)>,
2

o(@) T59(w) = Cryun (1= )2 (1 4 )2

1—=x 1+

X Cl <u(u—2)1+x—2uV+V(V—2)1_x)17(x)

+ (Wl —2) = p(l+ )7 (x) + 0(I)@7"(I)> :

Plugging this into (1.45) and grouping terms after g, §’, and §”, we get
o(@)y" (z) +7(2)y'(2) + (An + fuw(2))y()

=(1 = 2)"2(1+ 22 (o) (@) + ((2) +v(1 = 2) = (1 +2))§ () +75(2) ),
(1.46)
where

1—=z
14z

I ) (NI I BN PSSk _
v=An+ 5 (l—l—x 1—x>+4 p(p 2)1—30 2uv +v(v —2)

) + fuw ().

The plan for the rest of the proof is to manipulate the second line of (1.46) to
identify terms appearing in the hypergeometric-like differential equation satisfied
by the polynomials § = P+ +Y)

n—n*

which reads
o(x)§" (x) + 7(2)7 (x) + A_n-G(z) = 0, (1.47)
with
7(x) = —(atptB+r+2)z+B+v—a—p, Apne = (n—n*)(n—n*+a+pu++v+1).
We start with the term 7(x) + v(1 — 2) — u(1 4+ 2) which can be expanded to
T@)+v(l—2z)—p(l+z)=—(a+p+p+v+2x+F+v—a—p=7(x).
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Next, we recall that n* = ”JZ”’ and rewrite A, as

Ap=nn+a+p+1)
:(n—n*—i—n*)(n—n*—i—n*—i—a—l—ﬂ—l—l)

w+v (p+v
2 2

Then it can be verified by elementary manipulations that

u+u<u+u+a+ﬂ+l>+7(x)( v u )

= My +

+a+5+1).

2 2 2 \l+z 1-x
1 1+x 1—=x
- )17 9 ) J(z) = 0.
+4<u(u )T, 2w vl )1+x>+fu, ()

This implies that (1.46) is equivalent to
o(@)y" (@) + 7(@)y' (2) + (A + fuw(@))y(2)
= (1= 2)"2(1 4+ 2)"2(0(2)§" (@) + 7(2)7 (&) + I (2) )
The right-hand side vanishes by (1.47) which completes the proof. O
In the following, examples are given for the different families of associated func-
tions, including the corresponding Rodrigues-type formula, differential equation,
and three-term-recurrence. The reader may want continue with Section 1.6.4 and
return to this section as needed.
1.6.3 Examples.
Associated Laguerre functions
Laguerre polynomials {L%a)}neNO are defined by the Rodrigues formula
e“zT d" (
L(n+1)dan
and satisfy the differential equation

2y () + (1 +a—2)y (z) + ny(z) = 0, with y = L{®),

Lgla)(x) _ n+ae—z) ,

The associated Laguerre functions {lea)’m} are defined by the Rodrigues-

neNo,u<n
type formula

_ 1/2 L
Ll)m () — (F(”N“)> /2 Y @)

" I'(n+1) dar "
D(n—p+ D\ L2 tn
— (—1)* n/2 platn
Co (R ) e
1 )MeZp—a—k/2 n—p
_ ( 1) €T d (l,nJraefw).

VI(n+ D (n — p+ 1) dznr
Associated Laguerre functions are solutions to the associated Laguerre differential
equation

n(2(z+a) +p) ) (@)

ry"(@)+ (1+a = o)y () + (n - A

with y = Lg{l)’m. They satisfy the three-term recurrence and initial conditions
LN (@) = (apim = b L™ (@) = e L (@), mo=pp+ 1,
(fl)uxuﬂ

VI(p+1)

L) =0, L) =
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where
1

Vin+ Dn—p+1)
2n+a—pu+1

Vin+ D —p+1)

m o n—p
= O )

Associated Jacobi functions

b= —

The Jacobi polynomials {PT(LO"ﬁ )}n N, ATre defined by the Rodrigues formula

-5 4"

PW@@g—AJZQqu_xr%1+m 1o

" ~2nT(n+1)
and satisfy the differential equation
o)y (@) +7(2)y'(x) + Any(z) = 0,
with y = P*?, o) =1—-2% 7(x) = —(a+B+2)r+ 8 —a, and \, =
n(n + a + B+ 1). The associated Jacobi functions {Pf,,a’ﬂ
defined by the formula

(1 —a)™ o1 +a)™to),

),m
}nGNo,ugn are thus

12 4" .
! @PT(L (),

with a certain normalising constant C,, ,, given by (1.41). The identity

P,(LQ’B)’T”(:L’) = Cn#(l — 932)

7P(avﬁ) — P [, H

can be obtained from (1.38) on page 35 using that the leading coefficient k,, of the

polynomial P{** is given by
. F2n+a+pB+1)
"onTn+ DI(n+a+B+1)
This reveals that the associated Jacobi functions PY(LQ’B ™ are a special case of
generalized associated Jacobi functions pleB.mm , with m = 0 and m’ renamed

to m; cf. (1.44). Thus, the constant Cy, , is

o __(nn—u+nmn+a+6+n)”2
A+ D) (n+p+a+p+1) '

,B8),m

and the Rodrigues-type formula for the associated Jacobi functions P,(La reads

Hn—u+DNn+u+a+ﬂ+U)U2
'n+1)I'(n+a+8+1)
x (1— ﬁ)uﬂpﬁtmﬁw)(x)

(~1) < Lot ptatftl) >”2
2n F'n—p+1)I(n+DI'(n+a+F+1)

zﬁmmm%x)=2#<

dn—r
X (1 — 1’)70‘7#/2(1 + I‘)iﬁiﬂ/QW ((1 — m)n+o¢(1 + $)n+ﬁ) .

They satisfy the associated Jacobi differential equation

o)y (@) 4 7o (o) + (1, - o) B ) o,
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Pﬁ“’ﬂ )’m, and the three-term recurrence and initial conditions

with y =
_C:LnPT(L(i,lﬁ),m(x)a n:#aﬂ+1a"'7

P @) = (o = ) P ()

n+1
Py (@) =0,
1/2
" Fp+1)I(p+a+B5+1)
where

. Cn+a+B+1)2n+a+B+2)

"o2y/n+r D —pt+Dmta+r B+ ntputatp+1)
bm:2n+a+ﬂ+1 (B—a)2u+a+pB)

" 2nta+B 2/ n+)n—p+nta+rB+)n+ptatBf+1)
Cm:2n+a—|—,8+2 (n+a)(n+p)

" 2nta+B nn+n+a+B)(n+a+B+1)

y (( (n—p)(n+pu+a+p) ))”2.

n—p+)n+p+at+pf+1

Associated Gegenbauer functions

The associated Gegenbauer functions {C,(La)’m}neNo u<n with @ > —1/2 and a # 0
are a special case of associated Jacobi functions with a different normalization,

C(a),m(x) — F(Oz + 1/2)F (n + 20&) P(a—l/2,a—1/2),m<x).
" F'n+a+1/2)T(2a) ™
The Rodrigues-type formula therefore is
T'(n—p+ D)T(n+20)\ "> j2 d#
(a),m _ 1— 2\ M 70(&)
G ) <F(n + Dl (n+ p+ 2a) (1-a%) dzr " (z)

()" HT(a+1/2)  (T(n+20)0(n+ p+2a)\ 7
2'T(2a)T(n+a+1/2) \ T(n—p+1DI(n+1)

1/2—a—p/2 A7 nta—1/2
X(1_$2) " W<(1_$2)+ )

They satisfy the associated Gegenbauer differential equation
2 -1
(1= )/ (a) = (2a-+ Dy (a) + (il +20) ~ LELELZD ) ) o,
-z

with y = C\*)"™. The three-term recurrence and initial conditions are

Ol (@) = (aftw — B)C T (@) — O @), m=pop .,
o\ (@) = 0,

oy 2% (2VAT(u+ o)+ 20\ Y2
C;(t) (m>_F(a)( T(u+a+t1/2) ) (1—2*)"",

where
2(n + a)(n + 2a)'/?

T A D —pt Dt ut2a)

b = 0,

_ (n+2a—-1)(n+2a)(n—p)(n+p+2a—1)
n(n+1)(n—p+1)(n+ p+ 2a) '

S3
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Generalized associated Gegenbauer functions

’
,m,m .
}nENo,n*Sn with a >

—1/2 and « # 02 are a special case of generalized associated Jacobi functions with
a different normalization,

The generalized associated Gegenbauer functions {C,(f’)

: T(a+1/2)0(n+20) o/ /
(a),m,m - pla—1/2,a-1/2),m.m
Ca @) = F et 12T " (2)

_ Cnhu,’y(l . .%‘)H/Q(l + x)u/2P7(LOiJTrL/*Lfl/2,a+V71/2) (.’17),

with

o Tt/ D(n—n* + 1)0(n + 2a)T(n + n* + 2a) 2
T o T (2a) \T(n+D)T(n—n* +a+p+1/2)T(n —n* +a+v+1/2)

The Rodrigues-type formula is

—n* * 1/2
Cledmam’ (4 — ( I'(n—n*+ 1T(n+2a)T(n +n* + 2a) ))

Fn+1)’(n—n*4+a+pu+1/2)T(n—n*+a+v+1/2
()" " I(a+1/2)
2T (2a)T'(n —n* + 1)
qn—n"

x o (a2 (g gy e /2)

(1— x)_a_“/2+1/2(x + 1)—a—u/2+1/2

They satisfy the generalized associated Gegenbauer differential equation

2a+p—-1) vRa+v-—1) _
21—2)  21+a) )y(a;)_o,

(1) () (2t iy (o) + (il -+ 20) — -

with y = C,(ﬁ)*m’m . The three-term recurrence and initial conditions are

CR™™ (@) = (apm e — iy YOl () — e O (@),

with n =n*,n*+1,..., and

CRlr (@) = 0,

T(a+1/2) < T'(n* + 20)T(2n* + 2a) )1/2
27T (2a) \I'n*+DT'a+p+1/2)T(a+v+1/2)
x (1—a)"2(1+a)"/2,

CT(LO:7)7m7m/ () =

2The monic and normalized variants are well-defined even for a = 0.
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where
S (n +a)(2n + 2o+ 1)(n + 2a)'/?
" V(n+1)(n—n*+1)(n +n* +2a)
1
. \/(n—n*—|—o¢—|—,u+1/2)(n—n*+a—|—1/—|—1/2)’
pmem’ _ (v —p)(n+ a)(2n* + 20— 1)(n + 2a)'/?

(2n +2a —1)\/(n +1)(n — n* + 1)(n + n* + 2a)
1

x
Vin—n*+a+p+1/2)(n—n*+a+v+1/2)

)

mm' [ (0422 =1)(n+2a)(n —n*)(n+n* +2a — 1) 1/2
N (n—n*+Dnn+1)(n+ n* + 2a)
n—n"+a+u—1/2)(n—n*+a+v-—1/2 1/22n+2a+1
X
(n—n*+a+p+1/2)(n—n*+a+v+1/2) 2n+2a—1"

Associated Legendre functions

The associated Legendre functions {P,T} are a special case of associated

Jacobi functions Pfla’ﬁ)’m fora=5=0,

n€Ng,un

7
P ) i= POO™ (@) = Coa(1 = 22" P (),

with
o _(L=—pt1) 1/2
s (I‘(n+,u+ 1)) '
The corresponding Rodrigues-type formula is
Pra) = b (1) S (-2,
20\ /T(n —p+10(n+p+ 1) dzn—#

Associated Legendre functions satisfy the associated Legendre differential equation
2
1
(1= 2y (a) = 209/) + (1) = 12 ) olo) =0,
with y = PJ*. The three-term recurrence and initial conditions are

Pla(e) = (ap'e = b )P (2) — ' Py (), n=pop+ 1.,

P/ﬁl(x) =0, P;”(ac) = 2:;((25:_11))(1 — x2)“/2,
where
o — 2n+1 B = 0 m:( (n— p)(n+ p) )1/2.
V- p+ D)ty " (n—p+1)(n+p+1)

Generalized associated Legendre functions

The generalized associated Legendre functions {P[L”’m/} are generalized

neNg,n*<n
associated Jacobi functions P,&""ﬁ)’m’m with o = 8 =0, that is,
P (z) i= PO (2) = O, (1= 2)P (14 2)"2PUY) (2),  (1.48)

nyp,Y
with

1/2
o g IF'n—n*+1I'(n+n*+1)
My Fn—n*+p+1)T'(n—n*+v+1) '
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The corresponding Rodrigues-type formula is

(—1)”_”* Fn+n*+1)

1/2
Pm,m’ _
(@) AL (F(nn*+1)I‘(nn*+u+1)I‘(nn*+1/+1)>

n—n"*

()20 )2 U (1),

Generalized associated Legendre functions satisfy the generalized associated Le-
gendre differential equation

2 2
1 — 22)" — 9 1) — H _ v —0
(1= 2y (a) = 22/(@) + (1) = 5P = 5 Yl =
with y = P7"™ . The three-term recurrence and initial conditions are
P (@) = (™ e — b ) P (2) — em ™ P (2), n=atnt L
: : . r@en+1) \Y?
P (x) =0, PR (z)=2"" 1—a)"?(1 4 x)"/?,
where
am,m' _ (n + 1)(277’ + 1)
" Vin—n*+1)n+n*+1)n—n*+p+1)(n—n*+v+1)
bm,m' _ 2n+1 ’I’L*(I/ — U)
" 2n /in—n*+Dn+n*+)(n—n"+p+)n-—n"+v+1)
g 1 E 1 (SRR RS RS N
" n m—n*+n+n*+H)(n—n*+p+1)(n—n*+v+1)

Associated Chebyshev functions of first kind

Associated Chebyshev functions of first kind {77} nen,,u<n are a special case of

),m

associated Jacobi functions P,(La’ﬁ with a particular normalization,

_ ['(1/2)I'(n + 1)P(—1/2,—1/2),m(x)'

T (x) :=
The Rodrigues-type formula is
m /2 d*
T (@) = Cop(1 = 2*)"" —T(2)

_(EDMT/2) (D) NP /e
= 2 T(n+1/2) (F(n—u+1)> (1-a%)

< (=),

Chp= (IW)U%

They satisfy the associated Chebyshev differential equation of first kind

(1= 2" (x) - a9/ () + (n - “(‘“”) y(a) =0,

1—a?
with y = 7. The three-term recurrence and initial conditions are

w1 (2) = (ag'z = )T (2) = ' T (2),  n=pp+ 1.,

(1+60.0)0(1/2)T (1 + 1))” Ty
20(u+1/2) ’

with

1@ =0 1=
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where
2 ( n(n +1) )”2
n_1+5n,0 (TL+,U,)(TL*,U,+1) ’
bt =0,
cm:<m+nm+u—nm—m)m
"\ D e -t
Generalized associated Chebyshev functions of first kind
The generalized associated Chebyshev functions of first kind {T7™'} o+ <p AT€

a special case of generalized associated Jacobi functions PT(LQ’B )mm” with a different
normalization,

T;ln,m’ (:E) — F(;éz)i(f/;_) 1) P,E_l/z’_l/Q)’m7m/({E)

= Cppn(1 — )21 + x)”/2P£ﬁ21/2’V71/2)(x), with n > 1,

and
Ty (x) =1,
where
1/2
o .. Tra/ nl(n—n* +1)T'(n + n*)
mer T Tonm \Tn—n* +p+1/20(n—n*+v+1/2) |

The Rodrigues-type formula becomes

- - nr(n+n*) 1/2
271

(1 _ x)l/Qf,u/Q(l + $)1/27u/2
dn—n*

x e (=) R (1 2

They satisfy the generalized associated Chebyshev differential equation of first kind

(1= /@)~ 2y'a) + (2 = S - ) o) =0,
x
with y = T[L”’m/. The three-term recurrence and initial conditions are

T (3) = (a™™ z — b )T (g) — ¢ T (1) p=ntnt 1,

n+1 n n—1
’
T () = 0,

(140,00 (1/2)T(n* + 1)0(n* +1/2)
Al (p+1/2)T(v + 1/2)

e () =( )1/2 (1= 2)"/2(1 + 2)"/?,
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where
m.m’ 2n+1
a,.’”’ =
" 1—&-(5”70
« < n(n+1) )1/2
m+n)n—n*+1n—-—n*+p+1/2)(n —n*+v+1/2) ’

m,m’ __ (V - ,U,)(QTL* - 1)
b = (2n —1)

n(n+1) 1/2
X((n—l—n*)(n—n*—l—l)(n—n*+u+1/2)(n—n*—|—y—|—1/2)) ’

ot _ 20+ 1 ((n+ 1)(n+n* — 1)(n—n*))1/2
" 2n—1\(n—1)(n+n*)(n—n*+1)

X <(”_”*+H—1/2)(n—n*+u—1/2))1/2

C

(n—n*4+u+1/2)(n—n*+v+1/2)
Associated Chebyshev functions of second kind
The associated Chebyshev functions of second kind are a special case of associated

PT(LO[’B)’m

Jacobi functions with a particular normalization,

UM (z) == WP(l/Z,l/Z),m(x).

'(n+3/2) "
Thus, the Rodrigues-type formula is
dm
Uz (#) = Cous—Un(®)
_ (=1)"~+T'(3/2) ((n +1T(n+p+ 2)>1/2 (1= 22)~1/2-0/2
27T (n + 3/2) I'n—p+1)

with

(A DT p kDN
C””‘_( L(n+p+2) ) (1 )

They satisfy the associated Chebyshev differential equation of second kind

(1 - 2" (&) — Bay/(x) + (n<n 1) “("“)) y(z) =0,

1— 22
The three-term recurrence and initial conditions are
w(@) = (ag'z = OP)U (@) — ' U (2),  n=n"n"+1,...,
nei(z) =0, Ul(x) = <W>1/2 (1—x2)u/2’
where
am =2 < (n+1)(n +2) )”2
" (n—p+D)(n+up+2) ’
byt =0,

Cm:((n+2)(n—u)(n+u+1)>l/2
" n(n —p+1)(n+p+2) '
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Generalized associated Chebyshev functions of second kind
The generalized associated Chebyshev functions of second kind {Ufl”m }n ENom=<n
are a special case of generalized associated Jacobi functions P}f"’/’ Jmm’ with a
different normalization

mom oy LG/2)T(n+2) J4/01/9) mom

= Cruu(L = )" (L4 2) PRI (@),

with

Cn,/z,u =

r3/2) [ (n+ 10 —n*+ )ln+n+2) |7
27" \T'(n—n*+p+3/2)I(n—n*+v+3/2)

The Rodrigues-type formula becomes

mom’ (N (n+ 1HI'(n+n* +2) 1/2
e (F(" —n*+ D —n* +p+3/2)0(n —n* + v+ 3/2)>
on
dn—n*

> B ((1 _ x)n—n*-{-u—i—l/Z(l + m)n—n"-‘,—u-‘,—l/2) )

(1 _ 33)71/27#/2(1 + I)fl/qu/Q

They satisfy the generalized associated Chebyshev differential equation of second
kind

(1= a)y/@) - 3ay/(a) + (mln+2) - 5O~ B ) o,

. / . . o .
with y = U]»"™ . The three-term recurrence and initial conditions are

U (@) = (ap™'a = b U™ (@) — e ™ U (@), n=ntont 1,
Uyl (2) = 0,
: T'(3/2)T(n* + 2)T(n* +3/2)\ />
ymm _ 1 — /2 1 v/2
n (@) ( T(u+3/2)0(v 1 3/2) (1 =) +2)"%
where

a™™ = (2n + 3)

X( (n+1)(n+2) >1/2
m+n*+2)(n—n*+1(n—n*+p+3/2)(n—n*+v+3/2) ’

o’ _ (v —p)(2n* +1)
. 2n + 1

X( (n+1)(n+2) >1/2
(m+n*+2)(n—n*+1)(n—n*+p+3/2)(n—n*+v+3/2) ’
mom! 20+ 3 ((n+2)(n+n*+l)(n—n*)>l/2

" 2n4+ 1\ n(n+nt+2)(n—n*+1)

)
y ((n—n*—l—,u+1/2)(n—n*+1/+1/2)>1/2
(n—n*4+u+3/2)(n—n*+v+3/2) '

C
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1.6.4 Connection coefficients for associated functions. Somewhat similar to
the situation for orthogonal polynomials, associated functions can be represented
through other associated functions. But only conversions between associated func-
tions of different orders, say, m and m, that are derived from the same sequence
of orthogonal polynomials will be investigated. Such mapping does not exist for
every admissible pair of orders m and m, rather these parameters have to satisfy a
simple condition. Generally, the transformation works only from larger u = |m| to
smaller i = |r1|. The second condition is that m + 7i has to be an even number,
that is, the orders m and m have to share the same parity. The following Lemma
introduces this situation.

Lemma 1.90 Let {p"}neng. u<n and {pI bnen, ai<n be two sequences of associated
functions, that are derived from the same sequence of orthogonal polynomials with
m,m € Ng such that m +1m is even and |m| < |m|. Then every associated function
py* with j > p can be represented as a linear combination of the form

N
P = Z ki P where N = j — (u — 1)(1 — deg(0)/2). (1.49)
i=f

Note that the upper limit of the sum is always an integer and thus well defined.

PROOF. By definition, the space spanned by the functions {p}'}nen,,u<n contains
all functions that can be represented by ¢#/2(z) times a polynomial in z of some
degree. In particular, the associated function p7*, with 1 < j, is identical to U“/2(:I:)
times a polynomial of degree j — pu:,

pi(x) = Cj ot ()pl (),

with a certain normalization constant C, ,; cf. Definition 1.77. This can be written
as

P (@) = Gy (@) (o7 (@)p () ).

We observe that the expression in parentheses is a proper polynomial of degree
(n— 1) deg(o)/2+ j — . We expanded the expression into the associated functions

p neNo <’ Using Lemma 1.79, we verify that only those functions up to n =
b4 7+ (u— i) deg(o)/2 — p are needed. O
We call the coefficients «;; in (1.49) the connection coefficients between the se-
quences of associated functions {p}nen, u<n and {p7}neny <n. The following
definition is to formalize this denotation.

Definition 1.91 The associated functions {pﬁ

functions and the associated functions {p

}nENo,uSn are called the source

}nGNo fi<n @€ called the target functions.

The coefficients k;; are called the connection coefficients between {pzl}neN u<n
’ 0>

and {pnm}neNo,ﬁgn' Fori<p,j<up, orj<i+(p—fp)(l—deg(o)/2), we define
Rij = 0.
Here are two versions of Lemma 1.6.4 that are specialized to the associated Laguerre
and the associated Jacobi functions, respectively.
(a),m (o),

Lemma 1.92 Let {Ln }neNmugn and {Ln }nENo,;lSn
associated Laguerre functions with o > —1 and m,m € Ny, such that m + m is
even and |fi| < |u|. Then every associated Laguerre function L;a)’m with j > u,
can be represented as a linear combination of the form

J=(p=p)/2 R

L;a),m _ Z Ki,nga),m.

i=fi

be two sequences of
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(a,8),m (a,8),mn
Lemma 1.93 Let {Pn }neNO,ugn and {Pn }neNo,ﬂgn be two sequences
of associated Jacobi functions with o, 8 > —1 and m,m € Ny, such that m +m is

(c,8),m
P

even and |fi] < |p|. Then every associated Jacobi function with j > p, can

be represented as a linear combination of the form
J
P‘y_(C“:ﬁ)’m — Z K/i,jpi(ayﬁ)’m'
=/

For generalized associated Jacobi functions, the situation is a bit more complicated
due to the increased number of parameters. But, the general principles remain
intact.

Lemma 1.94 Let {P,Sa’ﬁ)’m’m/}neNmn*Sn and {P,(La”g)’m’m/}neNOﬁ*Sn with o, B >
—1 and m,m/, 7, m' € Ny, be two sequences of generalized associated Jacobi func-
tions, such that m + 1 +m’ + 1’ is even and i < p as well as U < v. Then every
generalized associated Jacobi function Pj(a’ﬁ)’m’ml with j > n* can be represented
as a linear combination of the form

j
pleoslmm’ _ 3 g pless)m,
et

3

PROOF. The space spanned by the functions {P7(LQ’B)’m’m }nGNo e <y COntains all

functions that can be represented by (1 — z)*/2(1 + x)*/? times a polynomial of

some degree. In particular, the function Pj(a’ﬁ Jimam” g given by

PP () = Oy (L — 2)P2(1 4 )2 BT (1),

j Jr kv

with the normalization constant C,, ,,,, from Definition 1.86. We can write this as
PP (1) = (1 — )2 (1 4 )/
X ((1 — g)=/2(q 4 x)@-ﬁ)/?Pjﬁi‘ﬂ*”(x)) ,

and observe that (1 — z)#=A)/2(1 + x)(”*f’)/ZPj(f:f’ﬁ'ky)(z) is a proper polynomial
of degree (u—fi+v—17)/2+j—n* =j—n*, a fact that follows from p+ v = 2n*
and (i + 7 = 2n*. This makes the function Pj(a’ﬁ)"m’m,(x) equivalent to a factor of
(1 —2)"/2(1 4 2)”/? times a polynomial of degree j — 7*. This can be represented
using the functions {P,(La’ﬂ)’m’m/}neNmﬁ*gn where only those up to degree j are
needed. (]
The connection coefficients between associated functions of different orders can be
identified with inner products of the form (-, - )qx, where d\ is the corresponding
measure of orthogonality. Note, that in contrast to plain orthogonal polynomi-
als, this measure of orthogonality is the same for all associated functions which
are derived from the same sequence of orthogonal polynomials. The connection
coeflicients are clearly given by
m m
Rij = M7 (150)
(0", P )ax

where p}" and p are the respective associated functions. A similar expression
holds for the generalized associated Jacobi functions. In this text, explicit expres-
sions for the connection coefficients between associated functions of different orders
will not be derived. The reason is that the resulting expressions are not simple
enough to be exploitable for numerical computations. This is different to the sit-
uation for classical orthogonal polynomials. Here, the respective expressions can
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0 J
L
0 0 Y
%
1 v
v
(a) Non-symmetric measure. (b) Symmetric measure.

Figure 1.6: Schematic representation of the recurrence for the connection coeffi-
cients k; ; for classical associated functions. Non-shaded areas represent coefficients
that always vanish. Black squares represent entries given by the initial conditions;
these are x;;, i = 0,1,..., and ko,1. Gray squares stand for the rest of the coeffi-
cients that are determined by the three-term recurrence. For the computation of
one of these coefficients «; ; (represented by *), the entries Ki—1,j—1, Kij—1, Kij—2,
and kit1,;—1 (represented by e) have to be known. In the case of a symmetric mea-
sure, the recurrence is simpler since the dependence on &; ;_1 is removed. Also, the
coefficient k¢,1 is known to be zero. The rest of the coefficients forms a checkerboard
pattern.

be efficiently evaluated. To show that the situation for associated functions still
bears similarity to the polynomial case, the following theorem shows that the con-
nection coefficients are be generated by a recurrence. This is similar to Theorem
1.35 for orthogonal polynomials. The situation for the connection matrices between
(generalized) associated functions is illustrated in Figure 1.6.
Theorem 1.95 Let {p]' }reny,u<n be a sequence of associated functions that satisfy
the three-term recurrence and initial conditions
Pasa (@) = (ag'z — 01 )py () — ep'ppta (@), n=pp+1,...,
pZil(ﬂU) =0, an(x) = CH,HU“/Q(x)kOa
with the leading coefficients k). Let {pm

n }nGNo,ﬂSn
ated functions derived from the same sequence of orthogonal polynomials such that

m + m is even and i < u. Both sequences of associated functions are orthogonal

(1.51)

be another sequence of associ-
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with respect to a certain measure d\ which induces an inner product (-, -). De-
note by fALﬁ = (p™, p™) the squared norm of the function p* and by ];‘Zl its leading
coefficient. Furthermore, let the corresponding three-term recurrence and initial
conditions be given by

Prya(x) = (ap'e = O )Py (x) — ep'pty (@), n= i+ 1.,

- B (1.52)
pﬂ—l(l‘) =0, p#( z) = Cp, u"“ (z )kO-
Then the connection coefficients ki j in the formula
Py =3 kil with N = j — (u— ji)(1 - deg(0) /2),
satisfy the recurrence formula
1 h2+1 b hf’}rl
Kij = aj.q w T MitLi—1 T ZE R+ Zm o Ri-15-1
I ( h} PTIAS R, a (1.53)

m m
—bJ 1 Kij—1 — ¢fL R -2,

for i <i, p<j,andi<j— (p— )1 —deg(o)/2) with the initial conditions

1 L .
hm/p"( )p;”H(:B) d\(z), ifi=jpandj=p+1,
1 L S .
Fij = 7 pz V(@) (x) dM(z),  if j=poand p <i <+ (p— 1) deg(0)/2,
LA —)(1— o p - . ~
P A O, if i =3~ (u—p) (1~ deg(0)/2).

3

(1.54)
PROOF. The proof is similar to that of Theorem 1.35. To prove the recurrence
formula (1.53) we use (1.50) and the three-term recurrence (1.51),
<p17'h’pm>d>\ 1 m m m m mom m mo,m
J = ( "1 (pi aﬂfpj—1> *bj—1<pi apj—1> - Cj—1<p1' 7pj—2>)'
(1.55)

With the shift property of the inner product, that is, {(-,2-) = (x-, -) and the
three-term recurrence (1.52), we obtain

Rijj = 7> =
) m m

(zp; apj71> = 7m<pi+1apj71> + m<Pz ;P] 1)+ W<pi71apj71>'
al al al
We combine this result with (1.55) and identify the remaining inner products with
the connection coefficients, e.g., (plfh,p;ll) =h"kKi 1.
For the initial conditions (1.54), we assume j = i+~ with y = (u—f) (1—deg(c)/2).
Then the coefficient x; ;4 has the form

1 m
s = g [ PP () (@),

— o | G 2@ @) G o (5) NGe)
[ R

1

= o . Cuapi (@) Civnupll (@) @) NP (@),

with the measure d\®)(z) = o/ (z)d\(z). Note that the polynomial pgm (x) of
degree i — i is orthogonal to every polynomial of strictly smaller degree with respect
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to the measure d\(#). This allows to replace the expression
Ci+%upz('i)~y($)‘7(ﬂfﬂ)/2 (z)

which is a polynomial of degree i + v — p + (4 — p)deg(o)/2 = i — i with the
polynomial

kﬁ‘Y C - () (z)
km z,,upi
1
of same degree without changing the integral. Thus, we obtain
Fiipn = kity ®r, ) _ ki,
3,04y k‘fn h;ﬂ ]{,‘fn

The rest of the initial conditions follows directly from the definition of the connec-
tion coefficients. O
In case that the measure d\ is symmetric, the recurrence formula is simplified.

Corollary 1.96 Let {p]}nen,,u<n and {p;n}neNo,ﬂSn
ated functions that satisfy the assumptions of Theorem 1.95 and that are orthogonal
with respect to a symmetric measure. Then the connection coefficients k; ; satisfy
the recurrence formula

be two sequences of associ-

m m Im
Kij = a5 L —hiﬂm' PR AL S P —C K (1.56)
2, — Yj—1 am hm i+1,5—1 am hm i—1,j—1 G—1/vi,j—25 .
K3 1 1 K3

for i <i, p<j,andi<j— (p— )1 —deg(o)/2) with the initial conditions
1 5 o A N
[ P @pp (@) dX(@), i j=poand f <0< o+ (p— f) deg(o)/2,
i JR
0, ifi=pandj=p+1,

Ri'k (=) (1— deg(0)/2)
ko

: ifi=j—(p—p)(1—deg(c)/2).
(1.57)
This implies k; j = 0 if i + j is odd.

PROOF. The proof is a direct consequence of Lemma 1.17 which implies b = b7
0 in (1.51), (1.52), and the proof of Theorem 1.95.

o

1.7 Fast polynomial transforms

Fast polynomial transform are the main theme of this thesis and the techniques
developed in the following two chapters deliver algorithms that enable these type
of transforms. Still, fast polynomial transforms are more a consequence of these
algorithms rather than the primary object under investigation.

A discrete polynomial transform is a generalization of the usual discrete Fourier
transform to a more general set of basis functions. In our case, these are the
classical orthogonal polynomials or the classical (generalized) associated functions.
A fast polynomial transform is a fast algorithm to compute the same result. To
make this more precise, we give the following definition.

Definition 1.97 Let {p, }neng,n>p with i € Ng be a set of functions, orthogonal
over an interval [a,b]. Furthermore, let fn form=p,u+1,....,N, with N € Ny, be
given coefficients, possibly complex, and let x; fori=1,2,...,1 be points in [a,b].
Then the evaluation of the sums

N
Fla) =Y fipi(i), i=1,2,...,1, (1.58)

J=n
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is called o discrete polynomial transform. An algorithm to compute the same
result up to a giwven accuracy € (in some sensible measure) with no more than
O((Nlog N + I)log(1/e)) arithmetic operations is called a fast polynomial trans-
form.

Typically, algorithms to evaluate the sums (1.58) need O(NI) arithmetic opera-
tions. Since the number of nodes I is usually comparable to N this would typically
need O(N?) arithmetic operations. For large N this must often be considered
too expensive. A fast polynomial transform, under the same circumstances, can
calculate, or at least approximate, the same result with asymptotically much less
operations. The methods developed in the following two chapters provide a way
to achieve this favorable cost by allowing one to efficiently replace the sums (1.58)
with an equivalent form

N
flai) =Y egelarecostod =12, 1,
J=n

with new coefficients ¢;. This is a plain Fourier sum that can be evaluated using
either the fast Fourier transform (FFT) or its non-equispaced variant (NFFT) with
not more than O (N log N+1 log(1/¢)) operations. If the first part, that is, replacing
the coefficients fj with the coefficients ¢;, can be carried out efficiently enough,
the result is a fast polynomial transform in the sense of Definition 1.97. In the
following two chapters, we will concentrate on this first step. Two applications
that demonstrate these principles are given in Chapter 4.






Chapter 2
Techniques based on semiseparable matrices

In this chapter, methods are developed for the efficient conversion between expan-
sions in different sequences of classical orthogonal polynomials or classical asso-
ciated functions, respectively. The algorithms introduced here have in common
that they rely on methods to efficiently compute the eigendecomposition of certain
semiseparable matrices. Before the actual algorithms are derived, a brief introduc-
tion to semiseparable matrices, the closely related banded matrices, and so-called
checkerboard-like matrices is given.

Generally, for any matrix with structure a number of elementary operations, like
matrix-vector multiplication or matrix inversion, can be carried out efficiently by
exploiting the structure found in the matrix. Perhaps the most intuitive exam-
ple are banded matrices which have their non-vanishing components confined to
a banded pattern. Semiseparable matrices, on the other hand, are usually fully
populated, but similarly have a reduced number of degrees of freedom. And there
is another variation of structured matrices that will be important, that is, the
class of checkerboard-like matrices. A matrix is said to be checkerboard-like if the
components that correspond to the white fields on a checkerboard vanish.
Sections 2.1 and 2.2 provide a brief introduction to basic notational conventions,
as well as the classes of banded, semiseparable, and checkerboard-like matrices.
Section 2.3 introduces an algorithm to efficiently compute the eigendecomposition
of triangular generator representable semiseparable matrices. In Section 2.4 we
show how this can be used to obtain fast algorithms to apply connection matri-
ces between different sequences of classical orthogonal polynomials. A number of
numerical results is given. A similar algorithm for the eigendecomposition of sym-
metric extended generator representable semiseparable matrices is given in Section
2.5. It is used in Section 2.6 to obtain an efficient method to apply connection
matrices between classical associated functions of different orders.

2.1 Notation

Analyzing the properties of structured matrices relies on a succinct regime for no-
tation. A convenient way is to use a MATLAB!-like syntax. The following definition
introduces a couple of symbols to denote different parts of a matrix.

Definition 2.1 Let A be an n X n matrix and let k enumerate all diagonals of A,
from the (n—1)st subdiagonal (where k = —n+1) up to the (n—1)st super-diagonal
(where k =n — 1). Furthermore, denote by d an arbitrary column vector of length
n — |k|. Then we denote by

(i) diag(A, k) the column vector that contains the kth diagonal of A,

(ii) diag(d, k) the matriz whose kth diagonal contains the entries of d,
(iii) triu(A, k) the matriz with the part on and above the kth diagonal of A,
(iv) tril(A, k) the matriz with the part on and below the kth diagonal of A.

For example, triu(A, 1) is the matrix that has been obtained from the matrix A by
annihilating all components that are not contained in the strictly upper triangular
part. To further simplify the notation, we define the shortcuts

diag(A) := diag(A, 0), triu(A) := triu(A, 0), tril(A) := tril(A, 0).

Vectors and matrices that contain only zeros or ones are denoted 0 and 1, respec-
tively. It will be clear from the context whether this refers to a vector or a matrix.

IMATLAB is a registered trademark of The MathWorks, Inc.
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To denote sub-matrices we use MATLAB-style notation. For example, A(i: j, k : [)
denotes the sub-matrix formed by rows ¢ to j and columns k to [ of the matrix A.

2.2 Structured matrices

2.2.1 Banded matrices. In a banded matrix, the entries are confined to a band
of contiguous diagonals, usually comprising the main diagonal and a number of
diagonals on either side. These matrices are special cases of Hessenberg matrices
which can be regarded as “almost” triangular matrices. Let us make the definition
precise.

Definition 2.2 An n x n matriz A is called
(i) (strictly) upper (p)-Hessenberg, if tril(A, —p—1) = 0 (and diag(A, —p) # 0),
(ii) (strictly) lower (g)-Hessenberg, if triu(A, ¢+ 1) = 0 (and diag(A,q) #0),
(iii) (strictly) (p,q)-banded, if A is simultaneously (strictly) lower (q)-Hessenberg
and (strictly) upper (p)-Hessenbery,
with 0 < p, q.
Note that the strict variants require that all entries on the diagonals adjacent to the
vanishing parts of A be non-zero. Noteworthy cases of banded matrices are those

with just one, two, or at most three non-vanishing diagonals. These are defined as
follows.

Definition 2.3 An n x n matriz A is called

(i) diagonal, if A is (0,0)-banded or, equivalently, if A = diag(diag(A)),

) lower bidiagonal, if A is (1,0)-banded,

(iii) upper bidiagonal, if A is (0, 1)-banded,
(iv) tridiagonal, if A is (1,1)-banded,

) lower triangular, if A is (n — 1,0)-banded,

(vi) upper triangular, if A is (0,n — 1)-banded.
The matrix classes introduced in Definitions 2.2 and 2.3 are illustrated in Figure
2.1.

2.2.2 Semiseparable matrices. While banded matrices have been well-known
for some time, the class of semiseparable matrices has only recently become more
popular. A comprehensive introduction to the topic can be found in [79, 80]. His-
torically, semiseparable matrices had been investigated independently in a number
of different fields, e.g., in integral equations and statistics; see [78, 79, Chapter 3,
p. 109]. In some areas, semiseparable matrices had been known before the term
semiseparable was eventually coined. But, slight differences in the conventions used
over time have also been a cause for misunderstandings. Therefore, one has to be
careful with the definitions used, especially when referring to the literature. This
text follows [79, 80]. We will take a number of important results from there.

In the following, a number of definitions surrounding semiseparable matrices and
other similar classes of matrices will be given. We remind the reader that it is
important to note all subtle details found in the different definitions to avoid con-
fusion.

Definition 2.4 Annxn matriz A is called (p, q)-generator representable semisep-
arable, with 0 < p, q, if the following two conditions are satisfied:

tril(A,p — 1) = tril (UVT,p— 1),
triu(A, —q + 1) = triu (W Z", —¢ + 1),

with matrices U and 'V of size nxXp and matrices W and Zi of size nxq. This means
that the lower triangular part of the matriz A, up to and including the (p — 1)st
superdiagonal, stems from a rank-p matrix. Similarly, the upper triangular part of
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J J J
i i i
(a) upper (3)-Hessenberg (b) lower (3)-Hessenberg (c) (4,2)-banded
J J J
% % %
(d) upper bidiagonal (e) lower bidiagonal (f) tridiagonal
J J J
i i i
(g) diagonal (h) upper triangular (i) lower triangular

Figure 2.1: Schematic representation of population patterns for different types of
structured matrices. The non-shaded boxes represent vanishing entries.

A, starting from the (¢ — 1)st subdiagonal, has been taken from a rank-q matriz.
Thus, the matrix A might be represented as

A = tril (UVT,p — 1) + triu (W ZT,p).
Note that the definition requires that
triu (tril (UVT,p—1),—¢+ 1) = triu (tril (W Z",p— 1), —¢ + 1),

so the overlapping parts must, of course, be identical. The matrices U, V, W,
and Z are called the generators of A, hence the name generator representable
semiseparable. There is a slightly different definition that describes the more general
class of extended generator representable semiseparable matrices.
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Definition 2.5 An nxn matriz A is called extended (p, q)-generator representable
semiseparable, with 0 < p, q, if the following two conditions are satisfied:

tril(A) = tril (UVT),
triu(A) = triu (W Z7),

with matrices U and V of size n X p and matrices W and Z of size n X q. This
means that the lower triangular part of the matriz A is coming from a rank-p
matriz. Similarly, the upper triangular part of A is coming from a rank-q matriz.
Thus, the matriz A might be represented as

A = tril (UVT) + triu (WZ7T,1).
The definition implies
diag (UVT) = diag (W Z").

To the casual reader, extended (p, ¢)-generator representable semiseparable matri-
ces might appear as the more natural generalization of (1, 1)-generator representable
semiseparable matrices. But, the class of (p, ¢)-generator representable semisepa-
rable matrices as defined in Definition 2.4 is important for a number of reasons.
Unlike the extended variant, for example, it is closed under multiplication; see [79,
p. 432, Corollary 9.59].

So far, the definitions of semiseparable matrices have included the diagonal into
the upper and lower triangular rank structure. This is problematic for the han-
dling of triangular matrices with a semiseparable structure. For example, of the

following two matrices, the first one is (extended) (1, 1)-generator representable
semiseparable, but the second one is not:

111 111
11 1}, 01 1]. (2.1)
111 00 1

A solution to this issue would be to define more general classes of semiseparable
matrices by dropping the requirement of a generator representation. This gives the
class of (extended) (p, ¢)-semiseparable matrices; see [79, p. 300]. For our purposes,
however, we would like to keep the generator representation but at the same time
allow for triangular matrices with a semiseparable structure like the second matrix
n (2.1). The following definition is to provide that.

Definition 2.6 An n x n matriz A is called upper (p)-generator representable
semiseparable, with 0 < p, if it satisfies

A =triu (UVT),

with matrices U and 'V of size n X p. This means that the upper triangular part
of the matriz A stems from a rank-p matriz. Similarly, a lower (p)-generator
representable semiseparable matrix is given by

A =tril (UVT).

We have seen upper (1)- and upper (2)-generator representable semiseparable ma-
trices in Chapter 1 as certain special cases of connection matrices between the
classical orthogonal polynomials; see Section 1.4.2. The following result is a spe-
cial case of Theorem 9.56 in [79, p. 431] and was needed in Chapter 1 to assert
the semiseparable structure of some connection matrices for larger semiseparability
rank p > 1; see Corollary 1.46, Corollary 1.55, Corollary 1.63, and Corollary 1.70.

Theorem 2.7 Suppose that Ay and Ay are, respectively, upper (p1)-generator
representable semiseparable and upper (ps)-generator representable semiseparable.
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Then the matriz A = Aj1Ay is upper (p1 + p2)-generator representable semisepa-
rable. The analogous result holds for lower generator representable semiseparable
matrices.

There are many classes of matrices that are closely related to semiseparable matrices
and one can easily change above definitions to come to slightly altered versions. One
such generalization is to allow for the addition of a diagonal free of choice.

Definition 2.8 A matriz A is called diagonal plus (extended) (p,q)-generator
representable semiseparable if it can be written as the sum of a diagonal matriz D
and an (extended) (p, q)-generator representable semiseparable matriz B,

A =D+B.

Similarly, a diagonal plus upper (lower) (p)-generator representable semiseparable
matriz can be represented as the sum of a diagonal matriz and an upper (lower)
(p)-generator representable semiseparable matriz.

2.2.3 Checkerboard-like matrices. The interest for structured matrices in this
work is driven by their importance for algorithms related to the connection prob-
lem for classical orthogonal polynomials and their associated functions. If these
are orthogonal with respect to a symmetric measure, then it is easily verified that
the connection matrix between two such sequences of polynomials or associated
functions has a checkerboard-like population pattern: in each row, every second el-
ement vanishes due to orthogonality. This behavior is made precise by the following
definition.

Definition 2.9 A matrizc A = (a; ;) is called checkerboard-like if the following
condition is satisfied:

It is possible to impose this condition on every type of matrix discussed so far
to obtain their checkerboard-like counterparts. For example, Figure 2.2 shows
checkerboard-like versions of Hessenberg and banded matrices. Please note that
these are already contained in the original definition of Hessenberg and banded
matrices used so far, since the checkerboard-like structure here simply implies that
certain diagonals must vanish.

For semiseparable matrices the situation is more difficult, as there is the valid ques-
tion how the definitions from the previous section should be modified accordingly.
It is easy to see that simply removing all entries that vanish owing to (2.2) is in-
compatible with the original definition of semiseparability. Therefore, it is better
to take a different viewpoint and first investigate how checkerboard-like matrices
with a semiseparable structure can arise from semiseparable matrices that lack the
pattern. The key is the following observation: Take, for example, an upper (2)-
generator representable semiseparable matrix A = (a; ;) = triu (U VT), with n x 2
matrices U = (u; ;) and V = (v; j). Now, suppose that the entries of the matrices
U and V are related by u; 2 = (—1)%u; 1 and v; 2 = (—1)*0; 1. Then we have

Qi3 = Ui 1Vj1 + U3, 2V52 = (1 + (*1)Z+j)ui71’0j717 with ¢ S ]

This evaluates to zero whenever i+ 7 is odd, hence the matrix A has a checkerboard-
like structure. Moreover, the matrix clearly looks like one that had been obtained
from an upper (1)-generator representable semiseparable matrix by imposing the
checkerboard structure afterwards. The last interpretation is useful to understand
how this type of matrices typically arises in the first place. For a convenient no-
tation, we introduce the symbols trile(-) and triuc(-) which are similar to tril(-)
and triu( - ), respectively, but also incorporate the checkerboard pattern.
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Definition 2.10 Let U and V be two n X p matrices, with 0 < p. Then the matriz
trilc (U VT, k) is defined by

trile (UVT, k) = t2il (OVT, k),

where the n x 2p matrices U = (1 ;) and V = (3;;) are defined by

~ P~ i - . Vi, 4
25 = (1) Uigjer = 5% Vigj = (1) Vigj1 = =4,

fori=1,2,....n and j = 1,2,...,p. Similarly, the matrixz triuc (U VT,k) is
defined by

triuc (U vT, k) = triu (fJ VT, k;)
The last definition is equivalent to defining the matrix trilc (U VT, k) and the ma-
trix triuc (U vT, k:) as the matrices tril (U vT k) and triu (U vT, k:), respectively,
with the addition of the checkerboard pattern.
There is yet another interpretation of checkerboard-like matrices that is particu-
larly useful from a computational point of view: every matrix with checkerboard
structure can be decomposed into two independent smaller matrices of the same
type that lack the checkerboard pattern. This can be achieved by appropriate per-
mutations of rows and columns. Figure 2.3 illustrates this procedure. The upshot
is that with these equivalent viewpoints, one and the same matrix can be seen as,
for example, a particular upper (2)-generator representable semiseparable matrix,
as an upper (1)-generator representable semiseparable matrix with checkerboard
structure, or as two independent upper (1)-generator representable semiseparable
matrices without the checkerboard structure. One is free to pick the most conve-
nient representation for a given purpose. This, of course, extends to all other types
of semiseparable matrices mentioned.

2.3 The eigendecomposition of triangular semiseparable matrices

This section is to introduce a method to compute the eigendecomposition of diago-
nal plus upper or lower generator representable semiseparable matrices. The proce-
dure has first been published by the author in [38]. It is similar to an earlier method
for diagonal plus symmetric (1,1)-generator representable semiseparable matrices
from [9], but has subtle differences that should be noted. There are other methods,
for example the recursive expressions of Eidelman, Gohberg, and Olshevsky [20]
for the characteristic polynomial and the eigenvectors of quasiseparable matrices.
The algorithm presented in the following has the blessing property that it not only
allows one to compute eigenvalues and eigenvectors explicitly. It leads to an effi-
cient approximate method to compute the product of the eigenvector matrix, or
its inverse or transpose, with any vector. This way, the cost of setting up the full
eigenvector matrix can be avoided. A restriction that we must acknowledge, is that
the matrix at hand must have simple eigenvalues. This condition will later always
be satisfied when we employ the method for our purposes in Section 2.4.

We start with matrices that have semiseparability rank p = 1. Recall that diag-
onal plus lower or upper (1)-generator representable semiseparable matrices have,
respectively, the form

A = diag(d) + triu(uv®), or B = diag(d) + tril(uv?). (2.3)

We will only treat upper generator representable semiseparable matrices. The lower
triangular case can approached analogously. Moreover, we will represent a diagonal
plus upper (1)-generator representable semiseparable matrix A as

A = diag(d) + triu(uv™, 1),
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J J J
i i i
(a) general (b) upper Hessenberg (c) lower Hessenberg
J J J
% % %
(d) banded (e) upper bidiagonal (f) lower bidiagonal
J J J
i i i
(g) tridiagonal (h) upper triangular (i) lower triangular

Figure 2.2: Schematic representation of population patterns for different types
of structured matrices with checkerboard-like structure. The non-shaded boxes
represent vanishing entries.

by absorbing the diag(uv?™) part in (2.3) into the vector d. This is solely for
notational convenience. An upper (1)-generator representable semiseparable matrix
A has an eigendecomposition of the form

A=QDQ,

with an invertible upper triangular eigenvector matrix Q and a diagonal eigenvalue
matrix D = diag(d). The method we propose to compute the eigendecomposition
of such matrix follows a divide-and-conquer approach. It is based on that the matrix
A can be divided into smaller matrices of the same type, say Ay and Ay, and that
the eigendecompositions of these smaller matrices can be efficiently combined to
the eigendecomposition of A. This is established in the following.
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Figure 2.3: Examples of checkerboard-like matrices A and how these can be rear-
ranged into two smaller counterparts without the checkerboard structure. These
are contained within a permuted matrix A.

2.3.1 Divide-and-conquer method. The method is split into two phases. In
the divide phase, the matrix A is recursively divided into smaller matrices until
these are sufficiently small such that their eigendecompositions can be computed
with a standard algorithm free of choice. In the conquer phase, we seek a method
to efficiently combine these eigendecompositions.

Divide phase

Given a diagonal plus upper (1)-generator representable semiseparable matrix A =
diag(d) + triu(uv?™, 1) of size n x n, we would like to write this using two smaller
matrices of same type. This can be done as follows. Split each of the vectors d,
u, v into two vectors, with the first [n/2] components in the first vector, and the
remaining components in the second vector. That is, define dy, do, u;, us, v, and

vy such that
d:<dl>7 u=(u1>, v:(v1>.
ds us Va

Also, define vectors @1 and V as
0
Vo ’

L (U
(%)
T

The matrix A may then be decomposed as
av,

(A, 0
SR

<>
Il

_|_
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where A; and A are defined to the diagonal plus upper (1)-generator representable
semiseparable matrices

A, = diag(d;) + triu(u; v, 1),

A, = diag(dy) + triu(ug vy, 1).
These are submatrices of the original matrix A that may be decomposed in a
similar manner. Note that the vector d contains the eigenvalues of A and that the
components of the vectors d; and ds are the eigenvalues of A; and A, respectively.
The rank-one modification G4 ¥7T is non-symmetric, but of a particular type, since

it modifies only a certain block in the strictly upper triangular part. Note that the
decomposition does not require the computation of any new quantities.

Conquer phase

Suppose that two diagonal plus upper (1)-generator representable semiseparable
matrices A; and A, have the eigendecomposition

A, =Q,D;Q; ", A, =QyDy Q0

with diagonal eigenvalue matrices D; = diag(d;), D2 = diag(ds) and invertible
upper triangular eigenvector matrices Q; and Q. Then this implies the represen-

tation
(@ 0 Q o)\’
A_(O1 Qz) (D+WZT)(01 Qz) ’

where w and z are vectors defined by

W_<Q1 0>1ﬁ_ Q'w Z_(Q1 o)To_ 0
0 Q> 0 ’ 0 Q2 Q2T Va '
Suppose that we can compute the eigendecomposition of the non-symmetric rank-

one modified diagonal matrix D + wz™. This problem will be dealt with in the
next section. Let this eigendecomposition be written as

D+wz' =PDP . (2.4)

We can then write the eigendecomposition of A as

_(Q1 O L (Q o)\
A<0 QQ)PDP (0 Q2>

Q O
P
< 0 Q
is the desired eigenvector matrix of A. Two problems remain to be solved. First,

the eigendecomposition of the rank-one modified matrix D + wzT needs to be
obtained efficiently. Second, the representation of the eigenvector matrix Q of the

matrix A via
_(Q1 O
Q= (01 Qz) P (2.5)

does not instantly constitute a fast algorithm to apply the matrix Q to a vector.
Both problems are addressed in the following two sections.

and
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2.3.2 Non-symmetric rank-one modified eigenproblem. We need to study
the eigendecomposition of a diagonal matrix with a particular rank-one modifica-
tion. The matrix has the form

D+wz",

with a diagonal matrix D = diag(d) and vectors d, w, and z given by
d=(di,da,...,dy)",

T
w = (w1, ws, ..., w,0,0,...,0)" ,
T

z=(0,0,...,0, 2541, k42, - - - 2n)

)

with 1 < k < n. The rank-one modification wzT is non-symmetric, but has a

particular form since the last n — k entries of w and the first £ entries of z are zero.
This implies that the matrix D +wzT can be written as

dq W12kl W1Zk42 --. WiZp
da WaZky1 W2Zk42 WaZy
dk WrLk+1 WEgZk+2 .- Wi Zn
D+wzl =
di41
di42
dp

Before the eigendecomposition of above matrix can be studied in more detail, the
following definition is needed.

Definition 2.11 A matriz C = (c;;); 2, is called a Cauchy-like matrix, if the
following condition is satisfied:

W;z5
Cijj = ;
Yi — 5
with certain numbers y;, w; fori=1,2,...,n, and x;, z; forj=1,2,...,m.

The following theorem, first established in [38], shows the detailed structure of the

eigendecomposition of the matrix D + wzT.

Theorem 2.12 Let D be an n X n diagonal matriz with pairwise distinct diagonal
entries di,ds, ...,d,, and w and z vectors defined by

T T
w = (wy,wa, ..., w,0,0,...,0)", z=(0,0,...,0, 2541, Zk+2,-- > 2n)

with 1 < k <n. Then, for the matric B =D +waz" the following statements hold:

(i) The eigenvalues of the matrices D and B are the numbers dy,ds, ..., d,.
(ii) The matriz B has the eigendecomposition
B=PDP !,
where an eigenvector matriz P that contains || - ||2-normalized eigenvectors
of B and its inverse P~ have the form
I CD ., (1 -cC
P= N Pl = N . 2.
BD) (g0 e
Here, I denotes the k x k identity matriz, D is an (n— k) x (n — k) diagonal
matriz with non-zero entries d;, j =k+1,k+2,...,n, and C is a certain

k x (n — k) matriz.
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(iii) The entries of the diagonal matriz D = (dj)i_g41 are given by

~ k w222 e
— L)
dj_i<1+§:(di_dj)2> :

i=1
and the Cauchy-like matriz C = (ci,j)f:;_j:k_jrl has its entries defined by
o= _wi ZjdAj
Y d —dy

PROOF.

(i) It is clear that the diagonal entries dj,ds,...,d, of the diagonal matrix D
coincide with its eigenvalues. Since B = D + wz" is an upper triangular
matrix with the same main diagonal as D, this also holds for B.

(ii) The matrix B clearly has real eigenvalues and the eigendecomposition of B
reads B = PDP~! with the invertible eigenvector matrix P. To show that
P has the form

I CD
P= -
b %)
we first prove that the coordinate vectors e;, i = 1,2,...,k, are eigenvectors
of B to the respective eigenvalues d;. For this, note that zT e; = 0 which

implies

T

Bei:Dei—sz e,»:dz-ei, W1th1§z§k

Thus, the first & columns of P may be taken as

P(1;n,1;k):<(1)).

It remains to prove that

P(l:nk+1:n)= (CﬁD).

Now, assume that k+1 < 4,5 < n. It suffices to show that the ith component
of the jth column of P, denoted (p;),, satisfies

i
(pj)i = 6i7jdi7 With Czl 7& 0.
To verify this, fix an arbitrary index j. Since the vector p; is an eigenvector
of B, we have
Bp;=(D+wz')p; =d;p;.

T

Note that the last n — k rows of the matrix wz* vanish. This implies

dj (pj)i =d; (pj)i'

Since d; # d; while i # j by assumption, we have

(pj)i = 0; jd;,

with a certain number (Zl This number cannot vanish since this would render
the eigenvector matrix P singular. The form of the inverse matrix P~! can
be obtained from the well-known block matrix inversion formula; see [35, p.
18].
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(iii) We first show that the upper right block of the eigenvector matrix P has the
k,n

io1,j—k+1 Whose

representation CD with a Cauchy-like matrix C = (c; ;)
components are

W; Zjdj

Cij=——"=.

I d; —d;
Assume that 1 <¢ <k and £+ 1 < j < n. The vector p; and the diagonal
entry d; form an eigenpair of B, i.e., Bp; = (D —|—sz) p; = d; p;. By
subtracting d; p; and wz' p; on each side and after rearranging terms, we
obtain

(D—-d;I)p; = —wp;-rz.

For the ith component in this equation we can verify that
(D —d;Dpy), = (di = d;) (pj); = —(wp; 2),.

Since the first k components of the vector z and the last (n — k) components
of the vector p;, except for the entry (pj)j = d;, are zero, it is verified that
psz = chzj. This implies (d; — d;) (p;); = —wiczjzj and finally

We have thus proved the desired representation for the upper right part of
P

)

P(1:kk+1:n)=CD.

To obtain the explicit expression for the values d}v, recall that each eigenvector
p; is assumed to be normalized, i.e.,

k 2 k 2
Wi 25 5 5 Wy 2 5
sl => ( ”d-) +d7 = ( ”) +1]di=1.
2 di —d; 7\ &= \di 4 J

i=1 i

This implies

k 9 9 —-1/2
~ w; Z5
? J

O
The last theorem allows us to calculate the eigenvector matrix of the rank-one
modified diagonal matrix D + wzT. If one assumes that the eigenvectors are
normalized, then these are uniquely defined up to signedness; cf. (2.7). Note that
it would also be allowed to change the sign of individual columns in the identity

matrix I in (2.6).

Remark 2.13 In some cases that will be observed later, it might be favorable to use
a different normalization of the eigenvectors by requiring that the diagonal entries
of the eigenvector matrix P be equal to one. This implies d; =1 for j = k+1,...,n.
Then the matrix P and its inverse P! take the form

(1 C L4 (1 -C
P=(0 ¥) (o 7))

In the divide-and-conquer method, this can be used to ensure that the final eigen-
vector matrix Q will also have a unit diagonal; cf. (2.5).
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2.3.3 Efficient application of the eigenvector matrix. An efficient method
is needed to apply the matrices P and P!, obtained from the rank-one modified
system D 4+ wzT, to an arbitrary vector. As we have seen, these have the represen-
tation (2.6) with a Cauchy-like matrix C. While the matrices I, D, and D~! are
easily applied to a vector, one also needs an efficient method to apply the Cauchy-
like matrix C. More precisely, calculating the matrix-vector product y = Cx, with
vectors x = (z;)7_; ., and y = (yi)¥_,, is equivalent to calculating the sums

n
yi=— > deZZz z;,  withi=12. .k
j=kt1

Methods to efficiently compute such sums are available and commonly subsumed
under the name fast multipole method (FMM). The original algorithm was intro-
duced by Rokhlin and Greengard [28]. Variations are also described, for example,
n [18]. The principle common to all methods is that a Cauchy-like matrix can be
decomposed into tiles that are well approximated by low-rank matrices. This is
done by imposing a binary tree structure on the nodes d;. An efficient organization
of the computation leads to an algorithm with O(nlog(1/¢)) arithmetic operations
for an n X n matrix, where ¢ is the desired accuracy. The amount of memory needed
is in the same order.

It should be noted that direct application of the FMM requires that the nodes d; be
ordered increasingly. This can be arranged for by column and row permutations to
the matrix D 4+ wz", if necessary. But this will not be needed for our purposes in
Section 2.4. Typically, the FMM is divided into two stages. In the first, all necessary
information that depends only on the matrix to be applied is pre-computed and
stored. Then, in the second stage, any number of matrix-vector products with any
vector can be carried out efficiently using the pre-computed information. Usually,
both stages need O(nlog(l/c)) arithmetic operations, but the former one with
a much larger constant hidden in the asymptotic notation. This justifies to pre-
compute as much information as possible in the first stage.

2.3.4 Complexity of the divide-and-conquer algorithm. We have seen that
each eigenvector matrix P and its inverse P~!, obtained from a rank-one modified
diagonal matrix in the divide-and-conquer method, can be applied efficiently to
any vector. Moreover, (2.5) explains how this can be used to apply the eigenvector
matrix Q (or the inverse) of an upper (1)-generator representable semiseparable
matrix A to a vector. As a result, a factorization of the matrix Q into a product
of block-diagonal matrices is obtained, for example,

Qooo Poo
Qoo1 Po. P,
Q= Pl < P1> P, (2.8)

Qi Py

which corresponds to the exemplary decomposition shown in Figure 2.4. Here,
the original matrix has been decomposed to four levels. Using plain matrix-vector
multiplications, the divide-and-conquer method needs O(n?) arithmetic operations
and O(n?) of memory to explicitly compute the full eigendecomposition of the n x n
matrix A. This is asymptotically better than standard methods which have an
arithmetic cost of O(n?) to compute the same result; see [26, Chapter 7]. To apply
the matrix Q to a vector clearly takes O(n?) operations. Recall that our goal is
not to compute the eigendecomposition explicitly, but only to apply the eigenvector
matrix Q to a vector. If we use the FMM to accelerate the calculation of matrix-
vector products, then (2.8) makes clear that the matrix Q can be multiplied with
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®
b, / \ b,
Poo ‘/"\‘P01 Py / P

Qooo Qoo1 Qo10 Qo1 Q100 Qo1 Q10 Qi1

Figure 2.4: Schematic representation of a decomposition in the divide-and-conquer
method for an upper or lower (1)-generator representable semiseparable matrix.
The initial matrix A is recursively divided into smaller matrices Ay, A; and so
forth. The eigenvector matrices Qoog, Qoo1, - - -, Q111 corresponding to the smallest
matrices Aggg, Agot,---,A111 are computed explicitly. Then, these are combined
to eigenvector matrices for larger matrices.

a vector using only O(nlognlog(1/e)) arithmetic operations. Moreover, one never
needs to set up the matrix Q explicitly. For example, in (2.8) only the information
needed to define the Cauchy-like matrices P, Py, P1, Pog, Po1, P10, P11, and the
full eigenvector matrices Qooo, Qoo1,---, Q111 need to be stored. Therefore, only
(’)(n lognlog(1/ 8)) memory is required to store all needed information.

2.3.5 Generalization to higher semiseparability ranks. We can modify the
divide-and-conquer method to handle diagonal plus upper (p)-generator repre-
sentable semiseparable matrices for arbitrary semiseparability rank p > 1. The
matrix A can then be decomposed into

A = diag(d) + trin(UVT, 1),

with n X p matrices U and V. In the divide phase, this may be written as

_ (A1 O T
A_<0 A2)+UV,

with the matrics U and V defined by

0~ () ()

For the conquer phase, assume that the eigendecompositions of A; and A, are

A, =Q,D:Q; Y, A = Q.D2Q;

This implies the representation

_(Q 0 Q o)
A= (T q)erwen(§g)



2.4. CLASSICAL ORTHOGONAL POLYNOMIALS AND SEMISEPARABLE MATRICES 73

where the matrices W and Z are defined by

(Qi 0\ '~ [QU'UQ:k:)
W<0 Qz) U( 0 )’

_(Q1 O T _ 0
Z_<0 Qz) v _<Q;FV(/€+1:n,:)>.

Let the eigendecomposition of the upper triangular rank-p modified diagonal matrix
D + W Z7 be written as

D+WZ'=PDP L (2.9)

Then the eigendecomposition of the matrix A can be written as

-1
Q O 1(Q1 O
A= PDP .
( 0 Q: 0 Q2
The generalization to higher semiseparability ranks is straightforward but it re-
mains to efficiently compute the eigendecomposition of the upper triangular rank-p

modified diagonal matrix D + W ZT. This can be reduced to the case p = 1 as
follows. We write the matrix in the form

D+WZ" =D+ (wq,Wa,..., W) (21,22, - ,Zp)T

T T

DT (2.10)
= 1Z] +WoZy + - +WpZ,.

Now we invoke Theorem 2.12 to cheaply obtain the eigendecomposition of the
matrix D + wy z7, i.e.,

D+w,z] =P, DP;L
Then, (2.10) may be written as

D+wiz] +wazj +-+wyz) =P (D+WaZ) +W323 +...+ W, %, ) P,

where the vectors Wo, W3, ..., W, and 2,23, ..., 2, are defined by
~ -1 ~ BT . .
w; =P w;, z; =Pz, with ¢ =2,3,...,p.

Thus, it remains to compute the eigendecomposition of the rank-(p — 1) modified
diagonal matrix D+ Wq Z3 +W3 74 +...+ Wy Zg which can be dealt with similarly.
Finally, the eigendecomposition

D+WZ'=PDP '=P, - Py --- 'Pp'D'P;?l'P;_ly s P

is obtained, where the matrices P; for i = 1,2, ..., p, all stem from the eigendecom-
position of certain upper triangular rank-one modified diagonal matrices according
to Theorem 2.12. Each of these matrices can be applied efficiently with the FMM.

2.4 Classical orthogonal polynomials and semiseparable matrices

In this section, we will make use of the algorithms for the eigendecomposition of
diagonal plus upper (p)-generator representable semiseparable matrices from the
last section. This will allow us to obtain an efficient algorithm for applying connec-
tion matrices between sequences of classical orthogonal polynomials. To this end,
we will identify the corresponding connection matrices with the eigenvector matri-
ces of certain explicitly constructed upper generator representable semiseparable
matrices.



74 2. SEMISEPARABLE MATRICES

2.4.1 Differentiated expressions of classical orthogonal polynomials. We
start with the expansion of differentiated classical orthogonal polynomials back into
the same basis. The following result shows that derivatives of monic Laguerre poly-
nomials E,({l)
matrix.

Lemma 2.14 Let {Eﬁf‘)}
neNg
thogonal with respect to an inner product (-, -) and which satisfy the derivative

identity
d - ~ 5
— = B;L;*
da: Zz; i @),

with certain numbers A, and B;; cf. Theorem 1.75. Then the matric G =
(gi»j)?;j:O7 defined by

can be linked to an upper (1)-generator representable semiseparable

be the monic Laguerre polynomials which are or-

with 1,7 =0,1,...,n,

is diagonal plus upper (1)-generator representable semiseparable and may be written
as
G = diag(0) + triu(uv™, 1),
with the vectors u and v given by
u:(BOaél7"'7Bn)T7 V:(AOaAh"'aAn)T'

PROOF. By orthogonality, we verify that (f/(a) d L( )> = 0 whenever j < i+ 1.

i o dx

This implies that G must be a strictly upper trlangular matrix. For j > i+ 1, we
have

() d 7(a) a) 7(a 7(a) 7(a
gu_<L ’da?LJ >_ Zk oBk<L() £)>_B,A,M_BA
1,7 — - = D4 — — — Dg
T, L) (L), L) USRS ’

The following result establishes a similar link to semiseparable matrices for Jacobi
polynomials. After that, it is observed that the semiseparable structure is preserved
if the derivatives of Jacobi polynomials are multiplied by a linear term. We omit
the proof for the first result since it is very similar to that of the last.

Lemma 2.15 Let {pr(ba,ﬁ)}neNo be the monic Jacobi polynomials which are or-
thogonal with respect to an inner product (-, -), and which satisfy the derivative
identity

n—1 n—1
d - _ _ _
P(Oéﬁ) — A B P_(a,ﬁ) D‘P-(a’ﬂ) 211
P @) O @)+ Co 3 D) (211

with certain numbers Ay, Bj, é and D;; cf. Theorem 1.75. Then the matriz
G = (9i,j)7 j—o, defined by
<7(a7ﬁ) ip(a,6)>

9is = o) ay o Withid =01 m,
(P@B)_plad)

is diagonal plus upper (2)-generator representable semiseparable and may be written
as
G = diag(0) + triu(u; vi,1) + triu(ug vy , 1),
with the vectors uy, vi, us, and va given by
up :(Bo,Bl,...,Bn)T, V1:(A0,A1,...,An)T.
Ug = (Do,Dl,...,Dn>T, V2=(éo7él,...7én)T.
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Lemma 2.16 Let {Pﬁ“’ﬁ)}neNo be the monic Jacobi polynomials which are orthog-
onal with respect to an inner product (-, -), which satisfy the derivative identity
(2.11) and moreover have a three-term recurrence formula of the form

2Py () =@ P + 8P @) + P (@),

n—1

Then the matriz G = (gi;);' j—o, defined by

(B (a4 ) P

<]5i(0¢»ﬁ)7 pi(aﬂ)>

is diagonal plus upper (2)-generator representable semiseparable and may be written
as

9ij = , withr,s € R and i,57 =0,1,...,n,

G = diag(d) + triu(u; vi,1) + triu(ug v, , 1),
with the vectors d, uy, vy, us, and vy given by

d= ((A BJ 1aJ 1+CDJ 1CLJ 1>)n

Jj=0’
u; = (T(Bi_1a4 1 -+ Bb + Bi+1ci+1) SB )z 0’ V] = (Aj)?:m
Uo = (T(D,;_la 1 + D b + Dl+1cz+1) + SD )z -0’ Vo = (Cvj)?zo.

PROOF. By orthogonality, we verify that (P, pleP) , (re + 5)%]5].(%’8)) = 0 whenever
j < i. This implies that G must be an upper trlangular matrix. For j > i, we have

b <pi(a,3)’ (m; + S) de(a 5)>
i, — —
<P P{™)

.
>

< (a B) (rz + S)P(a’ﬁ)> +C ZJ 1 <15i(0¢75)7 (ra + S)plgaﬁ)>
(P i(a B)7Pi(a’5)>

120 Bi(P vy PP+ (rby, + 5)PLP) e PLP)Y)
<p(0515) p(@ﬂ)>
Cjzi;ébﬂpi(aﬁ) Tak (aﬁ) (rb/ +5)P, (a5)+r P(Ofﬁ)»
+ (P _( ’B) P(ﬂ»ﬁ))

r(A;Bj1a_y + CiD;_qa);_y), if i = j,
Aj( (BJ 2&; 2+B] 16, )+SBJ_1)
= +C;(r(Dj—adl;_y + Dj_1b;_y) + sDj_1), ifi=j—1,

A;(r(Bi—a@i_y + Bib; + Bi118,,1) + sB;)
+C; (r(Dij—1@}_y + Db}, + Di18 ) + sD;), ifi <j—1.

Observe that (1.39) implies
This allows us to absorb the second case into the third. Thus,
r(A;B;- 105 1+ C;D;- 1aJ 1), if 1 =3,

9ij = Aj(r(Bi—1@}_y + Bib} + Bi1€, 1) + sB;)
+C;(r(Dj—r@,_y + Dib; + D118, 1) + sD;), if i < j,
which proves the desired representation of the matrix G. O

The following result is for Gegenbauer polynomials. It can be obtained from Lemma
2.16, but for the sake of completeness, the proof is also given.
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Lemma 2.17 Let {C_'T(La)}neNo be the monic Gegenbauer polynomials which are or-
thogonal with respect to an inner product (-, -) and which satisfy the derivative
identity

d - _ ln=1)/2]
ac,(f“)(x) = A, Z BQlJrX 21+X( )

with certain numbers A, and Ba; iy, cf. Corollary 1.76, where x = x(n) is given

by
_J 1, if n even,
X=N0, ifn odd

They also satisfy a three-term recurrence of the form

20\(@) = @, 0 + €, 07 ().

Crnbn1

Then the matriz G = (gi ;)i j—o, defined by
<Cr(0¢) d O(Of >

Tz J
(™, 0)
is checkerboard-like diagonal plus upper (1)-generator representable semiseparable
and may be represented as

G = diag(d) + triuc(uv™, 1),

ij = . withi,j=0,1,...,n,

with the vectors d, u, and v given by

= (4;Bj1a5_1), . w = (Bimad@i_y + Bipacip)_g. V1= (45)]

PRrROOF. By orthogonality and the fact that Gegenbauer polynomials are orthogonal
with respect to a symmetric measure, we verify that (C'(a) 40 (a)> = 0 whenever

j < ior j+iodd. This implies that G must be a checkerboard hke upper triangular
matrix. If j > ¢ and j + ¢ even, we have

(O, 2 L Ol

<C«(a) C«(a)>

1 2 > = «
ZL IS JBZk+X<Cz’( Cékl;ﬁ
(O, )
= i—1/2)] 5 ~(a) — o
A ILc(iO /2 BZk+x<C ) a/2k+xcék+x+1 +62k+xC§k+X 1>
(G, e
B A;Bj_qa)_, ifi =y,
Ajéi_16271 + AjBH-léngp if1 <j.

9ij =

This can be matched with the desired representation of the matrix G. O

2.4.2 Connection matrices and semiseparable matrices. We are now ready
to turn to the conversion of expansion coefficients between different families of clas-
sical orthogonal polynomials. This will be restricted to polynomials of the same
type, for example, from one sequence of Laguerre polynomials to another but not
from Laguerre polynomials to Jacobi polynomials. Suppose that a degree-n poly-
nomial f has been expanded into a sequence of orthogonal polynomials {p, }nen,,

n
=0
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with known expansion coefficients x;. Then we want to compute the coefficients y;

in the expansion
n
F= v,
§=0

where {¢n }nen, is another sequence of orthogonal polynomials different from the
first one. If the coefficients x; and y; are collected in the two vectors x and y, i.e.,

X:(x07$1;-~-7xn)T7 y:(y0>y17"'7yn)T7
then y can be obtained from x via the matrix-vector product
y = KX,

where K = ("ii,j)?,jzo is the connection matrix between the polynomial sequences
{Pn}nen, and {qn }nen,; see Section 1.4. This can be verified by

n o n <Qiapj> o <Qi72?:0$jpj> B <Qi,f> ‘
J;Kmmj _jz=:0 () (gi> i) C{@,Q)

with ¢ = 0,1,...,n, where (-, -) is the inner product with respect to which the
target polynomials {gn }nen, are orthogonal.

To handle the conversion efficiently, we need to devise an efficient method to apply
the connection matrix K to a vector. This will be done in two steps. First, a
matrix G will be defined that has its eigenvector matrix Q identical to the desired
connection matrix K, provided that the columns of Q have been properly scaled.
Second, it will be observed that the matrix G has a semiseparable structure that
allows the application of the divide-and-conquer method from Section 2.3. To this
end, we will calculate the entries of the matrix G explicitly. In total, we thus obtain
a practical method to cheaply apply the connection matrix K to any vector with
O(nlognlog(1/e)) arithmetic operations instead of the usual O(n?), where ¢ is the
desired accuracy.

Definition 2.18 Let {p,}nen, be a sequence of classical orthogonal polynomials
which satisfy a differential equation of hypergeometric type,

o(@)py (@) + 7(2)p, (%) + Anpn(z) = 0,
with the corresponding differential operator D given by

d? d
D=-0——7—.
&2 Tdz
Let {qn tnen, be a different sequence of classical polynomials, orthogonal with respect
to the inner product (-, -). Then the matriz

G = (gi,j)?,jzo
is defined by
R 0h)

" (Gi-qi)
Note that here, the operator D belongs to the polynomial sequence {py, }nen,, but
is applied to the polynomials g,,. In the following, we will adopt the same notation
for the matrix G that was used for the connection matrices K when it comes to
concrete pairs of classical orthogonal polynomials. For example, the matrix G for

(2.12)

two sequences of monic Laguerre polynomials, {Lg{l)}neNO and {L%ﬁ )}TLEN07 will be
denoted GM(@)=8) or G@—B) if it is clear from the context that we mean the
Laguerre polynomials. With the definition of the matrix G, we can now show that
the connection matrix K contains its eigenvectors.
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Lemma 2.19 Let {pn}nen, ond {qn}nen, be two sequences of classical orthogonal
polynomials and let the matriz G be defined as before. Then for j =0,2,...,n, any
column Kk; of the connection matriz K between the two sequences is an eigenvector
of the matriz G to the eigenvalue A;.

PROOF. Recall that we have p; = Zgzo ki,jqi- We denote by (G k;), the (i 4 1)st

component of the vector product Gk;, where k; = (Ko, K15, - .,mn,j)T is the
(j + 1)st column of the connection matrix K. Then we have

3 {0 D) o o DS met) _ (D)

= (4 @)

Rk,j =
/ (qirq) (qi-q)

n
(GK)), = gikkng =
k=0
We know that the polynomial p; is an eigenfunction of the differential operator D
to the eigenvalue A;, that is, we can replace D(p;) = A;p;. Then we work backward
until we obtain

(G K’j)i = )‘j E 9i,kREk,5 = >‘j (K’j)i .
k=0
O

Remark 2.20 It is clear that the eigenvalues A; of the matrix G are simple, since
these are distinct for all classical orthogonal polynomials. This was a requirement
for the application of the divide-and-conquer algorithm from Section 2.3.

Knowing that the columns of the connection matrix K are eigenvectors of the
matrix G does not readily yield a fast method to apply K to a vector. The idea to
get such a method is to invoke the divide-and-conquer algorithm from Section 2.3
on the matrix G. This allows to cheaply apply the eigenvector matrix of G, that
is, the connection matrix K, to any vector.

There are two issues left that need to be resolved before this can be used. First, we
need explicit expressions for the entries of the matrix G so that it can be fed to the
divide-and-conquer algorithm. Second, we must work out how the eigenvectors of
the matrix G should be scaled to make them coincide with the columns of the con-
nection matrix K. Of course, the entries of the matrix G depend on the parameters
associated with each of the sequences of polynomials, {p,}nen, and {gn tnen,. As
we will see, the particular scaling of the target polynomials ¢, is already encoded
in the matrix G. The scaling of the source polynomials p,,, however, is reflected in
the appropriate scaling of the columns of the eigenvector matrix of G.

2.4.3 Examples. In the following, explicit expressions for the entries of the matrix
G for monic Laguerre, Jacobi, and Gegenbauer polynomials are given. For other
normalizations, see the Appendix A.

Laguerre polynomials

Theorem 2.21 Let {E%a)}neNO and {E%ﬁ)}neNO with a, B > —1 be two sequences of
monic Laguerre polynomials. Then the corresponding matriz G =B is diagonal
plus upper (1)-generator representable semiseparable,

G~ = diag(d) + (8 — @) triu(uv’, 1),

with the vectors d, u, and v given by

d=(j)jm, u= (%)j_o, v=((1TTE+ )

PRroOF. The polynomials L{® satisfy the differential equation

2y’ (x) + (1 +a—2)y(z) + ny(x) =0,  with y = L),
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)

and similarly the polynomials Ly satisfy

2y’ () + (1 + 8 — )y (z) + ny(z) = 0, with y = L),
Thus, the corresponding differential operators are given by
d? d d? d
D@ — _p— (1 )= DB — _p— (1 )=
T2 (1+a x)dx’ i (1+5 ﬂlc)dal:’
and we have d

Dl _pB) — (B — a)di‘
T
This implies
B) p(a)(7.(8)
(L"), D(L))

©) @) ® (pla ®
(L, DO(L)) (L7, (D = DI)(LT))

7 9

9ij =

—_— + s
(L. L") (L)
_ @ o) (L, &)

2@ 1P +(8-a) 2@ 1)

? ? ?

Since the polynomial ESﬂ )is an eigenfunction of the operator D) to the eigenvalue
Aj = j, we get for the first summand in the last expression

(@2 DALY (LD, L)

? ? ?

=70 ;.

For the second summand, note that with the help of Lemma 2.14 and the derivative
identity from Theorem 1.75, it is clear that

o DG +1
<Lz(ﬁ)7 %L§5)> (71)Z+j+1 (] + )’ if i< 7.
® 1By Pe+1)
(L;", L;™) 0, else.
This proves the desired representation of the matrix G(®)=5), O

Jacobi polynomials

Theorem 2.22 Let {PT(LQ’B)}%NO and {Py(ﬂ’é)}neNo with a, B,7,0 > —1 be two
sequences of monic Jacobi polynomials. Then the corresponding matriz G(®:#)=(7,9)
is diagonal plus upper (2)-generator representable semiseparable,

G@A=19) = diag(d) + (a — ) triu(uy v, 1) + (8 — §) triu(ug va , 1),
with the vectors d, uy, vi, ug, and vy given by
d=((+a+pb+1))j,
" _( [(2j +v+0+2) )” Y _(2J'F(j+1)r(j+6+1))"
PTG+ G+ 04 1) o TRj+y+6+1) ),y

s — ((—1)J‘r(2j+v+a+2))" . <2J'P(j+1)F(j+v+1)>"
PT\TGH+ TG+ +1) ),y 7 (DT +v+6+1))

Jj=0

PRrOOF. The Jacobi polynomials P>

(1-2?)y"(2) — ((a+B+2)z+a—B)y(z)+nn+a+ B+ 1y(z) =0,

satisfy the differential equation

]57(104,/3)

with y = , and similarly the Jacobi polynomials ]5,(17’6) satisfy

(1 —2%)y"(x) — (v+6+2z+7—-08)y (@) +n(n+~v+d+1)y(x) =0,
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with y = Py, Thus, the corresponding differential operators are given by

2

plef) — —(1— xZ)L
daz?

2

F(atpr2rta—p)e

DY) = (1 - 2?) d

d
@+((7+6+2)x+7—5)£,

and we have

d
DWm—DW@:(m+ﬁ—7—&x+a—ﬁ—v+®a;
This implies
=(~,8 o (7,8
(PO, DA (P )
<pi(%5)’ pi(%é)>
=(~,8 =(~,6 =(~,8 (7,8
B <PZ(“/ )’D(fy,é)(Pj(’Y ))> N <PZ(’Y ),<D(oz,[3) _D('y,é))(Pj(“/ )))
<15¢(%6)7Pi(%5)> <]5i(%5)7 pi('v»é)>
5(7,9) 8) ( p(7:9)
(PO, DO (PO
<P1;('776)’ Pi(776)>
=(~,6 =(~,6
(PO ((@+B—7—8)a+a—B—v+06)LPT)
<15‘(%5) 15'(“/75)> ’

gij =

)

+

Since the polynomial 15]»(7’5) is an eigenfunction of the operator D% to the eigen-
value \; = j(j + v+ + 1), we verify for the first summand that

<p‘(%5) D(y,é)(ﬁ(%@» <P(775) P(% )>
- ! =j(j+y+d+ 1)—
<p(%5) p(775)> <P(V :0) P(“/ 5)>

For the second part, we note that with the help of Lemma 2.14 and the derivative
identity from Theorem 1.75, it is clear that

(P ((a+B—7—0a+a—B—y+0)L
<P(’Y’6) P(7)6)>

P(V 5)>

dzx

Jla+B—v—9), ifi=j,
(- >21F( DG+ 0+D)I2i+~v+5+2)
_ 7 (z+1) (i+0+D0(2j +y+o+1)
. 1 DI'(2¢ o+ 2
(=1)* (3 — ) T+ DT+ + )(?+7+ + x i<
T+ )i+ ~vy+ 1) 2j+v+d+1)
0, else.
This proves the desired representation of the matrix G(®#)=(1:9), O

Gegenbauer polynomials

Theorem 2.23 Let {C_’éa)}neNO and {C_'ff)}neNo, with o, 8 > —1/2, be two se-
quences of monic Gegenbauer polynomials. Then the corresponding matriz G(®)—(5)
is checkerboard-like diagonal plus upper (1)-generator representable semiseparable,

G~ = diag(d) + 4(a — ) triuc(uv’, 1),
with the vectors d, u, and v given by
d=(j (j + 201))] o
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PROOF. Theorem 2.22 for the Gegenbauer case yields

n

d=(j(j+20)_,,
_< [(2j+28+1) ) v <2jf(j+1)F(j+ﬂ+1/2))"
20T ( ’ j:O.

- J+ DTG+ B +1/2) T(2j + 25)

The well known identity I'(2z) = 22*7!'T'(2)['(z + 1/2)/y/7 implies the desired
representation. O
We omit construction the matrix G for the conversion between Chebyshev and
Legendre polynomials since these can be obtained as special cases that can be
obtained from the last result.

=0

2.4.4 Scaling the eigenvectors. We have calculated the generator representa-
tion of the matrix G. As mentioned before, the scaling of the target polynomials
is already encoded in this representation, but we still need side conditions to en-
sure the desired scaling of the source polynomials {p, }nen,. Clearly, changing the
scaling of the source polynomials is equivalent to rescaling the columns of the eigen-
vector matrix of G, that is, the desired connection matrix K. The following result
provides the condition that allows for the correct scaling of these columns.

Lemma 2.24 Let {p, }nen, and {Gn}nen, be two families of orthogonal polynomials
that have, respectively, k, and ky as their leading coefficients. Then the diagonal
entries k;;, for i = 0,1,..., in the connection matriv K = (k; ;) between the
sequence {pp tnen, and the sequence {qn }nen, are given by

k;

Rii =

)

N>‘

i
PRrROOF. By Definition, we have
Kij = <qi’pi>, withi=0,1,...,
(9 a:)
where (-, -) is the inner product with respect to which the target polynomials
{qn }nen, are orthogonal. Since the polynomial g; is orthogonal to every polynomial
of strictly smaller degree, this can be rewritten as
(@i,pi) kil q)

(@, @) k; (> ai)

ki
O

2.4.5 Other normalizations. The expressions provided in this section are for
the matrix G which corresponds to the monic variants of the respective orthogo-
nal polynomials. To obtain the expressions for the standard and the normalized
variants, we can use that

- _14,D(g)) _ k{ {2,D(g)) _ ﬁg» .

" (Ti> @) kik;  (qi,q) [T
{4, D(g;)) _ Vil (G, D(G)) _ [hj .
9ij = = = i -

7 ) hi (@, Qi) ;="

This gives
kj - i
9ij = Egi,j, 9ij = Fjgi’j'

Here, as before, k; and h; denote the leading coefficients and squared norms, re-
spectively, of the polynomials {gy }nen, in the standard normalization.
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2.4.6 Numerical results. We are ready to test the divide-and-conquer method
from Section 2.3 for the computation of the connection between classical orthogonal
polynomials. To this end, we evaluate several test cases for which we take as
input the coefficients z; from an expansion in a sequence of classical orthogonal
polynomials {p,, }nen, of the form

n
f = Z Tjipj-
7=0

Then we compute as output the coefficients y; in the expansion

n
F= v,
j=0

with a different sequence of classical orthogonal polynomials {g,}nen,. This is
done by applying the appropriate connection matrix K = (/fi7j)2j:() to the vector
x = (z;)}, to obtain the vector y = (y;)}_, i.e.,

y =Kx.

We have a choice of different methods, for example the divide-and-conquer method
from Section 2.3 which uses the results on the matrix G from the last section.
All methods have been implemented in C and tested on an Intel Core 2 Duo 2.66
GHz MacBook Pro with 4GB RAM running Mac OS X 10.6.3 in double precision
arithmetic. We have used Apple’s 11vm-gcc-4.2 compiler with the optimization
options -03 -fomit-frame-pointer -malign-double —-ffast-math -mtune=core2
-march=core2. Time spans were measured using the CPU cycle counters interface
from the popular FETW library; see [22]. The input coefficients x; were drawn
from a uniform quasi-random distribution in the interval [—1, 1] using the standard
C function drand48().
To assess the accuracy of the numerical results, we used the component-wise error
measure ES and the relative infinity norm E., which are given by
lvi — uil 1y = ¥llo

ES = max ———, Fy = T
o0

2.1
i=0,..n |2 ’ (2.13)

with the vectors

*

Y = )icos ¥=Wiizo. and y*=(y})i_o-

The vector y* stands for reference results which we computed on a PowerBook
G4 which supports a quadruple precision datatype. Compared to double precision,
this means roughly 16 additional significant decimal figures in the calculation which
should be enough to provide correctly rounded results in double precision for the
tests conducted. We computed the reference values by calculating the entries of
each connection matrix K using the explicit expressions found in Chapter 1. We
then applied the matrix K directly to the input coefficients x. Therefore, this will
be called the direct method (in quadruple precision). The vector y contains the
results computed in double precision with any algorithm that was tested. For the
error measure S, we also need the values

i

yi= ) |k

Jj=0

|74
that are defined according to the results y; given by

Yi = Zlii,jxj. (214)
7=0
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The error ES, thus reflects the standard error bound that holds for the computation
of the values y; according to (2.14); see [34]. Ideally, we would have ES ~ €, where
€ is the machine epsilon, typically € ~ 2 x 10716 in double precision. In detail, the
tested algorithms were the following:

The direct method: Each connection matrix K = (r; ;)i ;o is calculated in full
using the expressions for its entries x;; derived in Chapter 1. Then the
matrix K is applied to the input vector x, that is, we compute y = K x the
usual way.

The usmu-direct method: Each connection matrix K is calculated in full as
the properly scaled eigenvector matrix of the corresponding upper gener-
ator representable semiseparable matrix G as derived in Section 2.4.2. To
compute this eigendecomposition, a C-translated version of the LAPACK
routine dgeev, which uses the QR algorithm, is used. Then the matrix K is
applied to the input vector x, that is, we compute y = K x the usual way.

The usmv-fmm method: The matrix-vector product y = K x is computed using
the FMM-accelerated divide-and-conquer method for the eigendecomposition
of upper generator representable semiseparable matrices from Section 2.3,
applied to the corresponding matrix G as derived in Section 2.4.2. That
is, all data necessary for the hierarchical representation of the matrix K,
see, e.g., (2.8), is calculated and stored beforehand. Then the matrix K is
applied using the FMM for all Cauchy-like matrices that appear. All other
matrix-vector products are carried out the usual way. The parameters were
chosen to maximize performance on the system used for testing, that is,
for matrices with dimensions smaller than 256 x 256 the eigendecomposition
was computed with the routine dgeev as in the usmv-direct method, and the
desired accuracy ¢ of the FMM was chosen to be comparable to the machine
epsilon e.

Each of the algorithms has a pre-computation stage where data is stored that
needs to be calculated only once. The actual transformation consists of the steps
that depend on the input coefficients. In the following, we analyze the different
arithmetic cost and memory requirements of the various methods. This is also
summarized in Table 2.1.

direct method: For a transform of size n, the direct method needs for the pre-
computation stage O(n?) arithmetic operations and an amount of memory
in the same order. The transformation is computed with O(n?) arithmetic
operations.

usmu-direct method: The usmv-direct method has a higher arithmetic cost than
the direct method, as one needs O(n?) operations to calculate the necessary
eigendecomposition of the matrix G. This led to unacceptable time require-
ments for the pre-computation stage whenever n > 4096. In other terms,
this method is equivalent to the direct method.

usmuv-fmm method: The usmv-fmm method needs O(n?) arithmetic operations
for pre-computation, but the amount of memory needed is only in the order
(’)(n lognlog(1/ 5)) The arithmetic cost of the pre-computation stage could
be lowered to O(nlognlog(1/¢)) with the help of the FMM. This acceler-
ation, however, was not implemented since this possibly requires some care
to guarantee the desired accuracy of the pre-computed values. Otherwise,
the error observed in the actual calculation of the transformation could be
polluted by errors in the pre-computation. The transformation needs only
O(n lognlog(1/ 5)) arithmetic operations. Again, € denotes the desired ac-
curacy which can be controlled by the user.
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Table 2.1: Summary of arithmetic cost and memory requirements of the tested
algorithms.

direct | usmv-direct usmv-fmm
Cost (pre-computation) | O(n?) O(n?) O(n?) or O(nlognlog(1/e))
Cost (transformation) | O(n?) O(n?) O(nlognlog(1/e))
Memory (both) O(n?) O(n?) O(nlognlog(1/e))

We should note that we did not attempt to optimize the pre-computation stage, so
the times observed there should be taken with care. The time needed to compute
the actual transformation, however, should give a good indication of the different
performance among the tested algorithms.

Tests were conducted for Laguerre, Jacobi, and Gegenbauer polynomials, where we
note that the latter are just a special case of Jacobi polynomials. For each type,
we selected a number of representative test cases, that is, different combinations
of the respective parameters carried by the polynomials. For Jacobi polynomials
{PT(L(X’B )}neNo’ we considered only changes to the parameter a. Changes to the
second parameter § are entirely equivalent by Lemma (1.49) and would give sim-
ilar results. Changes to both parameters could be computed by combining the
two cases, or, by working with the corresponding matrix G directly, that has its
semiseparability rank p = 2. Both variants, however, have the same arithmetic
cost.

Test results

Figure 2.5 reports time measurements for the pre-computation stage and the actual
transformation for Laguerre, Jacobi, and Gegenbauer polynomials for a single test
case. The results numerically confirm the expected asymptotic bounds, perhaps not
entirely for the usmv-fmm method when applied to Gegenbauer polynomials (last
row), which still seems to be influenced by other factors. The usmv-fmm method is
attractively fast at any stage, with a visible advantage when n is larger than 512.

More detailed results for a number of representative test cases can be found in
Tables 2.2 through 2.13. Shown there are also the error measures ES, and Fo.
The general conclusion that can be drawn is that these are close to the theoretical
optimum in double precision for all tested methods. The methods based on the
eigendecomposition of upper generator representable semiseparable matrices show
very competitive results.

Closer inspection, however, reveals that there are one or two test cases for each
type of orthogonal polynomials where the error is substantially larger for the usmv-
fmm method compared to the rest. Notably, this occurs when the “distance” be-
tween the parameters of source and target polynomials is relatively large. This
motivates closer investigation of the relationship between this “distance” and the
accuracy achieved by the usmv-fmm method. Of course, it is no problem to split a
single transformation into a suitable number of other transformations that realize
“smaller” steps to together compute the same result. For example, instead of trans-
forming from, say, the polynomials {Lsﬂ)}neNo to the polynomials {L$15'5)}neNm
we can equally first transform from {Lg‘”)}neNO to the intermediate polynomials
{Lgﬁ)}neNO, and then from there to the target polynomials {LS"S)}%NO. This
is easily implemented, but changes the asymptotic behavior of the usmv-fmm
method. For Laguerre polynomials, for example, the transformation from the
polynomials {LS{"’}neNO to the polynomials {LSF )}TLEN() is then be computed with
O(|la — B|nlognlog(l/e)) arithmetic operations instead of O(nlognlog(1l/e)), if
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the “distance”, in terms of the involved parameters, between the source and target
polynomials for a single transformation is kept below a fixed upper bound s > 0.
The amount of memory needed rises analogously. But the splitting of a single larger
step into many smaller steps indeed improves the achieved accuracy and makes it
comparable again to the other methods. This is evident from the results in Tables
2.5, 2.9, and 2.13 compared to those in Tables 2.4, 2.8, and 2.12. We found a value
of s = 1 to provide the optimal balance between numerical stability and perfor-
mance in our tests. See Figure 2.6 for a comparison of the error measure £S and
the time to compute the transformation versus the step size s for the mentioned
scenario. The splitting provides an instant remedy for the infelicities observed for
larger steps, but this comes at the expense of linearly more arithmetic operations
and memory as the step size grows.
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logyg tp logyg t¢

T+ logyn T+ logyn
1234567 891011121314 12345678 91011121314

T+ logyn T+ logyn
1234567 891011121314 1234567 891011121314

nlogn

T+ logyn T+ logyn
123456738 91011121314 123456738 91011121314

(e) ()

Figure 2.5: Shown from top to bottom are time measurements for Laguerre ((a)
and (b)), Jacobi ((c) and (d)), and Gegenbauer polynomials ((e) and (f)), each of
which correspond to the first test case reported in Tables 2.2 to 2.13, respectively.
Left side: The times ¢, for the pre-computation stage as a function of the transform
length n. Shown are the direct method (solid), the usmv-direct method (dotted),
and the usmv-fmm method (dashed) with accuracy controlling parameter p = 18
and arbitrarily large step size s. The gray lines are to facilitate recognition of
the asymptotic behavior. Right side: Times ¢; for the computation of the actual
transformation as a function of the transform length n. Shown are the direct
method (solid) and the usmv-fmm method (dashed).
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o B n tp tp /n2 ty tt/n2 B E
-0.5 -0.7 256 3.7E-02 5.6E-07 1.4E-04 2.1E-09 7.9E-16 1.2E-15
-0.5 -0.7 512 1.2E-01 4.4E-07 5.9E-04 2.3E-09 1.3E-15 1.7E-15
-0.5 -0.7 1024 4.2E-01 4.0E-07 3.1E-03 3.0E-09 1.7E-15 3.2E-15
-0.5 -0.7 2048 1.7E+00 4.0E-07 1.0E-02 2.4E-09 2.3E-15 4.3E-15
-0.5 -0.7 4096 6.6E+00 3.9E-07 4.8E-02 2.9E-09 3.1E-15 6.6E-15
-0.5 -0.7 8192 2.6E+01 3.9E-07 1.6E-01 2.4E-09 4.4E-15 1.1E-14
-0.5 -0.7 16384 1.1E+02 3.9E-07 6.2E-01 2.3E-09 6.2E-15 1.5E-14
-0.5 0.2 256 4.6E-02 7.0E-07 1.4E-04 2.1E-09 1.6E-15 1.6E-15
-0.5 0.2 512 1.5E-01 5.8E-07 5.8E-04 2.2E-09 2.7E-15 1.8E-15
-0.5 0.2 1024 5.6E-01 5.3E-07 2.9E-03 2.8E-09 3.4E-15 2.7E-15
-0.5 0.2 2048 2.2E+00 5.2E-07 1.0E-02 2.5E-09 5.9E-15 3.7E-15
-0.5 0.2 4096 8.7E+00 5.2E-07 4.0E-02 2.4E-09 9.0E-15 6.3E-15
-0.5 0.2 8192 3.5E+01 5.2E-07 1.5E-01 2.3E-09 1.7E-14 1.0E-14
-0.5 0.2 16384 1.4E+02 5.2E-07 6.2E-01 2.3E-09 2.1E-14 1.5E-14

0.2 -0.5 256 3.6E-02 5.5E-07 1.5E-04 2.3E-09 3.4E-16 9.5E-16

0.2 -0.5 512 1.2E-01 4.4E-07 6.0E-04 2.3E-09 2.8E-16 1.2E-15

0.2 -0.5 1024 4.2E-01 4.0E-07 3.1E-03 3.0E-09 2.7E-16 2.0E-15

0.2 -0.5 2048 1.7E+00 4.0E-07 1.0E-02 2.5E-09 2.6E-16 3.9E-15

0.2 -0.5 4096 6.6E+00 3.9E-07 3.9E-02 2.3E-09 3.6E-16 4.3E-15

0.2 -0.5 8192 2.6E+01 3.9E-07 1.5E-01 2.3E-09 4.0E-16 9.7E-15

0.2 -0.5 16384 1.0E+02 3.8E-07 6.2E-01 2.3E-09 4.4E-16 1.5E-14

0.2 1.1 256 4 .6E-02 7.1E-07 1.6E-04 2.4E-09 1.5E-15 8.2E-16

0.2 1.1 512 1.5E-01 5.5E-07 6.9E-04 2.6E-09 2.2E-15 2.0E-15

0.2 1.1 1024 5.5E-01 5.2E-07 3.2E-03 3.1E-09 4.2E-15 3.2E-15

0.2 1.1 2048 2.2E+00 5.1E-07 1.5E-02 3.5E-09 6.1E-15 4.0E-15

0.2 1.1 4096 8.6E+00 5.1E-07 3.9E-02 2.3E-09 1.1E-14 6.7E-15

0.2 1.1 8192 3.4E+01 5.1E-07 1.5E-01 2.3E-09 1.8E-14 1.0E-14

0.2 1.1 16384 1.4E+02 5.1E-07 6.1E-01 2.3E-09 2.4E-14 1.3E-14

5.6 7.8 256 4.3E-02 6.6E-07 1.3E-04 2.0E-09 5.7E-15 4.0E-15

5.6 7.8 512 1.4E-01 5.2E-07 5.6E-04 2.1E-09 6.2E-15 4.1E-15

5.6 7.8 1024 5.2E-01 5.0E-07 3.0E-03 2.9E-09 7.1E-15 4.8E-15

5.6 7.8 2048 2.1E+00 4.9E-07 1.3E-02 3.0E-09 8.4E-15 5.3E-15

5.6 7.8 4096 8.2E+00 4.9E-07 3.9E-02 2.3E-09 1.2E-14 8.8E-15

5.6 7.8 8192 3.3E+01 4.9E-07 1.5E-01 2.3E-09 1.4E-14 8.6E-15

5.6 7.8 16384 1.3E+02 4.9E-07 6.1E-01 2.3E-09 2.2E-14 1.3E-14

9.7 5.5 256 3.6E-02 5.5E-07 1.3E-04 1.9E-09 4.7E-16 3.3E-15

9.7 b.5 512 1.2E-01 4.4E-07 6.1E-04 2.3E-09 1.5E-15 3.7E-15

9.7 5.5 1024 4 .4E-01 4.2E-07 3.3E-03 3.1E-09 6.5E-16 5.7E-15

9.7 5.5 2048 1.7E+00 4.0E-07 1.2E-02 2.7E-09 1.0E-15 6.3E-15

9.7 5.5 4096 6.7E+00 4.0E-07 3.9E-02 2.3E-09 1.0E-15 7.2E-15

9.7 5.5 8192 2.7E+01 4.0E-07 1.5E-01 2.3E-09 3.8E-16 1.3E-14

9.7 5.5 16384 1.1E+02 4.0E-07 6.1E-01 2.3E-09 3.8E-16 2.2E-14

Table 2.2: Test results

of the actual transform ¢;.

for the connection between the Laguerre polynomials
{L%a)}neNo and {L%B )}neNo computed with the direct method for different trans-
form sizes n. Shown are the times for pre-computation ¢, and for the computation

Both are also shown after division through the ex-

pected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES and the relative infinity norm error E, are reported.
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o B n tp tp/n® ty tt/n2 B E
-0.5 -0.7 256 9.9E-02 5.9E-09 1.6E-04 2.5E-09 7.9E-16 1.2E-15
-0.5 -0.7 512 6.9E-01 5.1E-09 1.0E-03 3.9E-09 1.1E-15 1.9E-15
-0.5 -0.7 1024 8.1E+00 7.5E-09 2.7E-03 2.6E-09 1.8E-15 3.4E-15
-0.5 -0.7 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 2.1E-15 4.1E-15
-0.5 -0.7 4096 5.5E+02 7.9E-09 5.2E-02 3.1E-09 3.0E-15 6.7E-15
-0.5 -0.7 8192 - - - - - -
-0.5 -0.7 16384 - - - - - -
-0.5 0.2 256 1.1E-01 6.8E-09 1.9E-04 2.8E-09 1.6E-15 1.3E-15
-0.5 0.2 512 6.8E-01 5.1E-09 1.2E-03 4.4E-09 2.7E-15 1.8E-15
-0.5 0.2 1024 8.1E+00 7.6E-09 2.9E-03 2.8E-09 3.2E-15 2.5E-15
-0.5 0.2 2048 6.8E+01 7.9E-09 1.0E-02 2.5E-09 6.1E-15 3.7E-15
-0.5 0.2 4096 5.4E+02 7.9E-09 4 .5E-02 2.7E-09 9.0E-15 6.4E-15
-0.5 0.2 8192 - - - - - -
-0.5 0.2 16384 - - - - - -
0.2 -0.5 256 9.9E-02 5.9E-09 1.6E-04 2.4E-09 2.1E-16 1.1E-15
0.2 -0.5 512 6.8E-01 5.1E-09 1.1E-03 4 .1E-09 2.9E-16 1.3E-15
0.2 -0.5 1024 8.1E+00 7.5E-09 2.9E-03 2.8E-09 1.9E-16 2.6E-15
0.2 -0.5 2048 6.8E+01 7.9E-09 1.0E-02 2.5E-09 2.8E-16 4.2E-15
0.2 -0.5 4096 5.5E+02 8.0E-09 5.2E-02 3.1E-09 4.8E-16 3.5E-15
0.2 -0.5 8192 - - - - - -
0.2 -0.5 16384 - - - - - -
0.2 1.1 256 1.1E-01 6.6E-09 1.6E-04 2.4E-09 1.4E-15 8.2E-16
0.2 1.1 512 6.8E-01 5.1E-09 1.1E-03 4 .2E-09 2.0E-15 1.8E-15
0.2 1.1 1024 8.1E+00 7.5E-09 2.9E-03 2.8E-09 4.0E-15 3.1E-15
0.2 1.1 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 6.1E-15 4.0E-15
0.2 1.1 4096 5.4E+02 7.9E-09 5.2E-02 3.1E-09 1.1E-14 6.5E-15
0.2 1.1 8192 - - - - - -
0.2 1.1 16384 - - - - - -
5.6 7.8 256 1.0E-01 6.2E-09 1.7E-04 2.7E-09 1.7E-15 1.3E-15
5.6 7.8 512 6.8E-01 5.1E-09 1.1E-03 4.1E-09 2.4E-15 1.5E-15
5.6 7.8 1024 8.1E+00 7.5E-09 2.9E-03 2.8E-09 4.1E-15 2.2E-15
5.6 7.8 2048 6.8E+01 7.9E-09 1.0E-02 2.5E-09 6.1E-15 3.6E-15
5.6 7.8 4096 5.5E+02 8.0E-09 4.6E-02 2.7E-09 9.6E-15 6.5E-15
5.6 7.8 8192 - - - - - -
5.6 7.8 16384 - - - - - -
9.7 5.5 256 1.0E-01 6.1E-09 1.7E-04 2.6E-09 4.7E-16 3.0E-15
9.7 b.5 512 6.8E-01 5.1E-09 1.1E-03 4.1E-09 1.6E-15 4.3E-15
9.7 5.5 1024 8.1E+00 7.6E-09 2.9E-03 2.7E-09 3.9E-16 5.9E-15
9.7 5.5 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 1.0E-15 8.5E-15
9.7 5.5 4096 5.5E+02 7.9E-09 4.6E-02 2.7E-09 9.7E-16 7.5E-15
9.7 5.5 8192 - - - - - -
9.7 5.5 16384 - - - - - -

Table 2.3: Test results for the connection between the Laguerre polynomials
{L%a)}neNo and {L%B )}neNg computed with the usmv-direct method for different
transform sizes n. Shown are the times for pre-computation ¢, and for the compu-
tation of the actual transform ¢;. Both are also shown after division through the
expected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES and the relative infinity norm error F., are reported.
For sizes n > 4096 the transformation was not computed due to unacceptably large
computation times in comparison to the direct method; see Table 2.2.
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a 6] n tp tp/n? te te/(nlogn) ES, Ex
-0.5 -0.7 256 4.5E-02 6.8E-07 1.9E-04 1.4E-07 5.2E-16 6.8E-16
-0.5 -0.7 512 8.7E-02 3.3E-07 4.5E-04 1.4E-07 6.2E-16 6.8E-16
-0.5 -0.7 1024 1.8E-01 1.7E-07 1.1E-03 1.6E-07 2.0E-15 1.9E-15
-0.5 -0.7 2048 4.2E-01 1.0E-07 2.3E-03 1.5E-07 1.1E-15 1.7E-15
-0.5 -0.7 4096 1.1E+00 6.5E-08 5.1E-03 1.5E-07 2.7E-15 4.2E-15
-0.5 -0.7 8192 3.1E+00 4.6E-08 1.1E-02 1.4E-07 4.8E-15 1.0E-14
-0.5 -0.7 16384 9.6E+00 3.6E-08 2.3E-02 1.5E-07 5.1E-15 1.0E-14
-0.5 0.2 256 4.8E-02 7.3E-07 2.2E-04 1.6E-07 1.6E-14 3.3E-15
-0.5 0.2 512 8.7E-02 3.3E-07 4.3E-04 1.3E-07 2.1E-14 5.4E-15
-0.5 0.2 1024 1.7E-01 1.6E-07 9.6E-04 1.4E-07 1.8E-14 6.0E-15
-0.5 0.2 2048 4.3E-01 1.0E-07 2.3E-03 1.5E-07 2.6E-14 7.9E-15
-0.5 0.2 4096 1.1E+00 6.5E-08 5.1E-03 1.5E-07 3.9E-14 6.9E-15
-0.5 0.2 8192 3.1E+00 4.6E-08 1.1E-02 1.4E-07 4.1E-14 1.2E-14
-0.5 0.2 16384 9.5E+00 3.6E-08 2.3E-02 1.5E-07 6.0E-14 4.2E-14

0.2 -0.5 256 4.4E-02 6.7E-07 1.9E-04 1.3E-07 9.2E-16 4.1E-15

0.2 -0.5 512 9.0E-02 3.4E-07 4.0E-04 1.2E-07 1.3E-15 7.4E-15

0.2 -0.5 1024 1.8E-01 1.7E-07 9.9E-04 1.4E-07 1.8E-15 1.4E-14

0.2 -0.5 2048 4.2E-01 1.0E-07 2.3E-03 1.5E-07 1.5E-15 1.4E-14

0.2 -0.5 4096 1.1E+00 6.5E-08 5.1E-03 1.5E-07 1.6E-15 1.3E-14

0.2 -0.5 8192 3.1E+00 4.6E-08 1.1E-02 1.4E-07 2.3E-15 1.3E-14

0.2 -0.5 16384 9.6E+00 3.6E-08 2.3E-02 1.5E-07 1.5E-15 1.2E-14

0.2 1.1 256 4.6E-02 7.1E-07 1.9E-04 1.4E-07 4.9E-14 8.5E-15

0.2 1.1 512 8.3E-02 3.2E-07 4.0E-04 1.2E-07 5.0E-14 2.0E-14

0.2 1.1 1024 1.8E-01 1.8E-07 1.0E-03 1.4E-07 8.3E-14 1.6E-14

0.2 1.1 2048 4.3E-01 1.0E-07 2.3E-03 1.5E-07 1.5E-13 1.9E-14

0.2 1.1 4096 1.1E+00 6.5E-08 5.1E-03 1.5E-07 2.2E-13 2.5E-14

0.2 1.1 8192 3.1E+00 4.6E-08 1.2E-02 1.6E-07 3.8E-13 2.6E-14

0.2 1.1 16384 9.6E+00 3.6E-08 2.3E-02 1.5E-07 2.4E-13 b5.1E-14

5.6 7.8 256 4.8E-02 7.3E-07 2.3E-04 1.6E-07 1.3E-11 5.4E-12

5.6 7.8 512 8.4E-02 3.2E-07 4.2E-04 1.3E-07 7.0E-10 1.4E-10

5.6 7.8 1024 1.9E-01 1.8E-07 1.1E-03 1.5E-07 2.9E-09 1.4E-09

5.6 7.8 2048 4.2E-01 1.0E-07 2.3E-03 1.5E-07 1.5E-08 6.0E-09

5.6 7.8 4096 1.1E+00 6.5E-08 5.0E-03 1.5E-07 3.2E-08 1.7E-08

5.6 7.8 8192 3.1E+00 4.6E-08 1.1E-02 1.4E-07 3.2E-07 1.4E-07

5.6 7.8 16384 9.6E+00 3.6E-08 2.3E-02 1.5E-07 3.7E-07 1.5E-07

9.7 5.5 256 4.6E-02 7.0E-07 1.9E-04 1.4E-07 4.3E-07 4.1E-06

9.7 5.5 512 8.4E-02 3.2E-07 4.2E-04 1.3E-07 6.5E-06 4.9E-05

9.7 5.5 1024 1.7E-01 1.6E-07 1.0E-03 1.4E-07 1.6E-05 2.8E-04

9.7 5.5 2048 4.3E-01 1.0E-07 2.3E-03 1.5E-07 3.0E-04 9.0E-03

9.7 5.5 4096 1.1E+00 6.5E-08 5.2E-03 1.5E-07 1.9E-01 1.3E+01

9.7 5.5 8192 3.1E+00 4.6E-08 1.1E-02 1.4E-07 1.9E+02 2.9E+04

9.7 5.5 16384 9.5E+00 3.6E-08 2.3E-02 1.5E-07 6.5E+09 2.3E+12

Table 2.4: Test results

for the connection between the Laguerre polynomials

{L%a)}neNO and {LSF)}neNO computed with the usmv-fmm method with accuracy
controlling parameter p = 18 and arbitrarily large step size s for different trans-
form sizes n. Shown are the times for pre-computation ¢, and for the computation

of the actual transform t;.

Both are also shown after division through the ex-

pected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES, and the relative infinity norm error E., are reported.
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a 6] n tp tp/n? te te/(nlogn) ES, Ex
-0.5 -0.7 256 4.5E-02 6.9E-07 1.9E-04 1.4E-07 5.2E-16 6.8E-16
-0.5 -0.7 512 8.9E-02 3.4E-07 4.1E-04 1.3E-07 6.2E-16 6.8E-16
-0.5 -0.7 1024 1.8E-01 1.7E-07 9.6E-04 1.4E-07 2.0E-15 1.9E-15
-0.5 -0.7 2048 4.3E-01 1.0E-07 2.3E-03 1.5E-07 1.1E-15 1.7E-15
-0.5 -0.7 4096 1.1E+00 6.5E-08 5.1E-03 1.5E-07 2.7E-15 4.2E-15
-0.5 -0.7 8192 3.1E+00 4.6E-08 1.0E-02 1.4E-07 4.8E-15 1.0E-14
-0.5 -0.7 16384 9.5E+00 3.6E-08 2.3E-02 1.5E-07 5.1E-15 1.0E-14
-0.5 0.2 256 4.4E-02 6.8E-07 2.0E-04 1.4E-07 1.6E-14 3.3E-15
-0.5 0.2 512 8.4E-02 3.2E-07 4.1E-04 1.3E-07 2.1E-14 5.4E-15
-0.5 0.2 1024 1.8E-01 1.7E-07 9.7E-04 1.4E-07 1.8E-14 6.0E-15
-0.5 0.2 2048 4.2E-01 1.0E-07 2.4E-03 1.5E-07 2.6E-14 7.9E-15
-0.5 0.2 4096 1.1E+00 6.5E-08 4.9E-03 1.4E-07 3.9E-14 6.9E-15
-0.5 0.2 8192 3.1E+00 4.6E-08 1.0E-02 1.4E-07 4.1E-14 1.2E-14
-0.5 0.2 16384 9.5E+00 3.6E-08 2.3E-02 1.5E-07 6.0E-14 4.2E-14

0.2 -0.5 256 4.8E-02 7.4E-07 2.3E-04 1.6E-07 9.2E-16 4.1E-15

0.2 -0.5 512 8.3E-02 3.2E-07 3.8E-04 1.2E-07 1.3E-15 7.4E-15

0.2 -0.5 1024 1.7E-01 1.6E-07 9.6E-04 1.4E-07 1.8E-15 1.4E-14

0.2 -0.5 2048 4.2E-01 1.0E-07 2.3E-03 1.5E-07 1.5E-15 1.4E-14

0.2 -0.5 4096 1.1E+00 6.6E-08 5.0E-03 1.5E-07 1.6E-15 1.3E-14

0.2 -0.5 8192 3.1E+00 4.6E-08 1.0E-02 1.4E-07 2.3E-15 1.3E-14

0.2 -0.5 16384 9.6E+00 3.6E-08 2.3E-02 1.5E-07 1.5E-15 1.2E-14

0.2 1.1 256 4.8E-02 7.3E-07 2.2E-04 1.6E-07 4.9E-14 8.T7E-15

0.2 1.1 512 8.4E-02 3.2E-07 3.9E-04 1.2E-07 5.0E-14 2.0E-14

0.2 1.1 1024 1.7E-01 1.7E-07 1.0E-03 1.4E-07 8.3E-14 1.6E-14

0.2 1.1 2048 4.2E-01 1.0E-07 2.3E-03 1.5E-07 1.5E-13 1.9E-14

0.2 1.1 4096 1.1E+00 6.5E-08 5.0E-03 1.5E-07 2.2E-13 2.5E-14

0.2 1.1 8192 3.1E+00 4.6E-08 1.1E-02 1.5E-07 3.8E-13 2.6E-14

0.2 1.1 16384 9.5E+00 3.6E-08 2.3E-02 1.5E-07 2.4E-13 b5.1E-14

5.6 7.8 256 7.7E-02 1.2E-06 5.6E-04 4.0E-07 2.7E-14 9.1E-15

5.6 7.8 512 1.5E-01 5.7E-07 1.4E-03 4.5E-07 1.4E-13 2.9E-14

5.6 7.8 1024 3.2E-01 3.0E-07 3.1E-03 4.4E-07 9.3E-14 2.2E-14

5.6 7.8 2048 8.7E-01 2.1E-07 6.6E-03 4.2E-07 4.1E-13 5.5E-14

5.6 7.8 4096 2.3E+00 1.4E-07 1.4E-02 4.1E-07 2.6E-13 6.3E-14

5.6 7.8 8192 6.9E+00 1.0E-07 3.1E-02 4.1E-07 2.3E-13 7.0E-14

5.6 7.8 16384 2.2E+01 8.3E-08 6.8E-02 4.3E-07 1.2E-12 7.8E-14

9.7 5.5 256 1.8E-01 2.7E-06 8.8E-04 6.2E-07 7.1E-16 6.0E-15

9.7 5.5 512 3.7E-01 1.4E-06 2.3E-03 7.3E-07 1.9E-15 1.4E-14

9.7 5.5 1024 7.9E-01 7.5E-07 4.8E-03 6.8E-07 2.2E-15 3.7E-14

9.7 5.5 2048 2.0E+00 4.7E-07 1.0E-02 6.6E-07 2.8E-15 8.3E-14

9.7 5.5 4096 4.9E+00 2.9E-07 2.4E-02 7.0E-07 2.8E-15 1.7E-13

9.7 5.5 8192 1.3E+01 2.0E-07 5.1E-02 6.9E-07 1.9E-15 2.3E-13

9.7 5.5 16384 4.0E+01 1.5E-07 1.1E-01 7.1E-07 1.9E-15 3.6E-13

Table 2.5: Test results for the connection between the Laguerre polynomials
{L%a)}neNO and {LSF)}neNO computed with the usmv-fmm method with accuracy
controlling parameter p = 18 and maximum step size s = 1 for different transform
sizes n. Shown are the times for pre-computation ¢, and for the computation of the
actual transform ¢;. Both are also shown after division through the expected asymp-
totic expression in terms of the transform size n. Furthermore, the component-wise
error ES and the relative infinity norm error E., are reported.
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a B v 6 n tp tp/n? te  ti/(nlogn) ES, Ex
-0.7 2.0-0.9 2.0 256 1.0E-01 1.6E-06 1.4E-04 2.2E-09 1.0E-15 1.1E-15
-0.7 2.0-0.9 2.0 512 3.8E-01 1.4E-06 6.1E-04 2.3E-09 7.4E-16 1.2E-15
-0.7 2.0-0.9 2.0 1024 1.5E+00 1.4E-06 3.0E-03 2.8E-09 8.9E-16 1.1E-15
-0.7 2.0-0.9 2.0 2048 5.9E+00 1.4E-06 1.0E-02 2.4E-09 7.2E-16 1.0E-15
-0.7 2.0-0.9 2.0 4096 2.3E+01 1.4E-06 3.9E-02 2.3E-09 6.1E-16 1.2E-15
-0.7 2.0-0.9 2.0 8192 9.3E+01 1.4E-06 1.7E-01 2.5E-09 6.2E-16 1.3E-15
-0.7 2.0-0.9 2.0 16384 3.7E+02 1.4E-06 6.5E-01 2.4E-09 7.4E-16 1.4E-15
-0.7 2.0 0.0 2.0 256 1.0E-01 1.5E-06 1.4E-04 2.2E-09 1.3E-15 7.4E-16
-0.7 2.0 0.0 2.0 512 3.7E-01 1.4E-06 6.1E-04 2.3E-09 1.2E-15 9.8E-16
-0.7 2.0 0.0 2.0 1024 1.4E+00 1.4E-06 2.7E-03 2.6E-09 9.9E-16 7.5E-16
-0.7 2.0 0.0 2.0 2048 5.8E+00 1.4E-06 1.0E-02 2.5E-09 1.0E-15 7.6E-16
-0.7 2.0 0.0 2.0 4096 2.3E+01 1.4E-06 3.9E-02 2.3E-09 1.1E-15 9.3E-16
-0.7 2.0 0.0 2.0 8192 9.2E+01 1.4E-06 2.0E-01 3.0E-09 1.1E-15 8.6E-16
-0.7 2.0 0.0 2.0 16384 3.7E+02 1.4E-06 6.5E-01 2.4E-09 1.2E-15 8.1E-16

0.0 2.0-0.7 2.0 256 9.3E-02 1.4E-06 1.3E-04 2.0E-09 5.0E-16 6.9E-16

0.0 2.0-0.7 2.0 512 3.4E-01 1.3E-06 6.1E-04 2.3E-09 4.4E-16 1.2E-15

0.0 2.0-0.7 2.0 1024 1.3E+00 1.3E-06 3.0E-03 2.9E-09 7.2E-16 1.0E-15

0.0 2.0-0.7 2.0 2048 5.2E+00 1.3E-06 1.0E-02 2.4E-09 4.0E-16 2.1E-15

0.0 2.0-0.7 2.0 4096 2.1E+01 1.2E-06 3.9E-02 2.3E-09 3.5E-16 3.1E-15

0.0 2.0-0.7 2.0 8192 8.2E+01 1.2E-06 1.7E-01 2.5E-09 4.1E-16 3.0E-15

0.0 2.0-0.7 2.0 16384 3.2E+02 1.2E-06 6.1E-01 2.3E-09 4.1E-16 3.2E-15

0.0 2.0 0.9 2.0 256 9.9E-02 1.5E-06 1.3E-04 2.0E-09 1.1E-15 8.5E-16

0.0 2.0 0.9 2.0 512 3.7E-01 1.4E-06 6.9E-04 2.6E-09 1.7E-15 1.1E-15

0.0 2.0 0.9 2.0 1024 1.4E+00 1.4E-06 3.0E-03 2.9E-09 1.3E-15 9.4E-16

0.0 2.0 0.9 2.0 2048 5.8E+00 1.4E-06 1.0E-02 2.4E-09 1.5E-15 1.0E-15

0.0 2.0 0.9 2.0 4096 2.3E+01 1.4E-06 3.9E-02 2.3E-09 1.6E-15 9.8E-16

0.0 2.0 0.9 2.0 8192 9.2E+01 1.4E-06 2.0E-01 3.0E-09 2.1E-15 1.2E-15

0.0 2.0 0.9 2.0 16384 3.7TE+02 1.4E-06 6.4E-01 2.4E-09 1.7E-15 1.1E-15

5.4 2.0 7.6 2.0 256 1.1E-01 1.7E-06 1.4E-04 2.1E-09 1.7E-15 1.6E-15

5.4 2.0 7.6 2.0 512 4.1E-01 1.6E-06 6.6E-04 2.5E-09 2.0E-15 1.0E-15

5.4 2.0 7.6 2.0 1024 1.6E+00 1.5E-06 3.0E-03 2.8E-09 2.3E-15 1.3E-15

5.4 2.0 7.6 2.0 2048 6.4E+00 1.5E-06 1.0E-02 2.4E-09 2.0E-15 1.6E-15

5.4 2.0 7.6 2.0 4096 2.6E+01 1.5E-06 3.9E-02 2.3E-09 1.8E-15 1.5E-15

5.4 2.0 7.6 2.0 8192 1.0E+02 1.5E-06 2.0E-01 3.0E-09 2.2E-15 1.4E-15

5.4 2.0 7.6 2.0 16384 4.1E+02 1.5E-06 6.4E-01 2.4E-09 2.3E-15 1.8E-15

8.6 2.0 4.3 2.0 266 1.1E-01 1.6E-06 1.4E-04 2.1E-09 1.3E-15 1.4E-15

8.6 2.0 4.3 2.0 512 3.9E-01 1.5E-06 6.1E-04 2.3E-09 2.0E-15 8.3E-15

8.6 2.0 4.3 2.0 1024 1.5E+00 1.4E-06 3.0E-03 2.8E-09 2.0E-15 6.4E-15

8.6 2.0 4.3 2.0 2048 6.0E+00 1.4E-06 1.0E-02 2.5E-09 2.7E-15 5.0E-15

8.6 2.0 4.3 2.0 4096 2.4E+01 1.4E-06 4.2E-02 2.5E-09 1.8E-15 1.3E-14

8.6 2.0 4.3 2.0 8192 9.5E+01 1.4E-06 2.1E-01 3.1E-09 1.4E-15 6.5E-15

8.6 2.0 4.3 2.0 16384 3.8E+02 1.4E-06 6.4E-01 2.4E-09 1.2E-15 1.1E-14

Table 2.6:

Test results for the connection between the Jacobi polynomials

{P,Sa'ﬂ) tnen, and {P,S”’ﬁ)}neNO computed with the direct method for different trans-
form sizes n. Shown are the times for pre-computation ¢, and for the computation
Both are also shown after division through the ex-
pected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES, and the relative infinity norm error E, are reported.

of the actual transform ¢;.
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a B v 6 n tp tp/n? te  ti/(nlogn) ES, Ex
-0.7 2.0-0.9 2.0 256 9.7E-02 5.8E-09 1.6E-04 2.4E-09 4.5E-15 1.8E-15
-0.7 2.0-0.9 2.0 512 6.7E-01 5.0E-09 9.9E-04 3.8E-09 4.3E-15 3.8E-15
-0.7 2.0-0.9 2.0 1024 8.0E+00 7.5E-09 2.8E-03 2.7E-09 1.4E-14 8.1E-15
-0.7 2.0-0.9 2.0 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 1.7E-14 1.8E-14
-0.7 2.0-0.9 2.0 4096 b5.5E+02 7.9E-09 3.9E-02 2.3E-09 5.3E-14 3.2E-14
-0.7 2.0-0.9 2.0 8192 - - - - - -
-0.7 2.0-0.9 2.0 16384 - - - - - -
-0.7 2.0 0.0 2.0 256 9.5E-02 5.7E-09 1.6E-04 2.5E-09 8.9E-15 4.8E-15
-0.7 2.0 0.0 2.0 512 6.7E-01 5.0E-09 1.1E-03 4.1E-09 1.7E-14 1.1E-14
-0.7 2.0 0.0 2.0 1024 8.0E+00 7.5E-09 2.9E-03 2.7E-09 3.9E-14 2.4E-14
-0.7 2.0 0.0 2.0 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 8.7E-14 4.6E-14
-0.7 2.0 0.0 2.0 4096 5.4E+02 7.9E-09 3.9E-02 2.3E-09 1.9E-13 1.0E-13
-0.7 2.0 0.0 2.0 8192 - - - - - -
-0.7 2.0 0.0 2.0 16384 - - - - - -

0.0 2.0-0.7 2.0 266 9.5E-02 5.7E-09 1.8E-04 2.8E-09 6.2E-16 1.4E-15

0.0 2.0-0.7 2.0 512 6.7E-01 5.0E-09 1.0E-03 3.9E-09 b5.8E-16 1.5E-15

0.0 2.0-0.7 2.0 1024 8.0E+00 7.5E-09 2.8E-03 2.7E-09 7.9E-16 1.6E-15

0.0 2.0-0.7 2.0 2048 6.7E+01 7.8E-09 1.0E-02 2.4E-09 6.4E-16 3.4E-15

0.0 2.0-0.7 2.0 4096 5.bE+02 7.9E-09 4.2E-02 2.5E-09 8.0E-16 5.9E-15

0.0 2.0-0.7 2.0 8192 - - - - - -

0.0 2.0-0.7 2.0 16384 - - - - - -

0.0 2.0 0.9 2.0 256 1.0E-01 6.0E-09 1.6E-04 2.4E-09 2.6E-15 1.3E-15

0.0 2.0 0.9 2.0 512 6.7E-01 5.0E-09 1.1E-03 4.1E-09 2.8E-15 1.7E-15

0.0 2.0 0.9 2.0 1024 8.0E+00 7.4E-09 2.9E-03 2.8E-09 2.3E-15 1.7E-15

0.0 2.0 0.9 2.0 2048 6.7E+01 7.8E-09 1.0E-02 2.4E-09 2.8E-15 1.8E-15

0.0 2.0 0.9 2.0 4096 5.5E+02 7.9E-09 3.9E-02 2.3E-09 3.0E-15 1.5E-15

0.0 2.0 0.9 2.0 8192 - - - - - -

0.0 2.0 0.9 2.0 16384 - - - - - -

5.4 2.0 7.6 2.0 256 9.5E-02 5.7E-09 1.7E-04 2.6E-09 1.8E-14 1.1E-14

5.4 2.0 7.6 2.0 512 6.7E-01 5.0E-09 1.1E-03 4.0E-09 3.6E-14 2.0E-14

5.4 2.0 7.6 2.0 1024 8.0E+00 7.5E-09 2.8E-03 2.7E-09 8.9E-14 4.4E-14

5.4 2.0 7.6 2.0 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 1.5E-13 9.1E-14

5.4 2.0 7.6 2.0 4096 5.5E+02 7.9E-09 3.9E-02 2.3E-09 4.5E-13 1.8E-13

5.4 2.0 7.6 2.0 8192 - - - - - -

5.4 2.0 7.6 2.0 16384 - - - - - -

8.6 2.0 4.3 2.0 266 1.0E-01 6.2E-09 1.6E-04 2.5E-09 8.4E-15 3.2E-15

8.6 2.0 4.3 2.0 512 6.8E-01 5.0E-09 1.0E-03 4.0E-09 1.6E-14 4.2E-14

8.6 2.0 4.3 2.0 1024 8.0E+00 7.5E-09 2.9E-03 2.7E-09 3.7E-14 1.1E-13

8.6 2.0 4.3 2.0 2048 6.8E+01 7.9E-09 1.0E-02 2.4E-09 1.3E-13 4.1E-14

8.6 2.0 4.3 2.0 4096 5.bE+02 7.9E-09 3.9E-02 2.3E-09 1.8E-13 5.7E-13

8.6 2.0 4.3 2.0 8192 - - - - - -

8.6 2.0 4.3 2.0 16384 - - - - - -

Table 2.7: Test results for the connection between the Jacobi polynomials
{P,ga'ﬂ )}’I’LENO and {Pf{y’ﬁ )}’HENO computed with the usmv-direct method for dif-
ferent transform sizes n. Shown are the times for pre-computation ¢, and for the
computation of the actual transform ¢;. Both are also shown after division through
the expected asymptotic expression in terms of the transform size n. Furthermore,
the component-wise error ES and the relative infinity norm error E, are reported.
For sizes n > 4096 the transformation was not computed due to unacceptably large
computation times in comparison to the direct method; see Table 2.6.
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a B v 6 n tp tp/n? te  ti/(nlogn) ES, Ex
-0.7 2.0-0.9 2.0 256 5.0E-02 7.6E-07 1.7E-04 1.2E-07 4.3E-15 1.8E-15
-0.7 2.0-0.9 2.0 512 8.7E-02 3.3E-07 3.7E-04 1.2E-07 4.4E-15 3.5E-15
-0.7 2.0-0.9 2.0 1024 1.8E-01 1.8E-07 9.7E-04 1.4E-07 1.4E-14 7.7E-15
-0.7 2.0-0.9 2.0 2048 4.4E-01 1.1E-07 2.5E-03 1.6E-07 1.7E-14 1.9E-14
-0.7 2.0-0.9 2.0 4096 1.1E+00 6.6E-08 5.7E-03 1.7E-07 5.3E-14 3.5E-14
-0.7 2.0-0.9 2.0 8192 3.1E+00 4.7E-08 1.3E-02 1.8E-07 1.8E-13 6.4E-14
-0.7 2.0-0.9 2.0 16384 9.7E+00 3.6E-08 2.7E-02 1.7E-07 1.7E-13 1.3E-13
-0.7 2.0 0.0 2.0 266 5.0E-02 7.6E-07 1.6E-04 1.1E-07 8.9E-15 4.8E-15
-0.7 2.0 0.0 2.0 512 8.8E-02 3.3E-07 3.7E-04 1.2E-07 1.9E-14 1.0E-14
-0.7 2.0 0.0 2.0 1024 1.8E-01 1.7E-07 9.9E-04 1.4E-07 3.8E-14 2.4E-14
-0.7 2.0 0.0 2.0 2048 4.4E-01 1.1E-07 2.5E-03 1.6E-07 8.8E-14 4.6E-14
-0.7 2.0 0.0 2.0 4096 1.1E+00 6.6E-08 5.6E-03 1.7E-07 1.9E-13 9.8E-14
-0.7 2.0 0.0 2.0 8192 3.1E+00 4.6E-08 1.3E-02 1.7E-07 3.8E-13 1.8E-13
-0.7 2.0 0.0 2.0 16384 9.7E+00 3.6E-08 2.6E-02 1.6E-07 7.3E-13 3.9E-13

0.0 2.0-0.7 2.0 266 4.6E-02 7.1E-07 1.4E-04 9.8E-08 8.1E-16 3.1E-15

0.0 2.0-0.7 2.0 512 8.7E-02 3.3E-07 3.6E-04 1.1E-07 8.8E-16 3.6E-15

0.0 2.0-0.7 2.0 1024 1.8E-01 1.7E-07 1.0E-03 1.4E-07 7.9E-16 3.3E-15

0.0 2.0-0.7 2.0 2048 4.4E-01 1.1E-07 2.5E-03 1.6E-07 8.9E-16 4.0E-15

0.0 2.0-0.7 2.0 4096 1.1E+00 6.6E-08 5.6E-03 1.7E-07 8.7E-16 6.1E-15

0.0 2.0-0.7 2.0 8192 3.1E+00 4.6E-08 1.3E-02 1.8E-07 1.1E-15 9.4E-15

0.0 2.0-0.7 2.0 16384 9.7E+00 3.6E-08 2.6E-02 1.6E-07 2.0E-15 2.0E-14

0.0 2.0 0.9 2.0 256 4.5E-02 6.9E-07 1.4E-04 9.6E-08 6.8E-15 2.0E-15

0.0 2.0 0.9 2.0 512 8.8E-02 3.3E-07 3.9E-04 1.2E-07 1.6E-14 4.9E-15

0.0 2.0 0.9 2.0 1024 1.8E-01 1.7E-07 9.4E-04 1.3E-07 2.8E-14 7.5E-15

0.0 2.0 0.9 2.0 2048 4.4E-01 1.0E-07 2.4E-03 1.6E-07 5.2E-14 9.7E-15

0.0 2.0 0.9 2.0 4096 1.1E+00 6.6E-08 5.8E-03 1.7E-07 3.8E-14 2.1E-14

0.0 2.0 0.9 2.0 8192 3.1E+00 4.6E-08 1.3E-02 1.8E-07 7.4E-14 3.0E-14

0.0 2.0 0.9 2.0 16384 9.7TE+00 3.6E-08 2.6E-02 1.6E-07 2.2E-13 4.5E-14

5.4 2.0 7.6 2.0 256 4.7E-02 7.2E-07 1.4E-04 9.6E-08 3.4E-13 3.0E-14

5.4 2.0 7.6 2.0 512 8.9E-02 3.4E-07 3.8E-04 1.2E-07 3.2E-12 1.4E-12

5.4 2.0 7.6 2.0 1024 1.8E-01 1.7E-07 9.9E-04 1.4E-07 1.8E-11 1.1E-11

5.4 2.0 7.6 2.0 2048 4.5E-01 1.1E-07 2.5E-03 1.6E-07 6.5E-10 3.0E-10

5.4 2.0 7.6 2.0 4096 1.1E+00 6.7E-08 5.6E-03 1.7E-07 1.2E-09 6.9E-10

5.4 2.0 7.6 2.0 8192 3.1E+00 4.7E-08 1.3E-02 1.8E-07 8.2E-09 2.7E-09

5.4 2.0 7.6 2.0 16384 9.7E+00 3.6E-08 2.6E-02 1.6E-07 1.2E-08 4.1E-09

8.6 2.0 4.3 2.0 256 4.9E-02 7.5E-07 1.5E-04 1.0E-07 3.1E-08 6.5E-09

8.6 2.0 4.3 2.0 512 9.0E-02 3.4E-07 3.9E-04 1.2E-07 1.9E-07 2.7E-06

8.6 2.0 4.3 2.0 1024 1.8E-01 1.7E-07 9.9E-04 1.4E-07 3.9E-06 3.5E-05

8.6 2.0 4.3 2.0 2048 4.5E-01 1.1E-07 2.5E-03 1.6E-07 2.1E-04 1.9E-03

8.6 2.0 4.3 2.0 4096 1.1E+00 6.7E-08 5.6E-03 1.6E-07 6.6E-03 4.8E-01

8.6 2.0 4.3 2.0 8192 3.1E+00 4.7E-08 1.2E-02 1.7E-07 4.6E+00 1.9E+01

8.6 2.0 4.3 2.0 16384 9.7E+00 3.6E-08 2.6E-02 1.6E-07 1.6E+10 7.5E+09

Table 2.8:

Test results for the connection between the Jacobi polynomials

{P,Ea*ﬁ)}neNO and {P,S”’m}neND computed with the usmv-fmm method with ac-
curacy controlling parameter p = 18 and arbitrarily large step size s for different
transform sizes n. Shown are the times for pre-computation ¢, and for the compu-
tation of the actual transform ¢;. Both are also shown after division through the
expected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES and the relative infinity norm error E, are reported.
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a B v 6 n tp tp/n? te  ti/(nlogn) ES, Ex
-0.7 2.0-0.9 2.0 256 4.5E-02 6.9E-07 1.4E-04 9.6E-08 4.3E-15 1.8E-15
-0.7 2.0-0.9 2.0 512 9.2E-02 3.5E-07 3.6E-04 1.1E-07 4.4E-15 3.5E-15
-0.7 2.0-0.9 2.0 1024 1.8E-01 1.7E-07 1.1E-03 1.6E-07 1.4E-14 7.7E-15
-0.7 2.0-0.9 2.0 2048 4.4E-01 1.0E-07 2.5E-03 1.6E-07 1.7E-14 1.9E-14
-0.7 2.0-0.9 2.0 4096 1.1E+00 6.7E-08 5.7E-03 1.7E-07 5.3E-14 3.5E-14
-0.7 2.0-0.9 2.0 8192 3.1E+00 4.7E-08 1.3E-02 1.7E-07 1.8E-13 6.4E-14
-0.7 2.0-0.9 2.0 16384 9.7E+00 3.6E-08 2.6E-02 1.7E-07 1.7E-13 1.3E-13
-0.7 2.0 0.0 2.0 256 4.7E-02 7.2E-07 1.3E-04 9.4E-08 8.9E-15 4.8E-15
-0.7 2.0 0.0 2.0 512 8.6E-02 3.3E-07 3.7E-04 1.2E-07 2.0E-14 1.0E-14
-0.7 2.0 0.0 2.0 1024 1.9E-01 1.8E-07 9.8E-04 1.4E-07 3.8E-14 2.4E-14
-0.7 2.0 0.0 2.0 2048 4.4E-01 1.0E-07 2.5E-03 1.6E-07 8.8E-14 4.6E-14
-0.7 2.0 0.0 2.0 4096 1.1E+00 6.6E-08 5.6E-03 1.6E-07 1.9E-13 9.8E-14
-0.7 2.0 0.0 2.0 8192 3.1E+00 4.6E-08 1.3E-02 1.8E-07 3.8E-13 1.8E-13
-0.7 2.0 0.0 2.0 16384 9.6E+00 3.6E-08 2.7E-02 1.7E-07 7.3E-13 3.9E-13

0.0 2.0-0.7 2.0 266 4.5E-02 6.8E-07 1.4E-04 1.0E-07 8.1E-16 3.1E-15

0.0 2.0-0.7 2.0 512 9.1E-02 3.5E-07 3.5E-04 1.1E-07 8.8E-16 3.6E-15

0.0 2.0-0.7 2.0 1024 1.8E-01 1.7E-07 9.9E-04 1.4E-07 7.9E-16 3.3E-15

0.0 2.0-0.7 2.0 2048 4.4E-01 1.1E-07 2.5E-03 1.6E-07 8.9E-16 4.0E-15

0.0 2.0-0.7 2.0 4096 1.1E+00 6.7E-08 5.9E-03 1.7E-07 8.7E-16 6.1E-15

0.0 2.0-0.7 2.0 8192 3.1E+00 4.6E-08 1.3E-02 1.8E-07 1.1E-15 9.5E-15

0.0 2.0-0.7 2.0 16384 9.7E+00 3.6E-08 2.6E-02 1.6E-07 2.0E-15 2.0E-14

0.0 2.0 0.9 2.0 256 4.7E-02 7.2E-07 1.4E-04 9.6E-08 6.8E-15 2.0E-15

0.0 2.0 0.9 2.0 512 8.7E-02 3.3E-07 3.6E-04 1.1E-07 1.6E-14 4.9E-15

0.0 2.0 0.9 2.0 1024 1.8E-01 1.7E-07 9.8E-04 1.4E-07 2.8E-14 7.5E-15

0.0 2.0 0.9 2.0 2048 4.4E-01 1.1E-07 2.5E-03 1.6E-07 b5.2E-14 9.7E-15

0.0 2.0 0.9 2.0 4096 1.1E+00 6.6E-08 5.8E-03 1.7E-07 3.7E-14 2.1E-14

0.0 2.0 0.9 2.0 8192 3.1E+00 4.7E-08 1.3E-02 1.8E-07 7.4E-14 3.0E-14

0.0 2.0 0.9 2.0 16384 9.6E+00 3.6E-08 2.6E-02 1.6E-07 2.2E-13 4.5E-14

5.4 2.0 7.6 2.0 256 1.1E-01 1.7E-06 4.5E-04 3.1E-07 1.7E-14 1.2E-14

5.4 2.0 7.6 2.0 512 2.3E-01 8.9E-07 1.4E-03 4.4E-07 3.0E-14 1.7E-14

5.4 2.0 7.6 2.0 1024 5.0E-01 4.8E-07 3.4E-03 4.7E-07 6.2E-14 4.7E-14

5.4 2.0 7.6 2.0 2048 1.3E+00 3.1E-07 7.4E-03 4.7E-07 1.3E-13 7.6E-14

5.4 2.0 7.6 2.0 4096 3.3E+00 2.0E-07 1.6E-02 4.8E-07 3.6E-13 1.5E-13

5.4 2.0 7.6 2.0 8192 9.3E+00 1.4E-07 3.6E-02 4.9E-07 1.2E-12 3.5E-13

5.4 2.0 7.6 2.0 16384 2.9E+01 1.1E-07 7.8E-02 4.9E-07 1.3E-12 6.4E-13

8.6 2.0 4.3 2.0 266 1.8E-01 2.7E-06 9.2E-04 6.5E-07 7.6E-15 5.1E-15

8.6 2.0 4.3 2.0 512 3.8E-01 1.4E-06 2.4E-03 7.6E-07 1.5E-14 2.8E-14

8.6 2.0 4.3 2.0 1024 8.3E-01 8.0E-07 5.3E-03 7.5E-07 3.9E-14 6.0E-14

8.6 2.0 4.3 2.0 2048 2.1E+00 5.1E-07 1.2E-02 7.4E-07 1.3E-13 3.6E-14

8.6 2.0 4.3 2.0 4096 5.5E+00 3.3E-07 2.6E-02 7.7E-07 1.2E-13 2.7E-13

8.6 2.0 4.3 2.0 8192 1.6E+01 2.3E-07 6.0E-02 8.1E-07 5.4E-13 2.0E-13

8.6 2.0 4.3 2.0 16384 4.8E+01 1.8E-07 1.3E-01 8.1E-07 6.3E-13 1.1E-12

Table 2.9: Test results for the connection between the Jacobi polynomials
{P,Ea*ﬁ)}neNO and {P,S”’m}neND computed with the usmv-fmm method with ac-
curacy controlling parameter p = 18 and maximum step size s = 1 for different
transform sizes n. Shown are the times for pre-computation ¢, and for the compu-
tation of the actual transform ¢;. Both are also shown after division through the
expected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES, and the relative infinity norm error E., are reported.
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o B n tp tp /n2 ty tt/n2 B E
-0.2 -0.4 256 4.5E-02 6.9E-07 6.3E-05 9.6E-10 5.7E-16 7.2E-16
-0.2 -0.4 512 1.5E-01 5.6E-07 2.9E-04 1.1E-09 6.5E-16 5.9E-16
-0.2 -0.4 1024 5.6E-01 5.4E-07 1.3E-03 1.2E-09 7.1E-16 7.2E-16
-0.2 -0.4 2048 2.2E+00 5.3E-07 5.3E-03 1.3E-09 6.6E-16 5.7E-16
-0.2 -0.4 4096 8.8E+00 5.2E-07 2.1E-02 1.2E-09 6.5E-16 6.9E-16
-0.2 -0.4 8192 3.5E+01 5.2E-07 7.6E-02 1.1E-09 6.1E-16 1.0E-15
-0.2 -0.4 16384 1.4E+02 5.2E-07 3.0E-01 1.1E-09 6.5E-16 9.7E-16
-0.2 0.5 256 5.0E-02 7.6E-07 6.5E-05 9.9E-10 9.2E-16 8.0E-17
-0.2 0.5 512 1.6E-01 6.2E-07 2.6E-04 9.8E-10 8.5E-16 2.2E-16
-0.2 0.5 1024 6.1E-01 5.8E-07 1.4E-03 1.3E-09 8.5E-16 1.2E-16
-0.2 0.5 2048 2.4E+00 5.7E-07 5.2E-03 1.2E-09 1.0E-15 8.0E-16
-0.2 0.5 4096 9.6E+00 5.7E-07 2.1E-02 1.2E-09 9.1E-16 1.7E-16
-0.2 0.5 8192 3.8E+01 5.7E-07 7.6E-02 1.1E-09 9.0E-16 1.2E-16
-0.2 0.5 16384 1.5E+02 5.7E-07 3.0E-01 1.1E-09 8.9E-16 5.2E-16

0.5 -0.2 256 4 .4E-02 6.7E-07 6.2E-05 9.4E-10 3.8E-16 4.6E-16

0.5 -0.2 512 1.5E-01 5.7E-07 3.1E-04 1.2E-09 3.5E-16 8.0E-16

0.5 -0.2 1024 5.6E-01 5.4E-07 1.7E-03 1.7E-09 4.7E-16 9.2E-16

0.5 -0.2 2048 2.2E+00 5.3E-07 5.2E-03 1.2E-09 4.7E-16 1.1E-15

0.5 -0.2 4096 8.8E+00 5.2E-07 2.1E-02 1.2E-09 5.8E-16 1.0E-15

0.5 -0.2 8192 3.5E+01 5.2E-07 7.6E-02 1.1E-09 3.3E-16 1.2E-15

0.5 -0.2 16384 1.4E+02 5.1E-07 3.0E-01 1.1E-09 3.1E-16 1.6E-15

0.5 1.4 256 5.2E-02 8.0E-07 6.6E-05 1.0E-09 8.9E-16 2.3E-16

0.5 1.4 512 1.7E-01 6.3E-07 2.6E-04 9.8E-10 1.3E-15 8.0E-16

0.5 1.4 1024 6.3E-01 6.0E-07 1.4E-03 1.3E-09 1.1E-15 3.0E-16

0.5 1.4 2048 2.5E+00 6.0E-07 5.0E-03 1.2E-09 1.1E-15 2.1E-16

0.5 1.4 4096 1.0E+01 5.9E-07 1.9E-02 1.1E-09 1.0E-15 1.5E-16

0.5 1.4 8192 4.0E+01 5.9E-07 7.5E-02 1.1E-09 1.2E-15 3.0E-16

0.5 1.4 16384 1.6E+02 5.9E-07 3.0E-01 1.1E-09 1.0E-15 2.7E-16

5.9 8.1 256 5.0E-02 7.6E-07 6.1E-05 9.3E-10 8.5E-16 9.4E-16

5.9 8.1 512 1.7E-01 6.5E-07 2.6E-04 9.9E-10 9.7E-16 3.4E-16

5.9 8.1 1024 6.5E-01 6.2E-07 1.4E-03 1.3E-09 8.7E-16 4.5E-16

5.9 8.1 2048 2.6E+00 6.1E-07 5.3E-03 1.3E-09 1.1E-15 1.0E-15

5.9 8.1 4096 1.0E+01 6.1E-07 1.9E-02 1.1E-09 1.0E-15 2.2E-16

5.9 8.1 8192 4.1E+01 6.1E-07 9.3E-02 1.4E-09 1.1E-15 2.5E-16

5.9 8.1 16384 1.6E+02 6.0E-07 3.0E-01 1.1E-09 1.3E-15 4.9E-16

9.0 4.8 256 5.0E-02 7.6E-07 6.4E-05 9.8E-10 1.1E-15 1.0E-15

9.0 4.8 512 1.6E-01 6.0E-07 2.5E-04 9.4E-10 1.1E-15 7.1E-15

9.0 4.8 1024 6.0E-01 5.7E-07 1.5E-03 1.4E-09 9.7E-16 2.3E-15

9.0 4.8 2048 2.4E+00 5.6E-07 5.3E-03 1.3E-09 9.5E-16 1.7E-15

9.0 4.8 4096 9.4E+00 5.6E-07 2.0E-02 1.2E-09 1.2E-15 3.6E-15

9.0 4.8 8192 3.7E+01 5.6E-07 7.7E-02 1.1E-09 1.1E-15 2.2E-15

9.0 4.8 16384 1.5E+02 5.6E-07 3.0E-01 1.1E-09 1.0E-15 4.5E-15

Table 2.10: Test results for the connection between the Gegenbauer polynomials
{C,(La)}neNO and {C,([8 )}neNo computed with the direct method for different trans-
form sizes n. Shown are the times for pre-computation ¢, and for the computation

of the actual transform ¢;.

Both are also shown after division through the ex-

pected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES and the relative infinity norm error E, are reported.
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o B n tp tp/n® ty tt/n2 B E
-0.2 -0.4 256 3.6E-02 2.1E-09 6.7E-05 1.0E-09 2.4E-15 1.3E-15
-0.2 -0.4 512 1.8E-01 1.4E-09 4 .3E-04 1.6E-09 4 .5E-15 2.4E-15
-0.2 -0.4 1024 1.4E+00 1.3E-09 1.6E-03 1.5E-09 4 .5E-15 4.3E-15
-0.2 -0.4 2048 1.6E+01 1.9E-09 5.2E-03 1.2E-09 1.1E-14 7.7E-15
-0.2 -0.4 4096 1.4E+02 2.0E-09 1.9E-02 1.1E-09 3.1E-14 1.6E-14
-0.2 -0.4 8192 - - - - - -
-0.2 -0.4 16384 - - - - - -
-0.2 0.5 256 3.8E-02 2.3E-09 6.7E-05 1.0E-09 4.8E-15 2.1E-16
-0.2 0.5 512 1.9E-01 1.4E-09 4 .2E-04 1.6E-09 9.5E-15 2.2E-16
-0.2 0.5 1024 1.4E+00 1.3E-09 1.6E-03 1.5E-09 2.6E-14 2.0E-16
-0.2 0.5 2048 1.6E+01 1.9E-09 5.1E-03 1.2E-09 4.6E-14 7.8E-16
-0.2 0.5 4096 1.4E+02 2.0E-09 1.9E-02 1.1E-09 9.1E-14 5.3E-16
-0.2 0.5 8192 - - - - - -
-0.2 0.5 16384 - - - - - -
0.5 -0.2 256 3.6E-02 2.2E-09 6.9E-05 1.0E-09 7.8E-16 8.7E-16
0.5 -0.2 512 1.8E-01 1.3E-09 4 .2E-04 1.6E-09 5.8E-16 1.4E-15
0.5 -0.2 1024 1.4E+00 1.3E-09 1.6E-03 1.5E-09 6.2E-16 9.9E-16
0.5 -0.2 2048 1.6E+01 1.9E-09 5.2E-03 1.2E-09 8.2E-16 2.4E-15
0.5 -0.2 4096 1.4E+02 2.0E-09 1.9E-02 1.2E-09 9.9E-16 2.2E-15
0.5 -0.2 8192 - - - - - -
0.5 -0.2 16384 - - - - - -
0.5 1.4 256 3.5E-02 2.1E-09 7 .5E-05 1.1E-09 1.6E-15 3.2E-16
0.5 1.4 512 1.8E-01 1.4E-09 4 .2E-04 1.6E-09 2.4E-15 1.2E-15
0.5 1.4 1024 1.4E+00 1.3E-09 1.6E-03 1.5E-09 2.2E-15 4.0E-16
0.5 1.4 2048 1.6E+01 1.9E-09 5.1E-03 1.2E-09 2.0E-15 4.2E-16
0.5 1.4 4096 1.4E+02 2.0E-09 1.9E-02 1.1E-09 2.5E-15 4.0E-16
0.5 1.4 8192 - - - - - -
0.5 1.4 16384 - - - - - -
5.9 8.1 256 3.5E-02 2.1E-09 6.2E-05 9.5E-10 1.1E-14 1.0E-14
5.9 8.1 512 1.8E-01 1.4E-09 4 .3E-04 1.6E-09 2.2E-14 5.9E-15
5.9 8.1 1024 1.4E+00 1.3E-09 1.5E-03 1.5E-09 4.9E-14 6.4E-15
5.9 8.1 2048 1.6E+01 1.9E-09 5.0E-03 1.2E-09 9.1E-14 1.2E-14
5.9 8.1 4096 1.4E+02 2.0E-09 1.9E-02 1.1E-09 2.3E-13 4.6E-15
5.9 8.1 8192 - - - - - -
5.9 8.1 16384 - - - - - -
9.0 4.8 256 3.8E-02 2.2E-09 7.8E-05 1.2E-09 1.6E-15 2.7E-15
9.0 4.8 512 1.8E-01 1.4E-09 4 . 2E-04 1.6E-09 1.3E-15 1.6E-14
9.0 4.8 1024 1.4E+00 1.3E-09 1.6E-03 1.5E-09 1.4E-15 4.0E-15
9.0 4.8 2048 1.6E+01 1.9E-09 5.2E-03 1.2E-09 1.8E-15 5.3E-15
9.0 4.8 4096 1.4E+02 2.0E-09 1.9E-02 1.1E-09 1.8E-15 6.7E-15
9.0 4.8 8192 - - - - - -
9.0 4.8 16384 - - - - - -

Table 2.11: Test results for the connection between the Gegenbauer polynomials
{C,(La)}neNO and {C,([B )}neNo computed with the usmv-direct method for different
transform sizes n. Shown are the times for pre-computation ¢, and for the compu-
tation of the actual transform ¢;. Both are also shown after division through the
expected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES and the relative infinity norm error F., are reported.
For sizes n > 4096 the transformation was not computed due to unacceptably large
computation times in comparison to the direct method; see Table 2.10.



2.4. CLASSICAL ORTHOGONAL POLYNOMIALS AND SEMISEPARABLE MATRICES 97

a 6] n tp tp/n? te te/(nlogn) ES, Ex
-0.2 -0.4 256 2.5E-02 3.8E-07 1.7E-04 1.2E-07 2.4E-15 1.4E-15
-0.2 -0.4 512 5.0E-02 1.9E-07 3.8E-04 1.2E-07 4.0E-15 2.3E-15
-0.2 -0.4 1024 1.0E-01 9.7E-08 9.9E-04 1.4E-07 4.4E-15 4.2E-15
-0.2 -0.4 2048 2.7E-01 6.3E-08 3.8E-03 2.4E-07 1.1E-14 7.5E-15
-0.2 -0.4 4096 6.6E-01 4.0E-08 6.9E-03 2.0E-07 3.1E-14 1.6E-14
-0.2 -0.4 8192 1.9E+00 2.9E-08 2.1E-02 2.8E-07 7.4E-14 3.5E-14
-0.2 -0.4 16384 6.1E+00 2.3E-08 3.3E-02 2.1E-07 1.4E-13 6.1E-14
-0.2 0.5 256 2.4E-02 3.7E-07 1.5E-04 1.1E-07 1.1E-14 4.3E-16
-0.2 0.5 512 4.7E-02 1.8E-07 3.7E-04 1.2E-07 1.1E-14 2.0E-15
-0.2 0.5 1024 1.0E-01 9.6E-08 1.0E-03 1.4E-07 2.8E-14 3.7E-16
-0.2 0.5 2048 2.5E-01 6.0E-08 3.8E-03 2.5E-07 4.9E-14 2.0E-15
-0.2 0.5 4096 6.6E-01 4.0E-08 9.1E-03 2.7E-07 9.2E-14 2.8E-15
-0.2 0.5 8192 1.9E+00 2.9E-08 2.1E-02 2.8E-07 2.2E-13 1.4E-15
-0.2 0.5 16384 6.1E+00 2.3E-08 3.3E-02 2.1E-07 4.1E-13 5.5E-15

0.5 -0.2 256 1.9E-02 2.9E-07 1.4E-04 9.8E-08 2.1E-15 4.0E-15

0.5 -0.2 512 4.8E-02 1.8E-07 3.8E-04 1.2E-07 7.6E-16 2.1E-15

0.5 -0.2 1024 1.0E-01 9.9E-08 1.0E-03 1.4E-07 1.3E-15 5.1E-15

0.5 -0.2 2048 2.5E-01 6.1E-08 3.7E-03 2.4E-07 1.3E-15 3.2E-15

0.5 -0.2 4096 6.7E-01 4.0E-08 8.9E-03 2.6E-07 1.4E-15 1.2E-14

0.5 -0.2 8192 1.9E+00 2.9E-08 2.0E-02 2.8E-07 1.9E-15 8.7E-15

0.5 -0.2 16384 6.1E+00 2.3E-08 3.3E-02 2.0E-07 2.4E-15 1.0E-14

0.5 1.4 256 2.4E-02 3.7E-07 1.6E-04 1.2E-07 1.2E-14 9.1E-16

0.5 1.4 512 4.9E-02 1.9E-07 3.6E-04 1.1E-07 8.2E-14 2.3E-15

0.5 1.4 1024 1.0E-01 9.7E-08 9.9E-04 1.4E-07 9.8E-14 6.1E-16

0.5 1.4 2048 2.5E-01 6.0E-08 3.8E-03 2.4E-07 9.8E-14 7.T7E-16

0.5 1.4 4096 6.6E-01 3.9E-08 9.1E-03 2.7E-07 9.2E-14 1.9E-15

0.5 1.4 8192 1.9E+00 2.9E-08 2.1E-02 2.8E-07 1.6E-13 1.5E-15

0.5 1.4 16384 6.1E+00 2.3E-08 3.3E-02 2.1E-07 1.5E-13 5.7E-15

5.9 8.1 256 2.4E-02 3.7E-07 1.7E-04 1.2E-07 4.3E-13 3.7E-13

5.9 8.1 512 5.0E-02 1.9E-07 3.9E-04 1.2E-07 7.4E-12 1.5E-13

5.9 8.1 1024 1.0E-01 1.0E-07 1.1E-03 1.6E-07 1.3E-10 1.3E-12

5.9 8.1 2048 2.6E-01 6.1E-08 3.9E-03 2.5E-07 4.8E-10 1.7E-12

5.9 8.1 4096 6.6E-01 3.9E-08 6.7E-03 2.0E-07 1.5E-09 2.6E-13

5.9 8.1 8192 1.9E+00 2.9E-08 1.6E-02 2.1E-07 6.9E-09 6.3E-13

5.9 8.1 16384 6.1E+00 2.3E-08 3.3E-02 2.1E-07 1.0E-07 1.5E-11

9.0 4.8 256 2.5E-02 3.8E-07 1.8E-04 1.3E-07 5.6E-09 6.4E-09

9.0 4.8 512 4.8E-02 1.8E-07 3.8E-04 1.2E-07 4.9E-09 1.6E-07

9.0 4.8 1024 1.1E-01 1.1E-07 1.1E-03 1.6E-07 2.1E-07 2.5E-06

9.0 4.8 2048 2.6E-01 6.3E-08 3.8E-03 2.5E-07 1.2E-04 3.3E-04

9.0 4.8 4096 6.6E-01 4.0E-08 6.8E-03 2.0E-07 4.5E-03 2.7E-02

9.0 4.8 8192 1.9E+00 2.9E-08 2.0E-02 2.8E-07 4.4E-01 3.1E+00

9.0 4.8 16384 6.1E+00 2.3E-08 3.3E-02 2.1E-07 1.5E+02 3.3E+03

Table 2.12: Test results for the connection between the Gegenbauer polynomials

{C,(f‘)}neNO and {C,(f)}neNo computed with the usmv-fmm method with accuracy
controlling parameter p = 18 and arbitrarily large step size s for different trans-
form sizes n. Shown are the times for pre-computation ¢, and for the computation

of the actual transform t;.

Both are also shown after division through the ex-

pected asymptotic expression in terms of the transform size n. Furthermore, the
component-wise error ES and the relative infinity norm error E, are reported.
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a 6] n tp tp/n? te te/(nlogn) ES, Ex
-0.2 -0.4 256 2.4E-02 3.7E-07 1.7E-04 1.2E-07 2.4E-15 1.4E-15
-0.2 -0.4 512 5.2E-02 2.0E-07 4.6E-04 1.4E-07 4.0E-15 2.3E-15
-0.2 -0.4 1024 1.1E-01 1.0E-07 1.0E-03 1.5E-07 4.4E-15 4.2E-15
-0.2 -0.4 2048 2.5E-01 6.0E-08 3.8E-03 2.4E-07 1.1E-14 7.5E-15
-0.2 -0.4 4096 6.7E-01 4.0E-08 8.9E-03 2.6E-07 3.1E-14 1.6E-14
-0.2 -0.4 8192 1.9E+00 2.9E-08 2.1E-02 2.8E-07 7.4E-14 3.5E-14
-0.2 -0.4 16384 6.1E+00 2.3E-08 4.5E-02 2.8E-07 1.4E-13 6.1E-14
-0.2 0.5 256 2.5E-02 3.7E-07 1.7E-04 1.2E-07 1.1E-14 4.3E-16
-0.2 0.5 512 4.8E-02 1.8E-07 5.3E-04 1.7E-07 1.1E-14 2.0E-15
-0.2 0.5 1024 1.0E-01 9.8E-08 1.0E-03 1.4E-07 2.8E-14 3.7E-16
-0.2 0.5 2048 2.5E-01 6.0E-08 2.9E-03 1.9E-07 4.9E-14 2.0E-15
-0.2 0.5 4096 6.7E-01 4.0E-08 9.0E-03 2.6E-07 9.2E-14 2.8E-15
-0.2 0.5 8192 1.9E+00 2.9E-08 1.6E-02 2.1E-07 2.2E-13 1.4E-15
-0.2 0.5 16384 6.1E+00 2.3E-08 4.5E-02 2.8E-07 4.1E-13 5.5E-15

0.5 -0.2 256 2.4E-02 3.7E-07 1.6E-04 1.2E-07 2.1E-15 4.0E-15

0.5 -0.2 512 4.7E-02 1.8E-07 5.4E-04 1.7E-07 7.6E-16 2.2E-15

0.5 -0.2 1024 1.0E-01 9.7E-08 1.0E-03 1.5E-07 1.3E-15 5.1E-15

0.5 -0.2 2048 2.6E-01 6.2E-08 3.7E-03 2.4E-07 1.3E-15 3.2E-15

0.5 -0.2 4096 6.6E-01 4.0E-08 6.7E-03 2.0E-07 1.4E-15 1.2E-14

0.5 -0.2 8192 1.9E+00 2.9E-08 2.3E-02 3.1E-07 1.9E-15 8.7E-15

0.5 -0.2 16384 6.1E+00 2.3E-08 4.5E-02 2.8E-07 2.4E-15 9.9E-15

0.5 1.4 256 2.5E-02 3.8E-07 1.6E-04 1.1E-07 1.2E-14 9.1E-16

0.5 1.4 512 4.8E-02 1.8E-07 5.4E-04 1.7E-07 8.3E-14 2.3E-15

0.5 1.4 1024 1.0E-01 9.9E-08 1.0E-03 1.4E-07 9.8E-14 6.1E-16

0.5 1.4 2048 2.5E-01 6.0E-08 3.8E-03 2.4E-07 9.8E-14 7.T7E-16

0.5 1.4 4096 6.6E-01 4.0E-08 9.0E-03 2.6E-07 9.2E-14 1.9E-15

0.5 1.4 8192 1.9E+00 2.9E-08 2.1E-02 2.8E-07 1.6E-13 1.5E-15

0.5 1.4 16384 6.1E+00 2.3E-08 4.5E-02 2.8E-07 1.5E-13 5.7E-15

5.9 8.1 256 5.5E-02 8.4E-07 3.4E-04 2.4E-07 1.1E-14 1.1E-14

5.9 8.1 512 1.2E-01 4.4E-07 1.2E-03 3.7E-07 3.5E-14 5.9E-15

5.9 8.1 1024 2.8E-01 2.6E-07 3.5E-03 4.9E-07 8.0E-14 6.4E-15

5.9 8.1 2048 7.2E-01 1.7E-07 1.1E-02 7.1E-07 6.3E-14 1.1E-14

5.9 8.1 4096 1.9E+00 1.2E-07 1.9E-02 5.5E-07 1.7E-13 2.B5E-15

5.9 8.1 8192 5.7E+00 8.5E-08 5.9E-02 7.9E-07 4.9E-13 6.6E-15

5.9 8.1 16384 1.8E+01 6.8E-08 1.3E-01 8.2E-07 7.8E-13 4.3E-15

9.0 4.8 256 7.8E-02 1.2E-06 6.0E-04 4.2E-07 1.1E-15 1.3E-15

9.0 4.8 512 1.9E-01 7.1E-07 2.1E-03 6.6E-07 1.6E-15 1.5E-14

9.0 4.8 1024 4.5E-01 4.3E-07 5.5E-03 7.8E-07 1.3E-15 5.8E-15

9.0 4.8 2048 1.2E+00 2.8E-07 1.8E-02 1.1E-06 1.1E-15 6.5E-15

9.0 4.8 4096 3.2E+00 1.9E-07 4.2E-02 1.2E-06 1.8E-15 2.1E-14

9.0 4.8 8192 9.6E+00 1.4E-07 9.7E-02 1.3E-06 1.9E-15 3.3E-14

9.0 4.8 16384 3.0E+01 1.1E-07 2.2E-01 1.4E-06 2.1E-15 6.5E-14

Table 2.13: Test results for the connection between the Gegenbauer polynomials
{C,(f‘)}neNO and {C,(f)}neNo computed with the usmv-fmm method with accuracy
controlling parameter p = 18 and maximum step size s = 1 for different transform
sizes n. Shown are the times for pre-computation ¢, and for the computation of the
actual transform ¢;. Both are also shown after division through the expected asymp-
totic expression in terms of the transform size n. Furthermore, the component-wise
error ES and the relative infinity norm error E., are reported.
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Figure 2.6: Error measure ES versus the step size s (a) and computation time
ty for a single transformation versus the step size s (b) for the last test case for
Laguerre polynomials reported in Tables 2.2 to 2.5, that is, for the conversion from
the polynomials {LS”)}%NO to the polynomials {L%S'E’)}neNo, at transform size
n = 16384. Shown are the usmv-fmm method with accuracy controlling parameter
p = 18 (solid, black) and the corresponding errors and times for the direct method
(solid, dark gray).
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2.5 The Eigendecomposition of symmetric semiseparable matrices

In this section a divide-and-conquer method to compute the eigendecomposition of
extended symmetric diagonal plus generator representable semiseparable matrices
is reviewed. It is similar to the method for diagonal plus upper or lower generator
representable semiseparable matrices from Section 2.3. Historically though, the
method described in this section was developed earlier by Chandrasekaran and Gu
[9] for symmetric block-diagonal plus (1, 1)-generator representable semiseparable
matrices. Similar techniques also appeared in [60]. In addition to describing the
original algorithm, we also give a simple extension to higher semiseparability ranks.
As before, the divide-and-conquer method will not only allow us to compute eigen-
decompositions explicitly, but also to efficiently pre-compute enough data that al-
lows to apply an n x n eigenvector matrix to any vector with C’)(n lognlog(l/s))
arithmetic operations, instead of the usual O(n?). The reason for this is the same
as before, that is, usage of the fast multipole method to accelerate the calculation
of certain matrix-vector products.

Among the differences to the triangular case is that the divide-and-conquer method
for extended symmetric diagonal plus generator representable semiseparable matri-
ces requires a few extra considerations. To guarantee numerical stability, some
modifications to otherwise straightforward procedures are necessary. We will men-
tion these below as we walk through the procedure.

Any symmetric matrix, and in particular, any extended symmetric diagonal plus
generator representable semiseparable matrix, has real eigenvalues. The spectral
theorem [26, Theorem 8.1.1, p. 393] asserts that a symmetric eigendecomposition
of the form

A=QAQT (2.15)

exists, with an orthogonal eigenvector matrix Q and a real diagonal eigenvalue
matrix A. In the following, we describe the divide-and-conquer method from [9] to
compute the desired eigendecomposition.

2.5.1 Divide-and-conquer method. We first describe the divide-and-conquer
method for symmetric diagonal plus (1, 1)-generator representable matrices A. As
before, in the divide phase, the matrix A is recursively divided into smaller matrices
until these are sufficiently small. In the conquer phase, the eigendecompositions of
these small matrices are successively recombined to obtain the eigendecomposition
of the full matrix A.
Divide phase

Given a symmetric diagonal plus (1, 1)-generator representable semiseparable ma-
trix A = diagd + triu(uv™, 1) + tril(uv?, —1), we would like to write this in the
form of several smaller matrices of the same type. This can be done in the following
way. Take 6 = £1 to be a freely chosen scalar. Split each of the vectors d, u, v into
two vectors with the first |n/2| components in the first vector, and the remaining
components in the second vector. That is, define dy, dg, uy, us, vy, vo and w such

that
a=(a) () =) ()
do uo \P] V2
We can now write A in the form

A, o0 T
A= : 5
<0 A2>+ ww
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where Al and AQ are defined to the symmetric diagonal plus (1, 1)-generator rep-
resentable semiseparable matrices

A = diag (dl - 6diag(u1u1T))+ triu <u1(v1 —suy)”, 1)+tril ((v1 ~ sup)uf, —1) ,
A, = diag (dz - 6diag(vzv2T)) + triu ((u2 — 6va)vD, 1) + tril (vQ(u2 —ova)", 71) .

This result can be easily verified. Each of the matrices Al and Ag may now be
decomposed into a similar pattern.

Conquer phase

In the conquer phase we regroup the subproblems into larger problems. Suppose
that two symmetric diagonal plus (1, 1)-generator representable semiseparable ma-
trices A; and Ao, obtained from the divide phase, have the eigendecomposition

Al =QAQT and A; = QuALQ7,

with the real, diagonal eigenvalue matrices A; and A, and the orthogonal eigen-
vector matrices Q; and Qo, then the matrix A has the representation

T
_(Q O T (Q1 O
A—(O Q. (A+dzz") 0 Q)
where ¢ is defined as it was for the divide phase and A is the diagonal matrix and
z a vector defined by

T
(A1 O _(Q1 O
A_<O Ag) and Z_<0 Q. w.
Suppose that we can efficiently compute the eigendecomposition of the symmetric
rank-one modified diagonal matrix A + §zz" which we write as

A+dzz" =PQPT.
Then we can write the eigendecomposition of the full matrix A as
T
Q O v(Q1 O T . Q O
A= PQP =QNQ", ith Q = P.
( 0 Q 0 Q: QeQ., withQ 0 Q
Similar to the triangular case, it remains to explain how the eigendecomposition
of the symmetric rank-one modified diagonal matrix A +§zzT can be computed,

and how the eigenvector matrix P can be applied efficiently. This is done in the
following.

2.5.2 Symmetric rank-one modified eigenproblem. The problem of deter-
mining the eigendecomposition of a symmetric rank-one modified diagonal ma-
trix A + §zzT was formulated by Golub [25] and subsequently investigated in
[8, 14, 15, 30, 37, 71]. It is valid to assume that all diagonal entries of the diagonal
matrix A are numerically distinct and that all entries in the vector z are bounded
away from zero. If not, one can use the deflation procedure described in [15], e.g.,
with the criterion used in [30], to arrange this. This is an important detail for a
successful implementation, as deflation is often necessary in practical situations.
Moreover, we require that, by permutations, we have ordered the diagonal entries
of A increasingly. The following theorem, restating results found in [25] and [§],
characterizes the structure of the desired eigendecomposition.

Theorem 2.25 Let A be a diagonal matrixz with entries A1 < Ao < --+ < Ap,
z = (21,22,...,zn)T a vector with non-zero entries, and § # 0. Then for the

symmetric rank-one modified diagonal matrizx B = A + §z2T the following results
hold:
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(i) The eigenvalues wy,wa, . . .,wy, of the matriz B satisfy the interlacing property

M<w <A<wy< <A <wp<A\g+0zTz, if§>0,
MAIzTz<w <A <wa <A< <wp <A, ifé<0.

(ii) The eigenvalues wy,ws, ... ,wy of the matriz B are solutions to the secular
equation
n 22
1+5Z,\.] =0. (2.16)
=1

(iii) For each eigenvalue w;, the two corresponding unit-length eigenvectors p;
are given by

i Z2 e Z1 zZ9 z T
=4 — X ; p— .
P <Z (Ai — Wj)2> ()\1 —wj’ Ay — wj An — wj>

=1

The eigenvalues wi,ws, ...,w, of the matrix B can be efficiently obtained as the
zeros of the rational equation (2.16) by using iterative methods; these are described,
e.g., in [8, 57]. The popular subroutine library LAPACK implements the method
described in [57]. A modified C translation was adopted by our own implementation.
The eigenvectors p1, pa, - - -, Pn, have explicit expressions in terms of the entries of
the vector z, the diagonal entries A\; and the eigenvalues w; for j =1,2,...,n.

2.5.3 Efficient application of the eigenvector matrix. Again, an efficient
method is needed to apply the eigenvector matrices P and P~! = PT, obtained
from the symmetric rank-one modified diagonal matrix D + zzT, to an arbitrary
vector. As before in Section 2.3.3, we can observe that the matrices P and P are
Cauchy-like matrices. This allows us to use the FMM to accelerate the calculation
of matrix-vector products to (’)(n log(1/ 5)) arithmetic operations, where ¢ is the
desired accuracy. The last statement should be taken with care as the usual imple-
mentation of the FMM can poorly fail to provide acceptable accuracy. To see this,
notice that the diagonal entries A1, Ao, ..., A, and the eigenvalues wy,wo,...,wy,
can be very close to each other, and that all these quantities can contain rounding
errors. This issue is usually not present in the triangular case. It implies that the
calculation of differences of the form

/\j —w; or )\j+1 — Wy

can be subject to catastrophic cancellations. Therefore, a modification to the FMM
was proposed in [29]. The iterative methods used to find the eigenvalues w; can be
reformulated to return a representation of the form w; = A; +pu; or w; = Aj11 — iy,
respectively. That is, each eigenvalue w; is written as one of the enclosing diagonal
entries, A; or A;i1, plus a possibly small perturbation p;. For the FMM, this
representation is then used to compute all required differences of the form ¢ — w;
with any number c to high relative accuracy. For example, if ¢ = wjt1 = Ajp14+j41
and wj = Aj41 — i, then the difference w;i11 — wj can be obtained as

Wjt1 — WJ = Hj+1 + [y
to high relative accuracy. For the details, we refer the reader to [29].
2.5.4 Complexity of the divide-and-conquer algorithm. The cost analysis
for the whole divide-and-conquer method is identical to that for triangular diagonal

plus generator representable semiseparable matrices; see Section 2.3.4. A factor-
ization of the eigenvector matrix Q into a product of block-diagonal matrices is
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obtained, for example,

Qooo Poo

Q- Qoo1 Poy P, .
t. . PlO P1 ’

Qi1 Py

The divide-and-conquer method needs O(n?) arithmetic operations and an amount
of memory in the order O(n?) to explicitly compute the full eigendecomposition
A = QA QT of the n x n matrix A with plain matrix-vector computations. To
apply the eigenvector matrix Q to a vector takes O(n?) operations. With FMM-
accelerated matrix-vector products, the matrix Q can be multiplied with any vector
using only O(n log nlog(1 /5)) arithmetic operations and an amount of memory in
the same order. Recall also that we never need to setup the matrix Q explicitly.

2.5.5 Generalization to higher semiseparability ranks. We can general-
ize the discussed divide-and-conquer method for symmetric diagonal plus (1,1)-
generator representable semiseparable matrices to higher semiseparability ranks.
The modifications are similar to the triangular case. Any extended symmetric di-
agonal plus (p, p)-generator representable semiseparable matrix A can be written
as
A = diag(d) + triu(UVT, 1) + tril(VUT, —1),

with n X p matrices U and V. The right-hand side may be decomposed into smaller
matrices of the same type. To this end, take a diagonal matrix A = diag(d), built
from a vector § = (61,62, . ..,d,)T with freely chosen entries §; = £1,i =1,2,...,p,
and define vectors di, ds, and matrices Uy, Uy, Vi, V5, and W similarly such

that
[y IASH A (AU,
=) ve(w) veG) v (R0
Then the matrix A may be written as

A=(® )i wawr
0 A,

where A; and A, are defined to the extended symmetric diagonal plus (p,p)-
generator representable semiseparable matrices

A, = diag (d; — diag(U; AUY)) + triu (U (V; — AU)T, 1)

+tril (V1 — AU,)UT, 1),
A, = diag (dz — diag(V2 A V7)) + triu (Uz — A V) V3, 1)

+tril (V2(Us — A V)T, -1).
In the conquer phase, we assume that the eigendecompositions of A, and A, are

A = Q1A1Q1T and A, = Q2A2Q§~
This implies the representation
A= <%1 (32> (A+ZAZT) (%1 &)T,

where A is defined as it was for the divide phase and A is a diagonal matrix and
Z is a matrix defined by

(AL O (Qi 0\"
A_(01 A2> and z_(O1 Qz) W.
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Let the eigendecomposition of the symmetric rank-p modified diagonal matrix A +
Z AZT be written as

A+ZAZT =PQPT.

Then we can write the eigendecomposition of A as

T
Ql 0 T Ql 0 T . Q1 0
A= PQP =QnQT, th Q = P.
( 0 Q 0 Q QeQ with Q 0 Q
(2.17)
It remains to efficiently compute the eigendecomposition of the symmetric rank-p

modified diagonal matrix A + Z A Z". We write this in the equivalent form
A+ZAZT:A—l—élzlle—&—(ngQz;F+---+6szz;£, (2.18)

and use Theorem 2.25 to cheaply obtain the eigendecomposition of the symmetric
rank-one modified diagonal matrix A + 12 z? as

A+6z,27 =P, Q, Py,
Then, (2.18) can be recast into
A—i—élzlzrlF —1—62zzz;F +-~-+5szzg
=P (Q + 62222) + 032323 + - + 6,2, 2, )PT,
where the vectors Zg, Z3, ..., Z, are defined by
7z, = Pl z;, with i = 2,3,...,p.

Now it remains to compute the eigendecomposition of the symmetric rank-(p — 1)
modified diagonal matrix € + 2Zo Z3 + 0373 Z4 + - - - + 0,2y Z; which can be dealt
with recursively. Finally, the eigendecomposition

A+ZAZ"=PQP"=P,P,---P,Q,P P}, .- PT

is obtained, where all the matrices Py, P, ..., P, stem from the eigendecomposition
of successively obtained symmetric rank-one modified diagonal matrices. Each of
these matrices can be applied efficiently with the FMM.

2.6 Classical associated functions and semiseparable matrices

The divide-and-conquer method for the eigendecomposition of extended symmet-
ric diagonal plus (p,p)-generator representable semiseparable matrices from the
last section can be used for the connection problem between classical associated
functions of different orders. Basic results about this problem have already been
observed in Section 1.6.4. More precisely, we can obtain an efficient algorithm to
apply the connection matrices between sequences of (generalized) associated func-
tions of different orders derived from the same sequence of classical orthogonal
polynomials. To this end, the corresponding connection matrices will be shown
to contain eigenvectors of certain explicitly known matrices with a semiseparable
structure.

2.6.1 Connection matrices and semiseparable matrices. Recall that our
goal is to find an efficient algorithm to convert between (generalized) associated
functions of different orders. For example, assume that a function f has a finite

. . . . (a),m .
expansion in associated Laguerre functions {Ly " },eny,u<n Of & certain order m,
ie.,

n
f = ijL§'a))m,

J=n
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with known coefficients x;. We want to compute the coefficients y; in the expansion
n—(u—p)/2 X
f _ Z ij;ot)Jn7
i=h
where {L&fx)’m}neNmﬂgn is another sequence of associated Laguerre functions that
satisfies m + m even and || < |u|; cf. Lemma 1.92. The situation for generalized

associated Jacobi functions is analogous. There, one seeks to compute from an
expansion of the form

n
_ (er.),m,m’
f= %P ’
j=n

with known coefficients z;, the coefficients y; in the expansion
Z" (0.)
_ (a,B),mm’
f - y]P] )
j=h*

Péayﬂ)»mvm/ Pv(laﬂ)vmvml

where { FneNgnr<n and { FneNy,a*<n are two sequences of gen-
eralized associated Jacobi functions such that m + m +m’ + m/ is even, |i] < |ul,
and |7| < |v|; see Lemma 1.94.

Note that associated Laguerre functions and generalized associated Jacobi functions
cover all cases of associated functions treated in this work. Therefore, it is enough
to state results only for these two types of associated functions. All other cases can
be obtained from there. Again, we collect the coefficients z; and y; in two vectors
x and y,

)T

X = (Iu7mu+17"'7$n ) Yy = (yﬁhyﬂ-‘rh"'7yn7(ufﬂ)/2)T7

or
X = (xn*axn*+1a cee axn)Tv y= (yﬁ*»yﬁ*+1a cee 7yn)T

respectively. Then the vector y can be obtained from the vector x by calculating
the matrix-vector product

Y

y = KX,

where K is the rectangular connection matrix between the two respective sequences
of associated functions. For the efficient handling of this conversion, we rely on an
approach similar to that used in Section 2.4 for the connection problem between
classical orthogonal polynomials. A matrix G will be defined that has its properly
scaled eigenvector matrix Q contain the desired connection matrix K as a subma-
trix. It will shown that the matrix G has a semiseparable structure which in turn
allows us to apply the divide-and-conquer method from Section 2.5. This implies a
fast algorithm to apply the (n— % +1)x(n—p+1)or (n—n*)x (n—n*+1) ma-
trix K, respectively, to any vector with O(nlognlog(1/e)) arithmetic operations
instead of O(n?). The matrix G is defined in the following for associated Laguerre
as well as for generalized associated Jacobi functions.

Definition 2.26 Let {Lg{l)’m}neNoyﬂgn be a sequence of associated Laguerre func-
tions with o > —1 which satisfy the hypergeometric-like differential equation

zy"’ (@) + (1+a—a)y'(x) + (n — W) y(z) =0, with y = L™

and which have the corresponding differential operator D™ given by

d? d N p(2(z + @) + p)

()ym _ _ . & _
P xsz (1+a x)dz 4x
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Let {L;a)’m}neNmﬂgn be a different sequence of associated Laguerre functions. Fur-
thermore, denote by (-, -) the inner product with respect to which both sequences

hgla),m _ hgla),fn

of associated functions are orthogonal, and by hﬁf’) = the respective

squared norms. Then the matrix

G(a) sm—h (g(q) ,m—1m

,J

)n*(ufﬂ)/Q
i,=0
is defined by

(), a),m (o),
glem=m (LT, DL )>. (2.19)
2,7 h(a)h(a)
? J

Definition 2.27 Let {P,S”"m’m’m'}nel\,mn@n with a, § > —1 be a sequence of gen-
eralized associated Jacobi functions which satisfy the hypergeometric-like differential
equation

o(2)y" (@) +7(2)y' (@) + (Ao + fuw(@))y(x) =0, with y = P,

and which have the corresponding differential operator Dle,p),m,m’ defined by

d? d
— (@) < ~ fuul@).

D(a:ﬁ)7mvm/ [ PR
o(x) 92

Let {Pysa’ﬁ)’mm tneng,ar<n be a different sequence of generalized associated Jacobi
functions. Furthermore, denote by (-, -) the inner product with respect to which
both sequences of generalized associated functions are orthogonal, and by h, =

hg{l’ﬁ)’m’m = hﬁ?’ﬁ)*m’m the respective squared norms. Then the matriz

is defined by
(@, 8),m,m/ a,B),m,m’ (a,8),m,m/
(P , DB’ (p) )

(a,8),m,m’ —m,m’ _

gi’J
/hz(-aﬁ) h;aﬁ)

As before, we drop superscripts whenever they are clear from the context. The
matrix G can be shown to have eigenvectors that are the columns of the connection
matrix K between the respective two sequences of associated functions. The proof
of the following Lemma is omitted since it is almost identical to that of Lemma
2.19.

Lemma 2.28 Assume that the preconditions of Definition 2.26 or Definition 2.27
hold.  Then the columns of the connection matric K = (Ku, Kut1,...,Kn) or
K = (Kn*, Knt1,- .-, Kn), respectively, between the two sequences of (generalized)
associated functions are eigenvectors of the respective matriz G, i.e.,

(2.20)

GK)j = )\j""'j;

where \; are the eigenvalues from the corresponding hypergeometric-like differential
equation of the target polynomials.

Remark 2.29 Note that the columns of the connection matrix K cannot span all
eigenspaces of the matrix G. This is true since the matrix G is quadratic of size
(n—(p+p)/2+1)x(n—(u+i)/2+1) or (n—n*+1) x (n—n*+1), respectively,
while the matrix K is generally rectangular of size (n — g+ 1) x (n — p + 1) or
(n —n* 4+ 1) x (n — n* + 1), respectively. Therefore, the matrix K has fewer
columns than the matrix G. Missing from the matrix K are the eigenvectors to the
eigenvalues Ay, Aay1, ..., Au—1 OF Ap=, Aa=41,. .., Apx_1, Tespectively.
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Remark 2.30 Lemma 2.28 implies that the matrix G has simple eigenvalues, since
for all associated functions, the values A,, n = 0,1,..., from the hypergeometric-
like differential equation are simple. This is, however, not a requirement for the
divide-and-conquer method from Section 2.5.1.

It remains to derive the explicit expressions for the entries of the matrix G in each
case. Also, the correct scaling of its eigenvectors needs to be determined. The
scaling of the target sequence of associated functions is already encoded in the
matrix G, while the scaling of the source sequence is reflected in the scaling of the
columns of the eigenvectors of G.

2.6.2 Examples. In the following, explicit expressions for the entries of the matrix
G are given for all cases of (generalized) associated functions.

Associated Laguerre functions
Theorem 2.31 Let {L%a)’m}nertgn and {L;")””}%No,ﬂgn with a > —1 be two
sequences of associated Laguerre functions such that m+m is an even number and

neu=i/2 G symmetric diagonal

i < p. Then the corresponding matriz G = (gm)i’j:ﬂ

plus (1,1)-generator representable semiseparable,

G = diag(d) + % (2 + Z:rl;) (triu(uvT, 1) + tril(vu®, —1)) ,

with the vectors d, u, and v given by

. ()2
d=(j+“ ”<4+” “)) :
4 a+ i o

Jj=p
- n—(p—p)/2
u Fj+a+1)
FG—p+1)) ’
J=p
— n—(p—p)/2
vo [ JEU=A+D)
FG+a+1)) ’
Jj=i

),m

PRrROOF. The associated Laguerre functions L satisfy the differential equation

p(2(x +a) 4 p)

iz > y(z) =0, withy= L™

zy"(x) + (1 +a—z)y' (z) + (n -

and similarly the associated Laguerre functions lea),m satisfy
i(2(x +a) + f1)

iz > y(z) =0, withy= Lg{l)’m.

zy’(z) + (1 +a—2)y'(2) + (n -

Thus, the corresponding differential operators are given by

d? d  p2@+a)+pu)

()ym _ _ . = A S R Sk S VA
b T2 (1+a x)da: + 4z ’
. d? d a2z +ao)+5)
D(O‘)’m = —a— — (1 _ R o S A A
T2 (1+a x)dx + 4z ’

and we have

D(a),m _ D(a),ﬁz — ('u’ — ﬂ) (Q(LE + a) tu+ [1’)
4x
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This implies

g = D)
1,7 (h(a)h(a)>1/2
i
LT DO (L (D - Dl (L)
- (@) (@) (0) (@) /2
(nni) (nni™)
B <L5a)7m7p(a),m(L§a):m)> . <Ll(c%)7m7 (#*ﬂ)(2(if;a)+u+ﬂ)L§a),m>
- @) (@) @) (@)
(2

Since the associated Laguerre function L is an eigenfunction of the operator

J
D@ 6 the eigenvalue A;j = j, we verify for the first summand that
(L DMLY AL LU
(a) () ) /2 (o) (0)) /2 o

)™ )

For the second summand, recall the definition of the associated Laguerre functions
(1.6.3), i.e.,

A 1/2
()i __qya (L —A+1) a2 (atn)
L; (=1) < i) /2L ()

which gives

(e (p— u)(2(w4+ ) + pu+ i) L§a>,m>
X

1 <F(i—ﬂ+1)r(j—ﬂ+1)>”2
A\ Tli+1) TG+1)

< [T L @) (0= i+ @)+ ok ) LT )2 da

This shows, that the second summand is symmetric and therefore the matrix G
must be symmetric. To calculate the last integral, we split it into two pieces

/ LE?Z’” (@) (0 — )2z + ) + p+ ﬂ))L;aﬂl) (z) 2T A~ 1e™® da
0
= 2(u— ) / L @) LR (@) e do

0

o0 o & ~
+(u—)Q2a+ p+ ) / LT (@)Lt (2) a2+ A e~ dg
0

i—p
T(i+a+1)
= 2 — i
=51 %
- @at k) [ U@L (@) e e da,
0

For the remaining integral, we assume ¢ < j without loss of generality. We can

use the connection coefficients /ik’j(aﬂl)_’(aﬂl_l) = 1 to expand the polynomials
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Lgfzm (z) and LYf;L“)(x) in the Laguerre polynomials {L£a+ﬂ71)}neNo. By orthog-
onality, this gives

Finally, we use

! rG@+1) °

and obtain

(LEQ)’m, (u—/l)(Q(z;ra)Jru-&-/l) L§a),m>

(@) p (a)
h; " h;
. o 1/2 .
_1<F(z—|—a—|—1)F(g—u—|—1)> <2+,u—u+25“)

A\TG+a+)l6GE—a+1) a+ “ )

This proves the desired representation of the matrix G. O

Generalized associated Jacobi functions

Theorem 2.32 Let {P,(Za’ﬁ)’m’m/}neNO’n*gn and {Py(la’ﬁ)’m’m/}neNo,ﬁ*gn be two se-
quences of generalized associated Jacobi functions, with a, 8 > —1, such that m +
m+m’ +m' is an even number, i < p and U < v. Then the corresponding matriz
G= (gw-)?’j:ﬁ* is extended symmetric diagonal plus (2,2)-generator representable
semiseparable,

. (4 — i) (204 1+ )
G = diag(d) + ot )
(v=0)28+v+7)
4(B+10)

(triu(uy vi, 1) + tril(vy uf , —1))

(triu(ug vy, 1) + tril(vo ug, —1)) ,
with the vectors d, uy, vi, ug, and vy given by

d= (j(j+a+ﬂ+1)

+(2j+a+5+1)<(M—ﬂ)(2a+u+ﬂ) (V—ﬁ)(25+1/+f/)>)”

A(a+ 1) 4B+ D) j=0"
. ((2j+a+,3+l)F(j—ﬁ*+a+ﬂ+1)f‘(j+ﬁ*+a+,3+l)>1/2 !
T TG—n*+ DI —n*+B8+0+1)

j=n*

)

vi— ((2.7'+a+6+1)F(j—ﬁ*+1)F(J—ﬁ*+6+9+1)>1/2 '
! F(j—n*+a+p+0)0(G+a*+a+B8+1)

j=n*
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o — ((2j+04+5+1)r(j—ﬁ*+5+ﬁ+1)1“(j+ﬁ*+a+5+1)>1/2 n
T (~DIT(G —a* + D0 —a* +a+ji+1)

j=n*

. ((1)j(2j+a+ﬁ+1)1“(jﬁ*+1)r(jﬁ*+a+ﬂ+1)>1/2

2 T(j—n*+B+0+1D)I(+n +a+5+1) o
j=n
PRroOF. The generalized associated Jacobi functions ples )ymom’ satisfy the differ-
ential equation

o(z)y"(z) + 7(@)y () + (A + fuw(@)y(@) = 0, with y = PLoOmm

where
O’(:L’):].*{EQ, T(z)=—(a+B+2)xz+ 0 —a, An=nn+a+p+1),

and

 uRoatn)  vEB+Y)
@) = =500y " 20t

Similarly the generalized associated Jacobi functions Py(f"ﬁ )i, satisfy the differ-
ential equation
o(@)y"(x) + 7(x)y () + (A + fup(@))y(z) =0, with y = plep)mm’
Thus, the corresponding differential operators are given by
pedmm o)LL g ),
dz? dz ’

plenii — o) L d g
da? dz M ’

and we have
plap)mm’ _ pla,f)mm

= fﬂ,ﬁ(x) - fu,u(x)
pRatp)  v@B+v)  pRatp)  #(28+9)

2(1 —x) 2(1 4 ) 2(1 —x) 2(1+z)
(=)0 +pu+i) | (v—9)2B+v+9)

2(1 —x) 2(1+x) '
With n* <4, 7, this implies

<Pi(a,ﬁ),m,m ’D((X”B),m,m/ (Pj(a,ﬁ),m,m )>

gis = [P y(eB)
i J

(Pi(“’ﬁ)’m’m/, pla.B)m,m’ (Pj(aﬁ)ﬁhﬁl/ )

<P_(a,5),’rh,m'7 (D(a,B),m,m’ _ D(a,,@),fn,ﬁ/)(Pj(aﬁ)’m,m'»

h(»a’B)h(»a”B)
Vi J

<Pi(0l7/3)»m7m/’ Dla.B)mm,m’ (Pj((!ﬂ)ﬁhﬂ?l/ )

+

h(avﬁ)h(a»ﬁ)
? J

(a,B),1,m’ (p—p)(2a+p+i) (v—0)(284+v+7D) (e, B),1,m"
(P 7(; BICE R s sy )Pj )

h(-a’B)h(-a”B)
\/ g J

_|_
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Since the generalized associated Jacobi function Pj(a’ﬁ)’m’m is an eigenfunction of

the operator D(@A):mm" 4 the eigenvalue Aj =7j(F+a+ B +1), we verify for the
first summand that

<Pi(0‘75)vmvm 7 Dm,m’ (Pj(a’ﬁ)’m7m )>

h(aﬂ)h(aﬁ)

i J

For the second part, we recall the definition of the generalized associated Jacobi
functions (1.44),

PPV (1) = Oy oo (1— )2 (1 4 2)?/2 POHEAHD) (),
with

O g 'n+a+1DI'(n+8+1)
e Fn+1)I(n+a+B+1)

X

1/2
Fn—n*+1)T(n+n*+a+6+1)
Fn—n*4a+ia+)I'(n—n*+B8+0+1) '

This gives
<Pi(°"ﬂ)’ﬁ"m/, (= ) (2o + p + fi) n (v=0)28+v+7) ples) 'y
2(1 —z) 2(1+ ) J
1 ~ ~ ~ ~
(i f+0) (h—p)Ra+p+p)  (v—0)28+v+D)
= Cip,0Cj,0 P,
Cala ijla [1 1—n (.T) < 2(1_:[:) + 2(1+1’)

x PP (1) (1 — 2)° (1 + )P+ da,

j—n*

and shows that this is symmetric. Therefore the matrix G must be symmetric.
Without loss of generality we assume that ¢ < j and start by calculating the integral,

1

a1 U 1 a—+i o N .

Lij = / Pi(_;*ﬂﬁ+ )(x)l Pj(_‘f‘:fyﬁ%- )(1.) (1— x)oz-‘ru(l +x),3+1/ dz
1 -

1
_ (a+p,B+0) (a+p,B+0) _ +a—1 B+D
_ /_1 P9 () pUHiB) () (1 _ g)ati=1(1 4 )5+ dy.
If i = 1*, then the formula 7.391 4. in [27, p. 228] gives

1 ~ A ~ ~ ~ ~
In; = / Po(oz-‘r/iﬁ-‘r'/) (l’)Pj((_y;;f’ﬁ-i—V) () (1— l,)aJrufl(l + x)5+u da
—1

I(j—n*+B+0+1)
T(j+n* +a+p+1)

_ 2a+ﬂ+5+1)r(a + ﬂ)

where we have used that i+ 7 = 2n*. This will be used repeatedly throughout the
rest of this proof. Similarly, if ¢ = j then formula 7.391 5. in [27, p. 228] gives

)

1 o 2 ) .
I = / (Pi(fg*lhﬁJrV)(x)) (1 _ x)a+;L—1(1 + w)ﬁ-&-u da
1

0B P —p+a+p*+ 1) T —A* + B+ +1)
a+ i I —n*+1) Fi+n*+a+p8+1)
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This motivates the hypothesis that I; ; may be written as

1 ~ ~ ~ ~ ~ ~
Ly= [ P D@PLE ) @) (1= 0 (14 2) da

C20TEBT (i — At a4+ a4+ 1) T(j -t + B+ 0+ 1) (2.21)
 atp Fi—-n*+1) TG+n*+a+B8+1) '
which we prove by double induction. For an arbitrary but fixed value of ¢, assume
that (2.21) is true for all integrals I;; j with ¢/ < ¢ and j° > ¢’. The value I;; is
already known, so we calculate I; ;1 by using the three-term recurrence
Pﬁa+ﬂ75+9) (1‘) = (ai_pex — bi,ﬁ*)P(a+ﬂ’ﬁ+l)) (:L') . ci,ﬁ*P,(a+ﬂ’ﬁ+ﬁ)(x)

i—n*+1 i—n* —n*—1

with the coefficients
2i+a+p+1)(2i+a+8+2)

Aj—p* = 577 ——
20— 7 +1)(i + A" +a+B+1)

p . QitatBtDat+p+f+i)ati—F-7)

T (i -+ )i+t +a+ B+ 1)(2i+a+p)

o=t tatpi— At B4 P2t at f+2)

(i—n*+1)(i+n*+a+B+1)(2i+a+p)
satisfied by the Jacobi polynomials {P,EO‘W’B*”(x)}neNO; cf. (1.22). Thus,

1
Ii,i-l-l _ / Pi(f;*uﬁ-i-u) (l')Pi(_(:f_f,éé+u) (1‘) (1 B x)oﬁrufl(l + z)Bﬁ/ da
—1

1
(ot B+9)
= [ P
x ((ai,ﬁ*m — i ) PO (@) — e PLOHOY) (96))

x (1— x)a”‘_l(l + x)'8+[’ dz

1 A 2 - N
= — Qi_p / (P,(at“’ﬁ'W) (:L')) (1 — )1+ 2)P*7 dz
~1

1 R N 2 R N
+ (@ime — bizar) / (Pt (@) (1 = 2)™ 11+ 2) 7 da
—1

1 ~ ~ A~ ~ ~ ~
— G / Pi(f;:'*ﬂﬁ—&-u) (x)Pi(fé;*ﬂ_ﬁl-&-u) (x)(l B x)oﬁ-u—l(l + m)ﬁ-ﬁ-u dz
-1

0FAFBHIHIT(j —* + o+ o+ D)D(i — A% + B+ D + 1)
Qi+a+B+D)Ii—n*+1DI(i+n*+a+6+1)
+ (@i—pr — bimas )i — cimaeIi—1 4.

= Qi—p>

For the last identity, we have used that

. ) 1 . N 2 R .
platinfti) _ / (P(a+”’ﬁ+y)(x)) (1 —2)*TA1 + 2)P7 da
—1

i—n* i
O 20FREBHPHIT (G — At o+ a4+ DI —RF + B+ D+ 1)
it a+ B+ DG -+ DTG+ +a+B+1)
With in the expressions for the coefficients a;_p+, a;—a+ — bj_s+, and the integrals
1; 4, and I;_; ;, this can be simplified to
[ AT —i* a4+ a4+ 1) T(i — A" + B+ D+ 2)
ST T Ti—n*+1) T+ +a+pB+2)
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The general case for a fixed ¢ but arbitrary j > ¢ can be proved by induction. To
this end, fix an arbitrary j > i+ 1. Then

1 ~ A -~ ~ -~ ~
Ii,j _ / P((x—&-u /3+u)( )P(a—w B+D) ($) (1 . x)a#»u,fl(l + x)6+u dz

= —aj a1 / PO (@) P (@) (1= )T (1 4 2)7 7 do
+(aj n*—1 — ] n*— 1)

1 ~ A ~ A~
y / P () Ui ()1 _ yati=l(1 4 )8+ dy

n*—1

— G- n*_l/ Pf‘“‘# ﬁ-i-V) )P(Ot-i-u ﬁ+V)( )1 — x)aJrﬂfl(l + x)ﬁJrf/ da

n*—2

= (@j-p—1 = bj—a—1)lij-1 — cj_n—1li j—2.

Using the induction hypothesis for the integrals I; j_ and I; j_o, this can be sim-
plified to the desired expression

20Tt o+ i+ 1) T(j— A+ B+ 04 1)
a+j LG —n*+1) FG+a*+a+B8+1)

The proof of the formula for the integral I; ; is completed by the outer induction
over i. We obtain the formula

1 ~ ~
. (a+p,B+2) (= )2+ p+ )
CinoCip u[ P () 21— x)
x PP (@) (1= ) (14 )+ da
— gath-1 (1 — ) (2o + p + fi1)

o+ f

(F(i+a+1)F(i+B+1)F(iﬁ*+a+ﬂ+1)F(i+ﬁ*+a+5+1))l/2

TG+ )G tat B —a+ )G - +B+0+1)
( TGi+a+D)I(G+B8+ DTG —a*+ DI —A*+B+0+1) 1/2
)

TG+ +a+B+ )G —a*+a+p+ DTG +ar+a+pf+1
(2.22)

It remains to calculate the integral

CiioCini [ 1 Lot () = Q)ff ﬂﬁ)’/ =
X PR @) (L= 2 T (14 2
o ! D0l (v—
= (-1)’ JCi,li,ﬂCj,ﬂ,ﬁllpi(f;*7 ) 2(1 — z)
) (

PI(B‘AHA”Q‘H})
j—n*

X
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where we have used the identity pld) (x) = (—1)"P7({8’a)(—x); cf. (1.21). This is
obviously analogous to (2.22), so that we obtain

1 A N
CYiion o (Bt+pratp), WV —P)(2B+v+D)
(1) C%,u,vcj,u,u/_l P (z) 201 — )
) (1

x POTDO (g) (1 — 2)°+A (1 + 2)°+ da
_( vimjoatp—1 (V= P)(2B+ v+ D)

AR B+
X(F(i—i—a—i—l)l“(i—i—ﬂ—i—l)l“(i—ﬁ*+B+ﬂ+1)I‘(i+fz*+a+5+l)>l/2
T+ +a+B8+D)0(Gi—na*+D)I(i—n*+a+a+1)

X( FGj+a+D)IG+B+ 10 —a*+ )0 —a* +a+p—+1) )1/2
FrG+rj+a+p+1)IG—n*+8+0+ 1) {+n*+a+8+1)

Finally, we have

(e, B),m,m’ — ) (204 p+fi v—1)(28+v+D) (a,B) 10,10
(P! 7 ((u M2((1—93)M £ 4 ¢ 2((1+I) )Pj )

h(»a”@)h(»a’ﬁ)
\/ ? J

(1 — ) (2a + p + f2)
4o+ f1)

L (Qitat BADIG - +at p+ DI+ +a+F+1) 1/2
Tii—n+ O)I(i—n"+B+0+1)

y ((2j+a+ﬁ+1)r(j—ﬁ*+1)F(j—ﬁ*+B+z>+1)>1/2

FG—-n*+a+p+ )G+ +a+5+1)
(v—0)28+v+7D)
46+ 7D)
y <(2¢+a+5+1)m—ﬁ*+5+a+1)r(¢+ﬁ*+a+ﬁ+1>>l/2
L —a*+ 103G —a* +a+a+1)
y ((2j+a+6+1)r(j—ﬁ*+1)F(j—ﬁ*+a+ﬂ+1))1/2
FrG-—n*+B8+0+1DIG+n*+a+8+1) ’

+ (-1

which completes the proof. O
In the following, we give analogous results for the remaining classes of (generalized)
associated functions. THe proofs are omitted since these can all be derived as
special cases from the results for generalized associated Jacobi functions.

Generalized associated Gegenbauer functions

Theorem 2.33 Let {C’T(La)’m’m/}neNo_,n*Sn and {Cﬁla)’m’m/}neNoyﬁ*gn with o >
—1/2 and a # 0 be two sequences of generalized associated Gegenbauer functions
such that m + 1+ m' + ' is an even number, i < p and v < v. Then the
corresponding matriz G = (g; j); j_s~ is extended symmetric diagonal plus (2,2)-
generator representable semiseparable,

| (4= @)2a+p+p—1)
= d
G = diag(d) + 20+ 2= 1
n (v=—0)2a+v+v—1)
200+ 20 — 1

(triu(us vi, 1) + tril(vy uf, —1))

(triu(ug vy, 1) + tril(vo uy, —1)),
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with the vectors d, ui, vi, ug, and vy given by

d= (j(j +2a)

, (—p)Ra+p+p-1) W—-—0)2a+v+v-1 )”
+(3+a)( a1 271 T a2 1

b
=0

u; =

b

G+ o) — A* +a+ﬂ+1/2)F(j+ﬁ*+2a))1/2
T(Gj—n*+ 1L —a"+ati+1/2)

j=n*

)

(G+a)TG -+ DI —n" +atd+ 1/2))1/2>"

(

vi= (( T(j—n" +a+ i+ 1/2)0( + 2" + 20)
(
{

=i

—_

)j

(- (G+a)(j—a*+a+v+1/2)T( +n* +2a)>1/2>”

T(j— 7+ )I(j — 7" +a+ i+ 1/2)

(=1

Vo =

j(j—l-a)l“(j—ﬁ*+1)1“(j—ﬁ*+a+/l+1/2)>1/2 !
T(j—a*+a+0+1/2)T(+a* + 2a)

j=h

Generalized associated Legendre functions

Theorem 2.34 Let { P }engm=<n and {P7™ ), cny ae<n be two sequences of
generalized associated Legendre functions such that m + m + m’' + ' is an even
number, i < p and U < v. Then the corresponding matric G = (gi,j)ﬁj:ﬁ* is
extended symmetric diagonal plus (2,2)-generator representable semiseparable,

2 ~2

G = diag(d) + K (triu(uy vi, 1) + tril(vy uf , 1))
2 ﬁ2

+1/
40

(triu(ug vy, 1) + tril(vo uy, —1)),
with the vectors d, uy, vi, ug, and vy given by
d=(j(i+1)

(2j+1)r(jﬁ*+ﬂ+1)r(j+ﬁ*+1)>1/2 "
TG~ + DI —a" +o+1)

)

j=n*

I(j—n*+p+ DI+ 0"+ 1) ’

j=n

)

<(2j+1)r(‘j — A+ DI — A +z>+1)>1/2)n
( j(2j+1)r(j—ﬁ*+l9+l)r(j—|—ﬁ*_|_1)>1/2 n
T(j— "+ D0 —n* + i +1)

j=n

(ECELEE IS 1>>”2 "
TG —n* + o+ 100 + 7" +1)

j=n*

Generalized associated Chebyshev functions of first kind

Theorem 2.35 Let {T7"™ }engme<n and {T7™ }cng as<n be two sequences of
generalized associated Chebyshev functions of first kind such that m~+m-+m’+m’ is

an even number, it < p and v < v. Then the corresponding matric G = (gi,j)ﬁjzﬁ*
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is extended symmetric diagonal plus (2,2)-generator representable semiseparable,

_a (n—p)(p+p—1)
G = diag(d) + 1= 2

(v— i)+ —1)
40 — 2

(triu(u; vi, 1) + tril(vqy uf, —1))

+

(triu(uz vy, 1) + tril(vo uy, —1)),

with the vectors d, uy, vy, us, and vy given by

a- (o (WS A | oo D)y

41— 2 4 — 2
uy = (( )7 24T(j — " + 0+ 1/2)T'(j + 7*) )”2 !
: TG —a*+ DI —n*+ p+ 1/2)

)

=

Vi

2i0(j — A" + fu + 1/2)0(j + i*) )1/2 "
TG —a + DI —a + 0+ 1/2)
2j

L'(j

(j— +1)F(j—ﬁ*+z>+1/2)>1/2 "
J— 0+ +1/2)0( +n*) jn*’

T
1

)

Jj=n*

B J2T( = + DTG —a* + o+ 1/2)\ 72"
V2_<<(_1) T — a0+ L/2)TG + #7) ) )

j=n*

Generalized associated Chebyshev functions of second kind

Theorem 2.36 Let {U:Ln"m/}neNo,n*gn and {U:Lﬁ"m/}neNo,ﬁ*gn be two sequences

of generalized associated Chebyshev functions of second kind such that m + m +
m’ + 1 is an even number, i < u and U < v. Then the corresponding matriz

G= (gi’j)ﬁj:ﬁ* is extended symmetric diagonal plus (2,2)-generator representable
semiseparable,

G — diag(d) + (u—ﬂiéu++2ﬂ+1)
(v — i)+ +1)

+ 2 (triu(uz vy, 1) + tril(vo uz, —1)),

(triu(uy vi, 1) + tril(vy uj , —1))

with the vectors d, uy, vi, ug, and vy given by

:(j(j+2)+(2j+2)((M—ﬂ)(u+ﬂ+1) (v - il(/ +V+1)>)]_07

4f+ 2

_ <<2j +2)0(j — " + o+ 3/2)T(j + 7" ”2
W= F(j—ﬁ*+1)1“(j—fz*+z>+3/2
B ((2j+2)r(j—ﬁ*+1)r(j—ﬁ +u+3/2
vi= T(j— " + i+ 3/2)T(j + a*)
= (((cop DTG i i3 i ))”2
’T L(j—a* + 1)I(j — n* + i+ 3/2) e
<(_1)j (25 +2T(j —a* + DI — a* + i+ 3/2))1/2
V2 D(j - + 0+ 3/2)0(j + ) o
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Associated Jacobi functions

Theorem 2.37 Let {Pna ), " eNg u<n and {P Y eNg i<ns With a, B> —1,
be two sequences of associated Jacobi functions such that m +m is an even number
and it < p. Then the corresponding matric G = (gi,j)?,j:ﬂ is extended symmetric
diagonal plus (2,2)-generator representable semiseparable,

G = diag(d) + (= 'Z)SC:_Z;L + 1)
(1 — 1) (2B + p + f1)
4(B + 1)

with the vectors d, uy, vi, ug, and vy given by

(triu(us vi, 1) + tril(vy uf , 1))

+

(triu(ug vy, 1) + tril(vo ug, —1)) ,

d=(j(j+a+B+1)

+(2j+a+B+1)(n U(%%“+“ 2B+“+”)Xﬁ

Ha+@) | A+
(2j+a+ B+ 1T +a+ DI +u+a+ﬂ+1)>1/2 "
FG—p+DIrG+p8+1)

i=h

2]+oz+[3+1)F(j,[L+1)F(j+ﬂ+1))1/2 "
+a+)I'G+a+a+p+1) ru,

TG—a+DI(+a+1)

-
-((
( J2itat B+ )U+ﬁ+DFU+ﬂ+a+B+U)”viﬁ’
- (e

J2itat B+ )F(j—ﬂ+1)r(j+a+1)>1/2>"

rG+p+0)TG+ap+a+6+1) i

Associated Gegenbauer functions

Theorem 2.38 Let {C’fq,a)’m}neNoyugn and {Cﬁla)’m}neNmﬂgn with o > —1/2 and
a # 0 be two sequences of associated Gegenbauer functions such that m + m is an
even number and it < u. Then the corresponding matric G = (givj)Zj:ﬂ s sym-
metric checkerboard-like diagonal plus (1,1)-generator representable semiseparable,

20+ p+p—1

G = diag(d) +2(u — 1) 5 15

(triuc(uv™, 1) + trile(vu™, 1)),
with the vectors d, u, and v given by

20+ p+p—1
d:( 20) + 2 —) ,
(J+2a) +2(j + a)(p — f1) 20t 20 -1 )i

<u+awu+ﬂ+2@>ﬂ2"

PG —pa+1) a

vz<(0+aﬁu—a+n>”j"
L(j + fi + 2a) .

Associated Legendre functions

u

Theorem 2.39 Let {P"}eng u<n and { P} nen, a<n be two sequences of associ-
ated Legendre functions such that m + M is an even number and i < p. Then the
corresponding matric G = (gi’j);”jzﬂ 18 symmetric checkerboard-like diagonal plus
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(1,1)-generator representable semiseparable,

p =i
G = diag(d) + —— (triuc(uv™, 1) + trile(vu™’, 1)),
Q

with the vectors d, u, and v given by

. . p? — fA\n
d=(iU+D+G+1/255)

J=n

= (U+¢uwu+ﬂ+n>”2"
G~ i+ 1) o

v<(0+1ﬂW0ﬂ+D>”jn
L(j+f+1) .

J=h

Associated Chebyshev functions of first kind

Theorem 2.40 Let {T}heng u<n and {T }nen, i<n be two sequences of asso-
ciated Chebyshev functions of first kind such that m + m is an even number and
< p. Then the corresponding matric G = (gi,j)zn,jzﬂ 18 symmetric checkerboard-
like diagonal plus (1,1)-generator representable semiseparable,

i—1
G = diag(d) + 2(u — ﬂ)% (triuc(uv™, 1) + trile(vu™, -1)),
i —

with the vectors d, u, and v given by

) . =1\
s = O
J° 425 (e — 1) 55 —1 Jies

(o))

u

v= (ﬁ@—ﬂ+n)”2"
L@+ 0) -

J=n
Associated Chebyshev functions of second kind

Theorem 2.41 Let {U}neng u<n and {U }nen, a<n be two sequences of associ-
ated Chebyshev functions of second kind such that m + 1 is an even number and
i < w. Then the corresponding matrizc G = (gi,j)ﬁj:ﬂ is symmetric checkerboard-
like diagonal plus (1,1)-generator representable semiseparable,

g+ 1

G = diag(d) + 2(n — )" 21

(triuc(uv™, 1) + trile(vu™, -1)),
with the vectors d, u, and v given by

d=(j(+2)+ 26+ (- L)

2041 Jj=4
= <U+Uru+ﬂ+m>”2”
I'(j—pi+1) n

\%

<<U+DFU—ﬂ+D>an
L(j+ia+2) e

J=i
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2.6.3 Scaling the eigenvectors. The divide-and-conquer method for the eigen-
decomposition of extended symmetric diagonal plus generator representable semisep-
arable matrices is now ready to be applied to the matrices G given in the last
section. But we need to ensure that the columns of the corresponding eigenvec-
tor matrix Q which should be identical to the connection matrix K, are properly
scaled. Recall that from the matrix Q only a certain number of the columns forms
the actual connection matrix K; see Remark 2.29. The rest can be ignored. Unlike
the case for classical orthogonal polynomials, the divide-and-conquer method for
symmetric semiseparable matrices does not allow easy control over specific entries
in the connection matrix. This means that we cannot use the same procedure
to achieve the desired scaling of the eigenvectors that was used in Section 2.4.5.
Therefore, we propose two different methods.

Let us assume, for simplicity, that we want to compute the connection between the
associated Laguerre functions {Lg{l)’m}neNo,nZ# and {L%a)’m}neNo,nZﬂ. Then the
connection matrix K = (k; ;) has its entries

1 *° 7
Kig =y | LT @)LET (@) 2% da
’ e Jo ot !
(2

The submatrix Q of the eigenvector matrix Q, obtained from the divide-and-
conquer method applied to the corresponding matrix G, should be identical to
the connection matrix K, provided that the columns have been scaled properly.
Since we can efficiently compute matrix-vector products involving the matrix Q, or
its transpose QT, we calculate the product

z:QTe1

where e; is the first coordinate vector e; = (1,0,0,...,0)T. If Q is scaled correctly,
then the vector z satisfies

2 = (Kjugus Rt --)

Therefore, if the content of the vector z is known, we can obtain correction factors
that must be applied to each column of the matrix Q to make it identical to
the connection matrix K. This can be easily incorporated into the divide-and-
conquer method at no additional cost for the actual transformation. Analogous
thoughts apply to the generalized associated Jacobi functions and, thus, to all
other remaining types of associated functions.

It remains to show how the connection coefficients x4 ., K4, u+1, ... may be calcu-
lated. Here is the result for the associated Laguerre functions.

Lemma 2.42 Let {Lgf‘)’m}neNO,MSn and {L%a)’m}neNo,ﬂgn, with a > —1, be two
sequences of associated Laguerre functions such that m+m is an even number and
it < p. Then the connection coefficients k. ; for j = p,u+1,... are given by

oo — F(,&+1)F(a+#+1) F(j_ﬂ%)
o= YRy Ta AT VISR AT
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PROOF. Observing that even /i, p imply (—1)#T# = 1, we have

1 o a),m a),m —
Kp,j = —/0 AN (;U)L§ ), (x) %" dx

(o) A
hi
1 ;i TG —pt+D) N [ (at Btn
= + AT a+ T
O (Grrgan) [ A @ e
0 0
(ot E52) ‘ )
_ ( FG—p+1) >1/2 (aotp) (oot )
R \T(a+ 10 +1) 0=
— het < LG —p+1) )1/2 (k)= (et E5)
pe \T(@E+1rG+1)/) 70
T(i+ 1) T(a+ 2 4 1) r(j — e

rigt)  Tatat+l) YIG+DIG - p+1)

O
A similar result for the generalized associated Jacobi functions can be given, but it
turns out that the resulting expression still contains a sum. This makes it inefficient
and possibly unstable to apply the discussed method of scaling. Therefore, we
propose another method to achieve the same result. It is based on the observation
that the columns of the connection matrix K have unit euclidean length if the
corresponding sequences of associated functions are normalized. This can be seen as
follows. Assume that we want to compute the connection between the two sequences
of normalized generalized associated Jacobi functions {P,E‘”’ )’m’m/}neNoymn* and

{Pfla’ﬁ)’m’m }neNg sqx- We define the vectors

x — (Pég,5)>m7m’7 PT(Lgfle,m” ), and y=— (P;(ﬁﬂ)’m7m/’ Pfg?fl),rh,m/, n

and the outer product
X © y = (<$l7 y]>)7

where (-, -) is the inner product with respect to which both sequences of associated
functions are orthogonal. Using that the vectors x and y are related by

y = Kx
and that
xOx'=1I, and yoy' =1,
we find that
K'K =KTyyTK = KTKxx"K"TK = KTKKTK.

This implies KTK = I and the matrix K must have orthogonal columns of unit
euclidean length. The columns of the eigenvector matrix Q can be normalized
at almost no cost in the divide-and-conquer algorithm by normalizing accordingly
every eigenvector matrix that appears during the pre-computation phase. If the
actual sequence of generalized associated Jacobi functions that we want to use is
not normalized, then a final column and/or row scaling to the obtained matrix Q
achieves the desired result. This comes entirely at no additional cost for the actual
transformation.
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2.6.4 Other normalizations. It should be noted that the matrix G as it was
defined for the classical associated functions is not affected by a change to one of
the three normalizations (standard, monic, or normalized) in the involved sequences
of functions. This is contrary to the case for the classical orthogonal polynomials.
The reason for this is that we are only concerned with the connection between
associated functions of different orders that have been derived from the same se-
quence of classical orthogonal polynomials. And these sequences are normalized
with respect to the same norm. For example, the matrix G for the monic associ-
ated Laguerre functions {Eﬁf‘)’m}neNO,nZ# and {E%ﬁ)’m}neNo’nzﬂ is the same matrix
G for the associated Laguerre functions {Lgf‘)’m}neNngM and {L%ﬁ)’m}neNngﬂ.
What changes is only the scaling.

Remark 2.43 Our implementation of the divide-and-conquer method for the con-
nection between classical associated functions of different orders represents work in
progress. However, the method developed in this section may be able to circum-
vent some numerical issues that have been observed in other methods developed
for the same transformation. A more detailed discussion of this topic is beyond the
scope of this text, but two applications where the newly developed method might
be useful are described in Chapter 4.






Chapter 3
Techniques based on the fast multipole method

In the previous chapter techniques were introduced to efficiently compute the con-
nection between classical orthogonal polynomials or classical associated functions.
These were based on the observation that the corresponding connection matrix K
can be represented as the properly scaled eigenvector matrix of a known (triangu-
lar) generator representable semiseparable matrix. Employing divide-and-conquer
methods to compute this eigendecomposition enabled us to apply the connection
matrix K efficiently. The reason for this is that a hierarchical representation of the
connection matrix K is obtained that contains Cauchy-like matrices. These can be
applied efficiently to any vector using the fast multipole method (FMM).

In this chapter, we provide a potentially even more efficient alternative to this
technique. It is based on an FMM-like method that will be applied directly to the
connection matrix K to compute the desired transformation. To enable and justify
this procedure, smoothness results about the entries of the connection matrix K are
needed. This will be restricted to the classical orthogonal polynomials as the explicit
expressions for the connection coefficients between classical associated functions
are too complicated to handle with our methods. For the classical orthogonal
polynomials however, we have explicit expressions which are amenable to a detailed
analysis. More precisely, when two sequences of classical orthogonal polynomials
are “close enough”, we will prove approximation results that will allow the FMM-
like method to be used. For example, to compute the connection between the
Laguerre polynomials {L,({x)}neND and {Lgf )}nENoa we will prove that the desired
approximation result holds whenever |« — 3] < 1. Similar results will be established
for Jacobi and Gegenbauer polynomials. For larger “distances”, that is, when |a —
B] > 1, we can still combine the new method with other results for the connection
coeflicients from Chapter 1 to maintain the efficiency of the method. This will be
done by first computing a transformation from the polynomials {Lﬁf‘)}neNo to an
intermediate sequence {Lif“')}neND. Then, the transformation from {L%a’)}neNo to

the actual target {L%’B )}neNo is calculated. The parameter o is judiciously chosen
such that o — o/ becomes an integer and, at the same time, |o’ — ] < 1 holds.
For the first part of this two-step approach, we can use a number of results from
Chapter 1 to efficiently compute the result, since the respective connection matrices
will be either banded or triangular generator representable semiseparable and can
thus be applied efficiently. Since the bandwidth or semiseparability rank, respec-
tively, depend on the how large | — | is and since ' is chosen such that the
quantities o — 3 and o — o/ are comparable, the arithmetic cost for this step will
be O(\a — B|n), where n is the length of the transformation.

For the second part, the approximation results let us apply the FMM-like method
resulting in an O(nlog(1/¢)) algorithm. In total, an O(n(la — | + log(1/¢)))
method is obtained to compute both parts. With respect to the transform length
n, this is asymptotically faster than the method from Chapter 2, which generally
has a cost of O(|a — B|nlognlog(1/e)).

The rest of this chapter is structured as follows. In Section 3.1 a number of auxiliary
results from approximation theory is given that is needed for the actual analysis.
Section 3.2 shows two ways to obtain the desired approximation results for the
connection coefficients x; ; between Gegenbauer polynomials. This is motivated by
historical reasons. The first technique was employed to compute the connection
between Legendre and Chebyshev polynomials of first kind in [1]. Both sequences

123
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of polynomials can be seen as special cases of Gegenbauer polynomials. These
results were extended by the author in [39] to Gegenbauer polynomials. There,
the original method was modified to fit the more general setting. In addition, a
more powerful and arguably more elegant technique was used to obtain a stronger
approximation result. While this certainly simplified the task of proving similar
results for other types of classical orthogonal polynomials, the actual efficiency of
the numerical method remains unaffected. The stronger theoretical results just put
the numerical method on more solid ground. The analogous results for Laguerre
and Jacobi polynomials are given in Section 3.3. The chapter is concluded by a
number of numerical tests in Section 3.5, that mirror those conducted with the
other methods on the same set of test cases in Section 2.4.6.

3.1 Preliminaries

3.1.1 Chebyshev approximation. A principal method used in this chapter is to
find a good approximation to a function defined on the interval [—1,1]. An efficient
way to do this is polynomial interpolation at the Chebyshev points.

Definition 3.1 Forn € Ny and 0 < ¢ < n, the degree-n Chebyshev points t; and
the corresponding Lagrange polynomials u;(t) on the interval [—1,1] are defined by

ot—t
Lt — 1

i

For functions on an arbitrary interval [a,b], we define a linear mapping ¢ and its

inverse ¢! to transplant these functions from the interval [a,b] to the interval

[-1,1] and vice versa. For technical reasons, the mappings are defined over the
complex numbers.

Definition 3.2 Let [a,b] be an arbitrary non-empty interval on the real line. Then
the linear mappings ¢ : C — C and ¢~ : C = C are defined by

T—a

b—a

Note that ¢([—1,1]) = [a,b] and ¢~*([a,b]) = [~1,1]. Whenever we use the map-
pings ¢ and ¢! later, it will be clear from the context what the borders a and

b are. We are now ready to introduce approximations based on interpolation at
Chebyshev points.

— 1.

o) = Lb—a)(t+1) +a, o~ (x) =2

Definition 3.3 Let f : [a,b] — R be an arbitrary function. Then the degree-n
Chebyshev approxzimation f, : [a,b] — R to the function f is defined by

n

fn(z) = Z F(8(t:) ui(o™ ().

=0

This type of Lagrangian interpolation and the error involved are well understood.
The proof of the following Theorem can be found in [5, p. 120].

Theorem 3.4 Let f : [a,b] — R be a function with n + 1 continuous derivatives.
Then
2(b _ a)nJrl

_ vy (n+1)

The norm on the left hand side is taken over the interval [a,b]. A practical way to
use Theorem 3.4 for a concrete function is provided by the following result. It is
an immediate consequence of the well-known Cauchy integral formula.
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Lemma 3.5 Let z € C be an arbitrary point in the complex plane and let D be a
closed disc around the point z with radius v. If f: D — C is continuous on D and
analytic in its interior, then

r 1 ;
w sup |f(z+ re‘9)| . (3.2)
r 0€[0,2m)

|F™ ()| <

The last result reveals that knowledge about the function f in the complex plane
can be useful although the approximation happens on the real line. Here is a
further classical result for Chebyshev approximations where the complex plane is
rather essential.

Theorem 3.6 Let f : [a,b] — R be analytic in a neighbourhood of the interval
[a,b]. Then ||f — fulloo = O(C™) for some constant C < 1. In particular, if f o ¢
is analytic in the ellipse with foci +1 and semi-major and semi-minor axis length
K >1 and k > 0, we may take C =1/(K + k).

Proofs are found in [5, p. 121], [58, p. 297] and [7, p. 49]. In particular, if f o ¢
has poles in the complex plane, then the rate of convergence of the Chebyshev ap-
proximations is determined by the largest ellipse with foci +1 in which the function
f o ¢ is still analytic. Figure 1(a) shows several ellipses of this type. The following
corollary explains how the exponential rate C' can be calculated if the poles of f
are known explicitly.

Corollary 3.7 Continuing the notation of Theorem 3.6, let (uj,n;) € [0,00) X
[0,27), for j =1,2,... be elliptical coordinates so that z; = cosh(p; +1in;) are the
poles of the function fo@. If z* is the point that corresponds to p* := min; u; then
If = frlloo = O(C™) and the constant C' can be taken as

—1
Cz(a—&—x/oﬁ—l) , where =3 (2" +1]+ " —1]). (3.3)

PRrROOF. Exponential convergence follows directly from Theorem 3.6. The rate C' is
obtained from the sum of the semi-major and semi-minor axis lengths K = cosh p*
and k = sinh p* of the convergence limiting ellipse,

C =1/(K + k) = 1/(cosh p* + sinh p*).

Here, cosh p* is obtained from z* by using cosh u* = (r1+r2)/2s, where 11 = |z*+1|
and 19 = |z* — 1| are the respective distances to the foci, and where 2s = 2 is the
distance between the foci. The semi-minor axis length k = sinh u* is calculated via
sinh p* = v/cosh? p* — 1. O
Theorem 3.4 and Lemma 3.5 were used in [1] to prove approximation results for the
connection coefficients between Chebyshev and Legendre polynomials. Theorem 3.6
opens another way to determine the rate of convergence C' of Chebyshev approx-
imations. It was used for the first time in [39] to prove stronger approximation
results for the connection coefficients between Gegenbauer polynomials.

3.1.2 An auxiliary function. In this section, we define and analyse a function
A(z, A) that will appear throughout the remainder of this chapter.

Definition 3.8 For z € C and A € R, the function A(z,A) is defined by

I'(z+ A)

I(z+1)°

Unless A is an integer, the function A(z, A) is meromorphic with simple poles at
z=—-A,—(A+1),... and zeros at the negative integers. We will only need to

evaluate A(z, A) in its region of analyticity. Figure 1(b) shows the function A(z, A)
for A € (0,1) which will be an important restriction in the analysis to follow.

A(z,A) =
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(b)

Figure 3.1: (a) Ellipses with foci +1 enclosing the interval [—1,1] in the complex
plane for semi-major axis length cosh p = 1.2,1.3,...,2.0. (b) The function A(z, A)
for z € [0,25] and A € (0,1). The special case A = 1 is shown as a thick black line.

Let us establish upper and lower bounds on the modulus |[A(z, A)|. We follow the
rationale in [1] in a more general setting. First, we need the following result on the
logarithm of the Gamma function I'(z). A proof is found in [56, p. 11].

Lemma 3.9 Let z € C, Rez > 0. Then

In 27w

InT(z) = (z—3)Inz—2+ + I(2),

where

1
GEN

The last result enables us to obtain the desired bounds on the modulus |A(z, A)|.
Lemma 3.10 Let z € C, Rez > ; — A with A € (0,1). Then

Moreover, one has |I(z)| <

o—1/(6| Re z+A|) A A ol/(6| Re z4+A[)+1-A
_— < , <
|z +1]1-2 |A(z, A)| |z 4+ 1]1-4

(3.4)

ProOOF. We prove the equivalent inequalities

1

1
—— < In|A(z,A 1-A)1 1 —  +1-A.
6|Rez—|—A\<n| (z,A) +( Ynjz +1| < +

6| Rez + A
Lemma 3.9 allows us to write the expression In|A(z, A)| as
In|A(z,A)] = Re(F(z,A)) + (1 — A)(1 —In|z + 1]) + Re(Q(z, A)),

where

z+ A

F(z,A) = (Z+Aé)ln<z+1

>, Q(z,A):=I(z+A)—1(z+1).
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Taking a closer look at the function Q(z, A), we note that 0 < 1 — e t1=28) <1
and 0 < ( L _ % + %)% for every t > 0. The latter inequality is true since

et—1

oo

1 1 1\1 1
o4 )=V -
(et—l t+2)t Zt2—i—4772k;2

k=1

as shown in [47, p. 378]. We conclude that
[Re(Q(z,4))] < |Q(z,A) = [I(z + &) = I(z + 1)

(1 L OINT hn —t(1-A)
/0 (et—l_t+2)te (1-e )

> 1 1 1y 1 —t(Rez+A)
< ) dt
/0 (et —1 7t 2) £

=I(Rez+A)
1

. —

~ 6|Rez+ A

Our second goal is now the estimate —1 + A < Re(F(z,A)) < 0. First, we write

z+ A z+1 1-A 1
=-1 =—In|1 =— [ ——d
n<z+1) n(z—i—A) n( +Z+A> /Ll+w 0
where L denotes the straight line connecting the origin with the point 2y := ;—2 in
the complex plane. Since Rezg = (1 — A)Re(z +A)/|z + A|?> > 0, we can estimate
1 1-A
< z+A/ | dw| < |z + Al =1 A,
)bl aw <oy

z+ A
(ZJFAé)ln(z—i—l

where we have used |2+ A — 1| < [z4+A|, [(1+w)"!| <1 and |L| = |2|. It remains
to show that the real part of F(z, A) is negative. This follows from

Re(F(z,A)) = — (Re(z) + A — 1) In |1 + 20| 4+ Im(2) arg (1 + 20),

<0 <0

using that sign(arg z) = — sign(arg(1 + 2¢)). O
Under a moderate restriction, a somewhat simpler bound is obtained.
Corollary 3.11 Under the assumptions of Lemma 3.10 and if further Rez > %,
it 1s true that

e 9%7

For A = 1 the estimate is slightly tighter than Lemma 2.4 in [1, p. 161].

A

Wl

< |A(z,A)] < (3.5)

3.2 Gegenbauer polynomials
By Theorem 1.65 on page 30, the connection coefficients between the monic Gegen-

bauer polynomials {C’,(La)}neNo and {C’flﬁ)}neNO are given by

de _ 1 2T+ )T+ )T (S +a=8) T(5+
" Na=p)2 T(i+1) T'(j+a) T(F+1) T(F+6+1)

with 7 4 j even and 7 < j, and K; ; = 0 otherwise. By using that

JACY 2nT(n + «)

n

)

o =
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we obtain the connection coeflicients r; ; for the standard normalisation,

@@= _ TBG+8) TlF+a—-p) T +a)

" T8 TG D) T A+ (3:6)
_ LGB (=i, I g o
_r(a)r(aﬁ)A< 2 ﬁ)A( 7 h 6)

In the following, we will analyse the expression for the Gegenbauer polynomials
in the standard normalisation. This, however, does not mean that the following
results in their entirety would only apply to this particular normalisation. Apart
from a number of rather unimportant multiplicative constants, the results have
counterparts for any other normalisation.

3.2.1 Smoothness of the connection coefficients. From (3.6) it can be seen
()=(B)

that the connection coeflicients x; p can be interpreted as samples at the pos-

itive integers x = i and y = j of a bivariate function f(®=®) : R? — R that is
defined by

py@—@ _ LBG+H) \(y—z yte oo
few) ot (e #)a (5T +aans). 6

An important observation is that the function f(®=) may be split into the prod-
uct of a number of expressions that either depend only on one of the two arguments,
x and y, or on both. For example, in above formula, the expression

LB)(y+8)
L) (e — )
only depends on y, but not on x. For reasons to become clear in the next section,
the approximation results that we need are only required for the parts where both,

z and y, enter together. Therefore, in the following, the function f(®)—®#) : R2 s R
defined by

Fan @@ = (Y5 a-p)a (L4 sa-5) ()

will be considered instead of the function f(®)=(¥), Let us now assume that |a— 3| <
1. In this case, the connection matrix K(® =) = (x(®)=()) has its non-vanishing
entries in the upper right triangular part which do not vary much among rows

E?‘“ﬂ ) are samples of the function

f@=B) (2, y), which contains the part given by the function fle)= () (z,y) that is
smooth whenever y — z is bounded away from zero by a certain constant. This can
be quantified and exploited numerically. If the function f (@)=B)(,y) is smooth,
it is well approximated by interpolation a Chebyshev nodes. To handle the smooth
regions, we need the following definition.

Definition 3.12 A square S C R x R, defined by the formula S = [zg,zo + ] X
[Yo, Yo + ¢] with a constant ¢ > 0, is said to be well-separated if yo — x9 > 2c.

and columns. More precisely, these entries

We prove now a generalised form of Theorem 3.2 from [1, p. 164] which Alpert
and Rokhlin used as the principal tool to analyse approximations to the function
=B (z,y) (or f(o‘)_’(ﬁ)(x,y)) for the case a = %, B =0, and vice versa. Since
the cases where @ = 0 or § = 0 are undefined in the standard normalisation of
Gegenbauer polynomials, this needs rescaling. Here, we stick with the standard
normalisation and note that a different scaling of source and target polynomials
can be incorporated later. This is also briefly explained in the next section. The
assertion of the following result is that the function f(®=®)(z y) can be well
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approximated by a Chebyshev approximation in z or y on any well-separated square

S.

Theorem 3.13 Let S = [z, xo+c| X [yo, Yo+c| with ¢ > 4 be a well-separated square
with xo,y0 > 0 and let (x,y) be an arbitrary point in S. Furthermore, denote by

fr(ta)é(’g)( -, y) and f,(la)ﬂ(ﬁ) (z, -) the degree-n approzimations to the slice functions
f=B)( y) and f( 7B (2, -) on the intervals [xo, 20 + c] and [yo,yo + c] based
on interpolation at Chebyshev points, respectively. If 0 < a — 3 < 1, then

2

o B8 o B
IFO=O ) = FOO (e <

2

Similarly, if 0 < 8 —a < 1, then

an
02/3 (

2e

3
2e

3

) 2(1-‘1-[3—04)
) 2(1+B70¢)

()= (8) ()= (9) 2o (2)*7
7O ) = FO Ol < oz (5)
o o 2 %2 2(B—a)
1O~ ®) (g, ) = FO=B) (g, | < 3n+262/3 (3) ’
where the norm || - || is taken over the intervals [zo,xo + ] and [yo,yo + cl,
respectively.

PRrROOF. We prove only the first estimate since the reasoning for the other cases is
virtually identical. Take 6 € [0,27) and consider (3.7) which gives

_ 3 .
’f(“)ﬁ(m (x + 5y —w)e”, y) ‘

= ’A(y_x—3(y—x)eie,a—6>"A<y+x+3(y—x)ei0+ﬁ,a—ﬁ)‘.

2 8

2 8

Now, notice that since xq,y9 > 0, and yg — g > 2¢ > 8, we have

Yy>yYo>2c>8 and y—x>c>4

Therefore, with § > —1/2, we get

y—x 3 " y—x

— — — > >

Re< 3 8(y x)e)_ g 2

+ 3 : + 7
Re<y2x+8(y—x)e19+,8)2y8x+

1
2’

b >

1

3"

The assumption that 0 < o — 8 < 1 then allows to apply the inequality (3.5) to

obtain

‘f(‘*“(ﬁ) (fv + %(y - x)e“’,y> '

e§+2(1+ﬁ—a)

<

(52 + (= 45 +1)

TN
2/3
< .

)1-‘1-,3—0( :
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The Cauchy integral estimate (3.2) used in conjunction with the last expression
and the fact that y — xz > ¢ gives
5n+1f(a)ﬂ(6)( )

9+l (3.9)

(n+ 1)+t o (4e? e
3n+1cn+1 ? :

Finally, the inequality (3.1) leads to the estimate
2(14+-8—a)
- ~ 2 2e
()=(B) (. _ fl)=(B) (. _Z e23 =
O N e )

This proves the first inequality. Similarly, one can show that

‘f‘(a)%(ﬂ) (x,y + Z(y _ m)ew)

est2(1+6—a)

<
(252 +1) (272 4 g 1)) 77"

2(14+8—a)
2e
2/3
< J—

and by the same reasoning as before we get

F(o)— (8) F(@)—(8) 2 gy (20) 707
FO O, ) = OO, e < gl (20 .

If 0 < B — o < 1, we write the function f(®)=®)(z y) in the equivalent form
1
(45 +a=B8) (45 +5)

><A<y;x,1+aﬂ>A<y;x+ﬂ,l+aﬂ).

f(a)*(ﬂ)(x’ y) =

Then we get
o 3 i
'f( )= @) <x+ 4(y—x)ca,y>‘

1 ’ e3t2(8—a)

Gra=fuEml (5 1) (s s+) "

1 2(B—a)
< e?/3 %
3 3

<

and

'f(oc)%(ﬁ) <x,y + Z(y _ x)ew) ‘

1 e3t2(8—a)

‘(24—(1—5)(4"‘5)’ (52 +1) (2 4 g+ 1))""

1 2 2(B—a)
< Ze?/3 (e) ,

<

3 3

which in conjunction with (3.1) imply the desired error estimates. O
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Are the bounds of Theorem 3.13 the best we can get? Numerical results indi-
cate that this might not be the case: Alpert and Rokhlin [1, p. 165, Remark 3.3.]
state for their theorem: “Estimates (3.1)-(3.4) in Theorem 3.2 are quite pessimistic.
Numerical experiments indicate that the errors in those estimates all decay approx-
imately as 5%, as opposed to 37%.” We can give a new theorem that allows us to
obtain the optimal rate. The rate is optimal in the sense that a better rate cannot
hold uniformly for all admissible choices of «, 8, xq, yo and c.

Theorem 3.14 Let S = [xo,z0 + ¢| X [yo,Yo + ¢| be a well-separated square with
Zo,Yo > 0 and ¢ > 1. Furthermore, let (x,y) be an arbitrary point in S and assume
that 0 < oo — B < 1. Then

IF@=O (- y) = FO= Py = O (34 VE) "),

IF@" O, ) = FOO e, Yoo = O((34+VE) ).
Similarly, if 0 < 8 —a < 1 and ¢ > 4, then

IF@=O (- y) = FO= Pyl = O((24 V) "),

17O, )~ F7 O, e = 0((24+ V) ).

PROOF. Let us first assume 0 < a— < 1. The plan is to invoke Theorem 3.6 for the
function f(®)=®)(. y) on the interval [z, o+¢] and for the function f(@)=®) (g, .)
on the interval [yo, yo + ¢], respectively. It can be seen from (3.8) that the function
f(“)”(ﬁ)( -,y) has poles at the points

r=y+2k+2(a-p) and z=-y—2k-—2q,
where k € Ny. Consequently, the function ¢ : [-1,1] — R defined by

g(-) = FI7P((-),y)
has poles at the points

ok +a— f) — k+a—

s (y+2(k+a— ) =24 E X +‘Z f) “’”0—123+4y>3,
2

s (—y—2k+a)) = 24T kta)tmo o 5 ykte_ 4

c

The first bound is sharp since y may be equal to yg and ¢ can be taken arbitrarily
large. The second bound is also sharp, since k& might be zero and « can also
be taken arbitrarily close to —1/2. Therefore, the points z = +3 determine the
convergence limiting ellipse. Using (3.3), the convergence rate C' of Chebyshev
approximations to the function ¢ is then calculated as C' = 3 + v/8 ~ 5.83. The
estimate for the function f (a)”(ﬁ)(az, -) can be proved analogously. Now we assume
that 0 < 8 —a < 1 and ¢ > 4. The poles of the function g(-) remain the same, but
need to be estimated differently,

2 _B)— _
c= ¢ y+ 2k +a—B) =227 (]Hi #) ””0—123+4W>2,
A B (R LA LASURS IR PR RS

The point z = 2 determines the convergence limiting ellipse and the convergence
rate C' of Chebyshev approximations to the function ¢ is C' = 2 + /3 ~ 3.73. The
estimate for the function f(®)—(5) (z, -) can be obtained analogously. O
The bounds for the case 0 < f — a < 1 look worse than those for the case 0 <
a— B < 1, but it must be realised that these depend crucially on the minimum side
length ¢ of the well-separated square S. For an actual implementation, the length
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c typically satisfies ¢ > 32. The following result uses this assumption to obtain
stronger approximation results.

Corollary 3.15 Under the assumptions of Theorem 3.14 and if 0 < f—a < 1 and
c > 32, we may take the convergence rate

1
C = 2(23+ V528) » 575

to obtain

||J;(a)—>(a)( Sy) — f‘v(la)a(ﬁ)( Yoo = O((é(% + \/@))_"),
Hf(a)—>(ﬁ) (z, ) — féa)e(ﬁ)(x’ Moo = (’)((é(% + \/%))—n)

The last result is useful because it asserts that we can get almost the same conver-
gence rate that we found for the case 0 < o — 8 < 1, provided that the side length
c of the well-separated square S is large enough. The value ¢ = 32 was used in our
numerical examples in Section 3.5.

3.2.2 Fast approximate matrix-vector multiplication. The results obtained
in the last section can be exploited to devise a fast algorithm for computing the
connection between two sequences of Gegenbauer polynomials, that is, for applying
any connection matrix K(® =) that satisfies |« — 8| < 1. The method is a variant
of the fast multipole method, essentially the one described in [1]. It is applicable
to the more general case here “as is”. The key principle is that smoothness of the
function f(z,y) = f(®®)(x,y) on well-seperated squares enables us to replace it
by an approximation based on interpolation at Chebyshev nodes. Suppose that
to+c¢,jo+c

K.(ga)—>(5) — (K/Z7‘7)i:i0,j:j0

is a submatrix of the connection matrix K(® =) so that the square S = [ig, ig+¢]
[J0, jo+¢] is well-separated. Let us also assume for simplicity that the matrices were
fully populated and that the function f(z,y) was identical to the function f(z,y),
that is, the latter would not contain any parts where x and y can be separated.
The standard way to compute the matrix-vector product

y = K@@y

with vectors x = (zg,...,z.)T andy = (yo,...,%) T, is to evaluate the sums
C

c
i =Y Ry =3 o+ oo + i)z, fori=0,1,....c.  (3.10)
j=0 j=0

This takes O(c?) operations. But if the function f(®)=)(z, y) is well approximated
by an interpolant of degree, say, p in = and y, we may justify the approximation

F@y) = DD F(d1te), ¢a(te) un (67 () us (63 (1)

r=0 s=0
Thus, we get
vi e > > > F(dilte), da(ts)) un(d7 (o + ) us(d3 ' (Jo + 5)) ;-
7=07r=0 s=0

=3 (tor o) (32 st ent) (gusw;lm i)

The triple sum should be evaluated in the order indicated by the parentheses. This
takes O(pc) operations for the innermost sum. The cost for the remaining sums
is O(p?) and O(pc), respectively. If p is fixed then the total cost is O(c). The



3.3. LAGUERRE AND JACOBI POLYNOMIALS 133

error can be controlled by the choice of p. To apply this principle to the whole
matrix K@= a suitable decomposition of the latter into well-separated squares
is needed; this is shown in Figure 2(b). The region near the diagonal that is not
covered by squares is handled directly as in (3.10). The total cost is O(nlog(1/¢))
arithmetic operations for a single application of the matrix K(®=®)  Further
details can be found in [1] and [19]. This method can be seen as a variant of the
original fast multipole method (FMM) that was introduced in [28].

It remains to explain how situations where the function f(z,y) has parts that are
separable, i.e., multiplicative expressions that depend only either on x or on y,
but not on both, should be handled. We encountered this situation already for
the Gegenbauer polynomials and proved the approximation results that enable the
FMM only for the function f(x,y) that had been freed from these parts. So let us
assume that the function f(z,y) can be written as the product

f(@,y) = (@) f (2, ) f2(y),
where the functions fi and f; depend only on z and y, respectively. To apply the
FMM-like method, we only need approximation results for the function f(z,y).
This is because the functions f; and fo can be applied to the input and output
coeflicients of the computation directly. For the example given above, the output
coefficients y; for i = 0,1, ..., c are then approximated by
P

vy (fz(io +i)ur (67 ' (io + 1)) (

XY F(@1(tr), da(ts)) (Zus(%_l(jo +5)) f1(o +j)xj>>>-

j=0
The incorporation of the separable parts fi(z) and fa(y) of the function f(z,y)
can also be used to account for different normalizations of the polynomials. As
seen from Lemma 1.37, rescaling the source and target polynomials is equivalent to
a scaling, separable with respect to ¢ and j, applied to the connection coefficients
k4,5 This can be directly incorporated into the FMM-like method at no extra cost.

3.3 Laguerre and Jacobi polynomials

We are now ready to extend the previous results to Laguerre and Jacobi polynomi-
als. From Theorem 1.42, we get the connection coefficients REZ)_’(B ) for the monic

Laguerre polynomials,

L@@ _ (D TG+ )T —ita—p)
1,5 F(a—ﬂ) F(z+1) F(j—i—‘rl) s

with 0 < i < j.

Using that the leading coefficients of the Laguerre polynomials {L%a)}neNo are given
by

ploy — _(=D"
" I'(n+1)’
we may write the connection coefficients in the standard normalisation,
@ 1 o . L
KEJ_)%(@) = WA(] —i,a—f3), with 0 <17 < j.

Again, we can interpret the connection coefficients ngz)%(ﬂ )

F@)=(5) : R? - R defined by

as samples of a function

b
INCEE)
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0 > logy n | > J
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logyg Eoo i

(a) (b)

Figure 3.2: (a) Error of Chebyshev approximations to the function f(a)ﬁ(ﬂ)( -,192)
for « = 4/3 and 8 = 1/2 on the interval [64,128] for increasing degree n (solid)
together with the bound from Theorem 3.13 (dashed) and the bound from Theo-
rem 3.14 (dotted), where the unknown constant was assumed to be equal to one.
The error E is the decimal logarithm of the maximum absolute error over 1.000
uniformly distributed random nodes in the interval [64,128]. The computations
were carried out in MATHEMATICA. (b) Subdivision scheme for the upper trian-
gular connection matrix K. The squares shown in light grey are well-separated
and become smaller as they get closer to the diagonal. The darker parts near the
diagonal need to be handled directly. The rest of the entries is zero.

Here is the analog of Theorem 3.14 for Laguerre polynomials. The proof is omitted
because it is entirely similar.

Theorem 3.16 Let S = [zo,zo + ¢] X [yo, Yo + ¢] be a well-separated square with
Zo,Y0 > 0 and ¢ > 1. Furthermore, let (x,y) be a point in S and assume that
O0<a—pB<1. Then

IF@=E () = OO )]l = O((3+VE) ™),

IF =P (@, ) = f7 P (@, ) = O((3+ VB) ™).
Similarly, if 0 < 8 —a <1 and ¢ > 2, then

1O y) = F7 O )l = O((2+ VBT,

17O @, ) = F7 D, )l = O((2+VE) ™).

The results for the case 0 < f — «a < 1 can be made stronger by requiring a larger
lower bound on the side length ¢ of the well-separated square S.

Corollary 3.17 Under the assumptions of Theorem 3.16 and if 0 < f—a < 1 and
¢ > 16, we may take the convergence rate

C= é(23+ V/528) ~ 5.75
to obtain
[FO7E (L y) = FI7P (gl = O((3(23+ V528)) "),
IF @2 (g, ) — FOB) () ]| = O(((23 + V528)) ).
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Now for the Jacobi polynomials. We consider the connection between the Jacobi

polynomials {Pr(la”g )}neNo and {Pr(f”ﬁ )}neNo~ Remark 3.20 below explains how this

can be used for the symmetric situation where the second parameter of the Jacobi
polynomials is changed. The connection coeflicients m(aj A= (8)

polynomials are obtained from Theorem 1.50,
demos L PTG+ DTG+B+ D) TQ2i+y+8+2)
b T T(a—) 2T+ 1) T6E+B+1)T(2j+a+8+1)
JEUtita+r B+ I(—ita—7)
FG+i+y+p+2) T(G—i+1) ~’
with 0 < ¢ < j. With the leading coefficients k’%a’ﬁ ) of the Jacobi polynomials
{Péa’ﬁ)}neNo given by

T 2T(n+ DI(nt+a+pB+1)

for monic Jacobi

the connection coefficients ngz’ﬂ )= (v.B) for the standard normalization are calcu-
lated to /

(@B _ 2ty +B+1
g (o —7)
(e8)=(10)

A+ B, 14+VAG+a+ 8,1 —a)

The connection coefficients &; can thus be interpreted as samples of a
function f(®A—=(.6) . R2 R that is defined by

f(a,B)—>(%ﬂ)(x’ y) = fl(avﬁ)ﬂ(%ﬁ)(x)f(a,ﬁ)%(mﬁ)(x’ y)fz(a»ﬁ)%(%ﬁ)(y)7
with

(@,8)—=(7,8) 2e+v+p5+1
f r)= 2R
1 ( ) F(OZ _ ’Y)

fP=0B) = ANy —z,a — Ay +x+v+B+1,a—7),

Az +6,1+7),

féa,ﬁ)a(mﬁ) (y) =Aly+a+8,1—a).

Here is the corresponding approximation result for the function f(®#)=(.8)

Theorem 3.18 Let S = [z, zo + ¢| X [yo,Yo + ¢] be a well-separated square with
Zo,Yo > 0 and ¢ > 1. Furthermore, let (x,y) be a point in S and assume that
0<a—vy<1. Then

[ FP=ER( y) = flePI 70D ()| = O(B+ V) ™),

|F@B=20B) (g, ) - fl@d =0 (g || = O((3 + VB)™).
Similarly, if 0 <v—a <1 and c > 2, then

IF@B =GB gy — FaB0B (L )l = O((2+v3) ™),

|FR =0 (g, ) = fLeP =G (@, ]l = O(2+V3) ™).

We complete the series of approximation results with the following corollary that
obtains a stronger approximation result for the case 0 < v — «a < 1, similar to what
we have seen already for Gegenbauer and Laguerre polynomials.

Corollary 3.19 Under the assumptions of Theorem 3.18 and if 0 < y—a < 1 and
c > 16, we may take the convergence rate

1
C =223+ V528) » 5.75
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to obtain
| FEP=ED( ) = FEA=EA ()| = O((3(23+ VE2) ™),
IFP 0, ) = FEPD 3, ), = O((23 + VEE) ™).

Remark 3.20 We can use Lemma 1.49, that is, the identity

R5376)_>(7a6) _ (—l)iJrjl_{E)Bj’a)_)(&’Y)
to obtain analogous results for the connection between the Jacobi polynomials
{P,EQ’B)}%NO and {Pff"(s)}neNo. Here, the second parameter is changed. This is
true since the (—1)*/ = (—1)¥(—1)7 part can be incorporated into the functions
fl(a’ﬁ)ﬁ(%ﬂ) and fz(a’ﬁ)ﬁ(%ﬁ). Therefore, the approximation results for the function

f@P)=(18) can be used right-away to enable the FMM-like method.

The following section shows how the obtained results can be extended to efficiently
compute the connection between classical orthogonal polynomials with arbitrary
choices of the respective parameters.

3.4 Transforms for arbitrary indices

In this brief section, we describe how transformations between two sequences of clas-
sical orthogonal polynomials with arbitrary indices can be computed. We will ex-
plain this for two sequences of Gegenbauer polynomials {Cy(ba)}neNO and {C’,(Lﬁ )}TLEN()'
The same idea can then also be applied to Laguerre and Jacobi polynomials.

Let us assume that the parameters o and 8 do not satisfy |o — 8| < 1, that is,
the distance between « and 3 is too large to apply the FMM-like method on the
basis of our theoretical results. To efficiently compute the transformation between
the two families of Gegenbauer polynomials, we split the transformation into two
steps. First, we chose the parameter o’ to be the number between o and 8 such
that |« —a’| is an integer and as large as possible (for example, for o = % and 8 = 3,
we would choose o = %) We can now compute the transformation from « to g
by first transforming from the polynomials {C,Sa)}neNO to the proxy polynomials

{CE(IO‘,)}HGNO, then from there to the target {C%B)}neNo.

The first step can be handled efficiently because the results about the corresponding
connection matrices K that were obtained in Section 1.4.2 show that these have ei-
ther a banded or a semi-separable structure. The bandwidth or the semiseparability
rank, respectively, are directly proportional to | — /| and so are are comparable to
|a — B|. Consequently, for such an n x n connection matrix K we need O(n|a — 3])
arithmetic operations to calculate a matrix-vector multiplication.

The second step can also be handled efficiently because we have |/ — | < 1 and the
results of the last section enable us to apply the FMM-like method to this case. The
cost for this step is accordingly O(nlog(1/e)). In total, the number of arithmetic
operations to compute both steps together is O(n(|a — 8| + log(1/e))).

3.5 Numerical results

The details of the implementation are described in Section 2.4.6, were the FMM
was already employed. It is the same variant that was used for the tests conducted
in this section. Our implementation is flexible enough to handle different kernels,
checkerboard-like matrices, and also triangular matrices. We call the method that
was introduced in this section the frmm method. The results shown in Table 3.1 to
Table 3.3 correspond to the test cases seen in Section 2.4.6. It can be observed that
the fmm method is slightly faster than the usmv-fmm method. This is also obvious
from Figure 3.3 which compares all proposed methods, with the exception of the
usmv-direct method, for selected test cases.
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logyg tp logyg t¢
4 4

T+ logyn -7 T ——— logy, n
1234567 891011121314 12345678 91011121314

(a) (b)

logyg tp

T+ logyn -7 "?",,,,,,,,,,,~10g2n
1234567 891011121314 1234567 891011121314

(©) (d)

log g tp

—— » log, n -7 "?"f“,,,,,,,,,#logzzn
123456738 91011121314 123456738 91011121314

(e) ()

Figure 3.3: Shown from top to bottom are time measurements for Laguerre ((a)
and (b)), Jacobi ((c) and (d)), and Gegenbauer polynomials ((e) and (f)), each of
which correspond to the first test case reported in Tables 2.2 to 2.13 (and Tables
3.1 to 3.3), respectively. Left side: Times ¢, for the pre-computation stage as a
function of the transform size n. Shown are the direct method (solid), the usmv-
fmm method (dashed), and the fmm method (dotted), with accuracy controlling
parameter p = 18 and arbitrarily large step size s. The grey lines are to facilitate
recognition of the asymptotic behavior. Right side: Times ¢, for the computation of
the actual transformation as function of the transform size n. Shown are the direct
method (solid), the usmv-fmm method (dashed), and the fmm method (dotted).
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o B n tp tp /n2 te te/n ES, E
-0.5 -0.7 256 2.8E-02 1.1E-04 1.2E-04 4.7E-07 6.4E-16 6.0E-16
-0.5 -0.7 512 5.2E-02 1.0E-04 2.3E-04 4 . 5E-07 6.5E-16 7.6E-16
-0.5 -0.7 1024 1.0E-01 1.0E-04 5.1E-04 4 .9E-07 5.8E-16 7.6E-16
-0.5 -0.7 2048 1.9E-01 9.5E-05 1.2E-03 5.9E-07 4.9E-16 8.3E-16
-0.5 -0.7 4096 3.8E-01 9.4E-05 4.3E-03 1.0E-06 6.7E-16 1.1E-15
-0.5 -0.7 8192 7.7E-01 9.4E-05 8.8E-03 1.1E-06 8.4E-16 9.4E-16
-0.5 -0.7 16384 1.5E+00 9.3E-05 1.7E-02 1.0E-06 5.6E-16 9.8E-16
-0.5 0.2 256 3.2E-02 1.2E-04 1.1E-04 4. 2E-07 6.4E-16 5.8E-16
-0.5 0.2 512 5.9E-02 1.1E-04 2.3E-04 4.5E-07 8.8E-16 5.5E-16
-0.5 0.2 1024 1.2E-01 1.1E-04 5.1E-04 5.0E-07 8.8E-16 5.3E-16
-0.5 0.2 2048 2.3E-01 1.1E-04 1.2E-03 5.7E-07 2.0E-15 6.4E-16
-0.5 0.2 4096 4.4E-01 1.1E-04 4.2E-03 1.0E-06 2.5E-15 5.0E-16
-0.5 0.2 8192 9.0E-01 1.1E-04 8.9E-03 1.1E-06 1.5E-15 6.3E-16
-0.5 0.2 16384 1.8E+00 1.1E-04 1.7E-02 1.0E-06 1.9E-15 6.2E-16

0.2 -0.5 256 2.8E-02 1.1E-04 9.7E-05 3.8E-07 3.4E-16 8.3E-16

0.2 -0.5 512 5.3E-02 1.0E-04 2.3E-04 4 . 5E-07 2.8E-16 7.2E-16

0.2 -0.5 1024 1.0E-01 9.8E-05 5.1E-04 5.0E-07 2.5E-16 9.2E-16

0.2 -0.5 2048 1.9E-01 9.5E-05 1.2E-03 5.6E-07 2.0E-16 1.4E-15

0.2 -0.5 4096 3.8E-01 9.3E-05 4 .2E-03 1.0E-06 2.3E-16 1.1E-15

0.2 -0.5 8192 7.6E-01 9.3E-05 8.9E-03 1.1E-06 4.0E-16 1.4E-15

0.2 -0.5 16384 1.5E+00 9.3E-05 1.9E-02 1.1E-06 1.9E-16 1.7E-15

0.2 1.1 256 3.2E-02 1.2E-04 1.2E-04 4.7E-07 1.2E-15 7.0E-16

0.2 1.1 512 6.0E-02 1.2E-04 2.3E-04 4 . 5E-07 1.0E-15 7.3E-16

0.2 1.1 1024 1.2E-01 1.2E-04 5.1E-04 5.0E-07 1.2E-15 7.2E-16

0.2 1.1 2048 2.3E-01 1.1E-04 1.1E-03 5.6E-07 1.3E-15 9.7E-16

0.2 1.1 4096 4 .5E-01 1.1E-04 4 .2E-03 1.0E-06 1.4E-15 8.2E-16

0.2 1.1 8192 8.9E-01 1.1E-04 8.9E-03 1.1E-06 1.4E-15 8.2E-16

0.2 1.1 16384 1.8E+00 1.1E-04 1.6E-02 1.0E-06 1.5E-15 8.1E-16

5.6 7.8 256 3.0E-02 1.2E-04 1.0E-04 4 . 0E-07 6.3E-16 4.4E-16

5.6 7.8 512 5.7E-02 1.1E-04 2.4E-04 4.7E-07 6.5E-16 3.6E-16

5.6 7.8 1024 1.1E-01 1.1E-04 5.3E-04 5.2E-07 8.2E-16 4.4E-16

5.6 7.8 2048 2.2E-01 1.1E-04 1.3E-03 6.2E-07 1.5E-15 4.2E-16

5.6 7.8 4096 4.3E-01 1.1E-04 4.3E-03 1.0E-06 1.6E-15 4.1E-16

5.6 7.8 8192 8.7E-01 1.1E-04 1.0E-02 1.3E-06 1.3E-15 5.0E-16

5.6 7.8 16384 1.7E+00 1.0E-04 1.9E-02 1.1E-06 1.4E-15 5.0E-16

9.7 5.5 256 2.8E-02 1.1E-04 1.1E-04 4. 3E-07 3.9E-16 3.0E-15

9.7 5.5 512 5.2E-02 1.0E-04 2.6E-04 5.1E-07 1.4E-15 3.5E-15

9.7 b.5 1024 1.0E-01 9.9E-05 5.6E-04 5.5E-07 2.3E-16 3.6E-15

9.7 5.5 2048 1.9E-01 9.4E-05 1.3E-03 6.5E-07 8.6E-16 3.8E-15

9.7 5.5 4096 3.8E-01 9.4E-05 4.1E-03 1.0E-06 6.2E-16 5.8E-15

9.7 b.5 8192 8.0E-01 9.7E-05 9.3E-03 1.1E-06 1.2E-16 5.8E-15

9.7 5.5 16384 1.5E+00 9.4E-05 2.0E-02 1.2E-06 1.2E-16 1.5E-14

Table 3.1:

Test results

for the connection between the Laguerre polynomials

{L%a)}neNO and {L%ﬁ)}neNo computed with the fmm method with accuracy con-
trolling parameter p = 18 for different transform sizes n. Shown are the times for
precomputation ¢, and for the computation of the actual transform ¢;. Both are
also shown after division through the expected asymptotic expression in terms of
the transform size n. Furthermore, the component-wise error ES and the relative
infinity norm error E, are reported.
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o B 5 0 n tp tp/n? te ty/n ES, Fo
-0.7 2.0-0.9 2.0 256 4.3E-02 1.7E-04 1.2E-04 4.7E-07 1.2E-15 1.8E-15
-0.7 2.0-0.9 2.0 512 8.5E-02 1.7E-04 2.3E-04 4.4E-07 1.6E-15 2.2E-15
-0.7 2.0-0.9 2.0 1024 1.9E-01 1.8E-04 6.5E-04 6.3E-07 1.7E-15 2.5E-15
-0.7 2.0-0.9 2.0 2048 3.1E-01 1.5E-04 1.1E-03 b5.6E-07 2.8E-15 5.3E-15
-0.7 2.0-0.9 2.0 4096 6.2E-01 1.5E-04 4.0E-03 9.7E-07 3.3E-15 7.2E-15
-0.7 2.0-0.9 2.0 8192 1.2E+00 1.5E-04 1.0E-02 1.3E-06 4.1E-15 1.1E-14
-0.7 2.0-0.9 2.0 16384 2.5E+00 1.5E-04 1.7E-02 1.0E-06 4.4E-15 1.3E-14
-0.7 2.0 0.0 2.0 256 4.5E-02 1.8E-04 9.7E-05 3.8E-07 2.0E-15 1.5E-15
-0.7 2.0 0.0 2.0 512 8.6E-02 1.7E-04 2.3E-04 4.4E-07 2.2E-15 1.4E-15
-0.7 2.0 0.0 2.0 1024 1.7E-01 1.7E-04 5.0E-04 4.9E-07 3.7E-15 2.4E-15
-0.7 2.0 0.0 2.0 2048 3.4E-01 1.7E-04 1.1E-03 5.6E-07 b5.6E-15 4.8E-15
-0.7 2.0 0.0 2.0 409 6.9E-01 1.7E-04 3.9E-03 9.6E-07 8.7E-15 8.1E-15
-0.7 2.0 0.0 2.0 8192 1.4E+00 1.7E-04 1.0E-02 1.2E-06 1.5E-14 9.1E-15
-0.7 2.0 0.0 2.0 16384 2.8E+00 1.7E-04 1.6E-02 1.0E-06 2.1E-14 1.6E-14

0.0 2.0-0.7 2.0 256 4.1E-02 1.6E-04 9.6E-05 3.8E-07 3.7E-16 1.1E-15

0.0 2.0-0.7 2.0 512 7.9E-02 1.5E-04 2.3E-04 4.5E-07 b5.5E-16 2.3E-15

0.0 2.0-0.7 2.0 1024 1.6E-01 1.5E-04 5.1E-04 4.9E-07 7.2E-16 1.7E-15

0.0 2.0-0.7 2.0 2048 3.1E-01 1.5E-04 1.2E-03 5.7E-07 3.5E-16 3.7E-15

0.0 2.0-0.7 2.0 4096 6.2E-01 1.5E-04 3.9E-03 9.4E-07 7.2E-16 6.6E-15

0.0 2.0-0.7 2.0 8192 1.2E+00 1.5E-04 1.1E-02 1.3E-06 4.7E-16 1.0E-14

0.0 2.0-0.7 2.0 16384 2.4E+00 1.5E-04 1.7E-02 1.0E-06 6.2E-16 1.8E-14

0.0 2.0 0.9 2.0 256 4.7E-02 1.8E-04 1.1E-04 4.2E-07 2.1E-15 1.7E-15

0.0 2.0 0.9 2.0 512 9.2E-02 1.8E-04 2.3E-04 4.5E-07 2.9E-15 1.5E-15

0.0 2.0 0.9 2.0 1024 1.7E-01 1.6E-04 5.1E-04 5.0E-07 4.5E-15 2.9E-15

0.0 2.0 0.9 2.0 2048 3.4E-01 1.7E-04 1.2E-03 b5.8E-07 6.9E-15 3.7E-15

0.0 2.0 0.9 2.0 409 6.9E-01 1.7E-04 4.1E-03 9.9E-07 1.1E-14 7.8E-15

0.0 2.0 0.9 2.0 8192 1.4E+00 1.7E-04 1.0E-02 1.2E-06 1.5E-14 9.9E-15

0.0 2.0 0.9 2.0 16384 2.8E+00 1.7E-04 1.7E-02 1.0E-06 2.3E-14 1.2E-14

5.4 2.0 7.6 2.0 256 4.7E-02 1.8E-04 1.0E-04 4.0E-07 8.5E-15 5.6E-15

5.4 2.0 7.6 2.0 512 1.0E-01 2.0E-04 3.0E-04 5.8E-07 8.8E-15 6.4E-15

5.4 2.0 7.6 2.0 1024 1.7E-01 1.7E-04 5.3E-04 5.2E-07 9.9E-15 7.5E-15

5.4 2.0 7.6 2.0 2048 3.5E-01 1.7E-04 1.2E-03 6.0E-07 1.1E-14 8.1E-15

5.4 2.0 7.6 2.0 4096 7.0E-01 1.7E-04 4.1E-03 1.0E-06 1.3E-14 8.0E-15

5.4 2.0 7.6 2.0 8192 1.4E+00 1.7E-04 1.1E-02 1.3E-06 1.5E-14 1.1E-14

5.4 2.0 7.6 2.0 16384 2.8E+00 1.7E-04 1.7E-02 1.0E-06 2.2E-14 1.5E-14

8.6 2.0 4.3 2.0 256 4.3E-02 1.7E-04 1.1E-04 4.3E-07 7.5E-15 1.6E-15

8.6 2.0 4.3 2.0 512 8.7E-02 1.7E-04 2.6E-04 5.0E-07 b5.2E-15 1.3E-14

8.6 2.0 4.3 2.0 1024 1.7E-01 1.6E-04 5.6E-04 5.4E-07 1.7E-15 8.0E-15

8.6 2.0 4.3 2.0 2048 3.3E-01 1.6E-04 1.3E-03 6.4E-07 3.4E-15 3.6E-15

8.6 2.0 4.3 2.0 4096 6.5E-01 1.6E-04 4.1E-03 1.0E-06 3.8E-15 1.3E-14

8.6 2.0 4.3 2.0 8192 1.3E+00 1.6E-04 9.9E-03 1.2E-06 1.7E-15 8.1E-15

8.6 2.0 4.3 2.0 16384 2.6E+00 1.6E-04 1.8E-02 1.1E-06 1.5E-15 1.4E-14

Table 3.2: Test results for the connection between the Jacobi polynomials
{P,Ea*ﬁ)}neNO and {P,SW)}%NO computed with the fmm method with accuracy
controlling parameter p = 18 for different transform sizes n. Shown are the times
for precomputation ¢, and for the computation of the actual transform ¢;. Both are
also shown after division through the expected asymptotic expression in terms of
the transform size n. Furthermore, the component-wise error ES and the relative
infinity norm error E, are reported.
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o B n tp tp /n2 te te/n ES, E
-0.2 -0.4 256 3.8E-02 1.5E-04 6.6E-05 2.6E-07 1.8E-15 7.2E-16
-0.2 -0.4 512 7.3E-02 1.4E-04 1.8E-04 3.5E-07 1.2E-15 1.2E-15
-0.2 -0.4 1024 1.6E-01 1.5E-04 4 ,2E-04 4.1E-07 1.7E-15 2.3E-15
-0.2 -0.4 2048 3.0E-01 1.5E-04 9.BE-04 4.6E-07 3.3E-15 2.0E-15
-0.2 -0.4 4096 6.1E-01 1.5E-04 3.1E-03 7.7TE-07 4 .9E-15 3.4E-15
-0.2 -0.4 8192 1.2E+00 1.5E-04 8.3E-03 1.0E-06 4.6E-15 5.8E-15
-0.2 -0.4 16384 2.4E+00 1.5E-04 1.6E-02 9.6E-07 1.2E-14 8.3E-15
-0.2 0.5 256 3.2E-02 1.3E-04 6.6E-05 2.6E-07 1.4E-15 1.1E-15
-0.2 0.5 512 8.0E-02 1.6E-04 1.8E-04 3.5E-07 2.2E-15 8.7E-16
-0.2 0.5 1024 1.6E-01 1.5E-04 4 .2E-04 4 .1E-07 2.9E-15 5.6E-16
-0.2 0.5 2048 3.1E-01 1.5E-04 9.4E-04 4 .6E-07 5.5E-15 2.0E-15
-0.2 0.5 4096 6.3E-01 1.5E-04 3.2E-03 7.8E-07 6.6E-15 2.5E-15
-0.2 0.5 8192 1.3E+00 1.6E-04 9.7E-03 1.2E-06 9.9E-15 1.7E-15
-0.2 0.5 16384 2.6E+00 1.6E-04 1.6E-02 9.7E-07 1.7E-14 5.7E-15

0.5 -0.2 256 3.8E-02 1.5E-04 6.6E-05 2.6E-07 2.0E-15 7.5E-16

0.5 -0.2 512 7.5E-02 1.5E-04 1.8E-04 3.5E-07 1.2E-14 1.1E-15

0.5 -0.2 1024 1.6E-01 1.5E-04 4.2E-04 4.1E-07 6.4E-15 1.2E-15

0.5 -0.2 2048 3.0E-01 1.5E-04 9.4E-04 4 .6E-07 6.7E-15 2.2E-15

0.5 -0.2 4096 6.1E-01 1.5E-04 3.2E-03 7.7TE-07 2.5E-14 2.8E-15

0.5 -0.2 8192 1.2E+00 1.5E-04 9.7E-03 1.2E-06 2.2E-14 3.9E-15

0.5 -0.2 16384 2.4E+00 1.5E-04 1.6E-02 9.6E-07 6.0E-14 5.4E-15

0.5 1.4 256 4.1E-02 1.6E-04 6.6E-05 2.6E-07 2.1E-15 5.5E-16

0.5 1.4 512 8.0E-02 1.6E-04 1.8E-04 3.5E-07 2.5E-15 1.0E-15

0.5 1.4 1024 1.6E-01 1.6E-04 4 .3E-04 4 . 2E-07 3.1E-15 6.1E-16

0.5 1.4 2048 3.2E-01 1.6E-04 9.BE-04 4.6E-07 4.6E-15 5.6E-16

0.5 1.4 4096 6.5E-01 1.6E-04 3.1E-03 7.6E-07 6.6E-15 1.9E-15

0.5 1.4 8192 1.3E+00 1.6E-04 8.4E-03 1.0E-06 1.1E-14 1.8E-15

0.5 1.4 16384 2.7E+00 1.6E-04 1.5E-02 9.2E-07 1.7E-14 5.6E-15

5.9 8.1 256 4.2E-02 1.6E-04 7.0E-05 2.7E-07 7.1E-15 1.1E-14

5.9 8.1 512 8.3E-02 1.6E-04 1.9E-04 3.6E-07 7.6E-15 6.1E-15

5.9 8.1 1024 1.7E-01 1.6E-04 4 .3E-04 4 . 2E-07 8.4E-15 6.1E-15

5.9 8.1 2048 3.3E-01 1.6E-04 9.8E-04 4 .8E-07 9.7E-15 1.1E-14

5.9 8.1 4096 6.6E-01 1.6E-04 3.2E-03 7.7E-07 1.1E-14 3.3E-15

5.9 8.1 8192 1.3E+00 1.6E-04 1.0E-02 1.3E-06 1.4E-14 6.1E-15

5.9 8.1 16384 2.7E+00 1.7E-04 1.6E-02 1.0E-06 1.7E-14 4.9E-15

9.0 4.8 256 4.0E-02 1.6E-04 8.5E-05 3.3E-07 1.4E-15 1.8E-15

9.0 4.8 512 7.5E-02 1.5E-04 2.0E-04 3.9E-07 1.5E-15 1.3E-14

9.0 4.8 1024 1.6E-01 1.5E-04 4.6E-04 4.5E-07 1.4E-15 3.6E-15

9.0 4.8 2048 3.1E-01 1.5E-04 1.0E-03 5.1E-07 3.0E-15 2.8E-15

9.0 4.8 4096 6.2E-01 1.5E-04 3.6E-03 8.7E-07 2.7E-15 5.1E-15

9.0 4.8 8192 1.3E+00 1.5E-04 1.0E-02 1.2E-06 4 .6E-15 4.5E-15

9.0 4.8 16384 2.5E+00 1.5E-04 1.8E-02 1.1E-06 3.7E-15 6.9E-15

Table 3.3: Test results for the connection between the Gegenbauer polynomials

{C,(f‘)}neNO and {Cff)}neNO computed with the fmm method with accuracy con-
trolling parameter p = 18 for different transform sizes n. Shown are the times for
precomputation ¢, and for the computation of the actual transform ¢;. Both are also
shown after division through the expected asymptotic expression in of the trans-
form size n. Furthermore, the component-wise error ES and the relative infinity
norm error F, are reported.
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3.5.1 Stability issues. It was already observed in Section 2.4.6 that the usmv-
fmm method can show an unacceptably large error in the results when transforma-
tions are computed with step sizes that are too large. As a remedy, we had split
each transformation into many ones so that each has its step size bounded by a
certain constant free of choice. The fmm method does not seem to have similar
problems but the results shown so far can lead to the perception that computing
the connection between any two families of classical orthogonal polynomials of the
same type is a perfectly stable process in the sense of numerically stable on a ma-
chine with the usual floating-point arithmetic. This section is devoted to show that
this is only true to a certain extent. To this end, we define in the following a test
scenario that will demonstrate problematic effects that we must be aware of. This
will again be done exemplarily for Gegenbauer polynomials, but also applies to the
rest of the classical orthogonal polynomials as well.

Let us start with a function f that has been expanded into a finite linear combina-
tion of Gegenbauer polynomials {C,EO‘)},LGNO, that is,

n
Fad a0
=0

This is a typical situation that occurs in practice. Usually, the parameter n is large
enough such that the = sign is justified to a desired accuracy. With the connection

coefficients /QZ(.’C;-)_)(B ), we can compute the coefficients y; in the expansion
B
~ (B
fr uc”.
j=0

Both representations are equivalent, but in finite precision arithmetic there can be
substantial differences when it comes to the accuracy to which each value x; or y;
can be computed. For example, if we use the connection coefficients mﬁﬁ =) ¢4
recover the coefficients x; from the computed coeflicients y;, then the result can
be very different, indeed off by a large margin, compared to the original values x;
that we started with; this will be shown in detail in Section 3.5.2 below. The key
observation that can be made from numerical results is that this happens whenever
|ao — B3] is large.

An informal explanation for this behavior, without the aspirations of being an actual
proof, is that whenever |o — §| is large, both sequences of Gegenbauer polynomials
show such different behavior that the distribution of the expansion coefficients x;
and y; over the different orders of magnitude will also be totally different. As an
extreme example, we can have all z; = 1 on one hand (so one order of magnitude
is spanned) and observe that the coefficients y; span several orders of magnitude,
e.g., from 10719 to 10'° or more. This observation rings a bell to anyone familiar
with the properties of floating-point arithmetic.

For example, if we need to compute an expansion coefficient y; ~ 1071° from other
expansion coefficients 2; = 1, then the calculation usually incurs a large relative
error in the result; see [34]. And even if the result can be computed to high relative
accuracy, the recovery of the coefficients x; from the freshly computed coefficients
y; can still fail with large errors. Let us make this more precise with a practical
example.

We consider the functions f; : R — R and f; : R — R defined by

fit) =]t —0.1)> and fo(t) = |t —0.1].

While the function f; is continuously differentiable, the function fs is only contin-
uous, but not differentiable at ¢ = 0.1. This choice was made to ensure that we do
not compute with expansion coefficients that essentially vanish for yet moderate
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Table 3.4: Combined projection and evaluation procedure applied to the functions
f1 and fs. Shown is the relative infinity error E., for increasing expansion degree
n and different indices 3.

Ew
f n p=1 p=3 B=5 B=1
100 3.6E-16 3.6E-16 3.6E—16 3.6E—16
j L000  55E-16  55E-16 55E-16  5.5E-16
' 10000 1.0E-15 1.0E-15 12E-15 19E-10
100.000  5.1E-15 6.3E—15 2.5E—11 3.4E—03

100 7.0E—-16 2.6E—15 14E—13 1.0E—11
1.000  6.0E—-16 7.2E—14 18E—10 1.4E—06

P2 10000 1.6E—15 32E-12 2.7E—06 2.6E+00
100.000  5.4E—15 6.4E—11 3.0E—03 1.2E+05

degrees. For both functions, we repeat the following procedure for different degrees
n. First, we compute approximated expansion coeflicients z; for the respective
function f such that

f ~ Z(EjTj.
j=0

This was done with a Gauss-Chebyshev quadrature rule to discretize, i.e., approx-
imate the respective inner products. A classical result by Erdds and Turdn [21]
asserts that the L%-error of the approximation is within a constant factor of the
best uniform approximation by polynomials of degree at most n. Fast discrete
cosine transforms can be used to compute this step efficiently. Then, from the
coefficients x; we computed the expansion coefficients y; in

FrYy oy

Jj=0

for different positive integer values 3. This requires the application of different
connection matrices K. These, however, have a banded structure owing to the
particular choice of the parameter 8. Therefore, these matrices were applied the
usual way so that errors must be caused by properties of floating-point arithmetic.
After that, we tried to recover the coefficients x; by applying the inverse of the
connection matrix K from before. Since this matrix is always semiseparable, it
was again applied cheaply without any systematic error involved. The resulting
expansion is evaluated at the Chebyshev points in [—1,1] that correspond to the
degree n. Finally, the result is compared in the relative infinity vector norm to the
initial function values taken at the same sites. Table 3.4 shows the relative infinity
error F, for increasing degree n and different values 5. For both functions, f; and
f2, it can be observed that results get more inaccurate for larger 5. At the same
combination of degree n and parameter 3, the function f5, which has more slowly
decreasing expansion coefficients, shows results worse than for the function f;, who
has its expansion coeflicients decay quicker. This behavior can be explained with
catastrophic cancellations in the numerical computation as shown in the following.

3.5.2 A word on feasibility. The previous example has numerically shown that

transformations between families of Gegenbauer polynomials {Cy(la) tnen, and {C’,Sﬁ ) breNg
can be subject to numerical instabilities. This might render the procedure infeasible
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Table 3.5: The Condition number conds(K) and the lower bound Apax (K) /Amin (K)
from (3.11) for the 51 x 51 matrix KM= for different values 3. As 8 increases,
the condition number quickly grows beyond acceptable levels.

B 11 21 31 41 51
Ammax(K) /Amin (K) 8.9E+06 8.9E+09 6.3E+11 1.2E+13 1.0E+14
condy (K) 2.2E+15 4.1E+23 3.1E+29 1.2E+34 6.8E+37

in some cases. Apparently, errors in the computation grow the larger the distance
between the parameters a and 5 gets.

An often used measure for a problem’s amenability to digital computation is the
condition number. For example, the condition number associated with a system of
linear equations Ax = b gives a bound on the relative accuracy of an approximate
solution when compared to relative errors in A and b.

The usual 2-norm condition number conds(A) for a non-singular matrix A is de-
fined as condy(A) = ||A|]2]|]A71|]2. A lower bound is obtained from the inequality
Amax(A) < ||All2, where Apax(A) is the largest modulus of any eigenvalue of A.
Since Amax (A7) = Apin(A) ™!, one obtains the inequality

)\max(A)
/\min(A)
It is not trivial to work out the actual condition number conds (K) for the connection
matrices K that were used, but an explicit expression for the lower bound can be
readily obtained. Since each connection matrix K is triangular, its eigenvalues
coincide with the entries on the main diagonal. For example, when 0 < o < 3 the
largest eigenvalue is Apax(K) = ko0 = 1 and the smallest is given by Anin(K) =
Kn,n; cf. (3.6). This leads to the estimate
L(a)T(n+ p)
I'(B)(n+ )
This bound can grow quite large as §—« grows. Table 3.5 shows an example for the
matrix KM= and different values 3. While the condition number is associated
with solving a linear system, it is also an indicator of numerical instabilities in our
situation. This is because a large condition number tell us that small errors in the
computed coefficients y; can cause the recovered coefficients x; to contain a large
relative error. For example, consider for n > 1016 the computation of the coefficient
Y1000 from the coefficients x; = 1. The result, computed with a precision of 100
decimal digits is

Tiooo = 3.5...x10719—-28.. . x10784+96...x107¥ -19...x1077
+23...x10717"—1.9...x10717"+9.2...x107® —26... x 10718
+3.2...x1071

1.6062271959049573 x 10734,

Computing the same sum in double precision gives a value x19g9g = —3.9341703542077499 x
10732 which is wrong in every digit. The upshot is that the above computation
is correct in exact arithmetic but is subject to catastrophic cancellations in finite
precision arithmetic. These occur when the result of the subtraction of two nearby
numbers, say a and b, is much smaller in magnitude than a and b themselves. Can-
cellations become catastrophic when a and b already contain small perturbations,
e.g., as the result of a previous computation. In this case, the computed result
can have a large relative error compared to the correctly rounded result; see [24].

< condz(A). (3.11)

< condy(K).

Q
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The above computation is prone to catastrophic cancellations since the connection
coefficients k;  in K will already contain rounding errors in any practical situation.
There does not seem to be an obvious way to circumvent this.



Chapter 4
Applications

4.1 Non-equispaced fast spherical Fourier transform

Discrete Fourier analysis in euclidean space plays an important role in a wide range
of applications, for example, signal processing, image processing, computed tomog-
raphy, and a lot more. However, in many fields of interest, data naturally arises
on a geometry that can be identified with the surface of the two-dimensonal unit
sphere

S? = {x eR3: %, = 1}

that is embedded into the three-dimensional euclidean space R3. Such data occurs
quite naturally when measurements are taken relative to the surface of the earth
which can be roughly identified with a sphere. In similar ways to euclidean space,
one considers analyzing or processing the data by expanding into a Fourier series
or finite Fourier sum.

For Fourier analysis on the sphere S? the corresponding basis of choice are the
spherical harmonics Y;™ (a precise definition is given in Section 4.1.4 below). A
finite expansion of a function f in spherical harmonics in spherical coordinates
(9, ¢) may look like

L 14
F@0)=>" > frY"(0,9),  with L € Ny, (4.1)

where ¢ € [0,7] and ¢ € [0,27) are the co-latitude and longitude, respectively.
From a computational point of view, there are two basic tasks to consider. First,
if the expansion coefficients fg” are known, then one would like to evaluate the ex-
pansion (4.1) on a given finite set of nodes (9;, p;) for i = 1,2,...,I. Second, given
function values f(¥;, ;) at these sites, one would like to calculate the expansion
coefficients f[". This section is devoted to propose a method that can be used to
achieve both.

4.1.1 Existing algorithms for particular nodes. Discrete Fourier transforms
on the sphere S? have been of interest at least since the work of Driscoll and
Healy [16] who introduced what is today often called the Driscoll-Healy algorithm.
They developed an O(L?log? L) algorithm to compute from I = O(L?) function
samples f(1;, p;), taken at specific sites, the expansion coefficients fg” for any L-
bandlimited function, that is, a function that satisfies fem =0 for [ > L. This is
more efficient than the O(L3) arithmetic operations that would be needed otherwise.
It is, however, later observed in [17] that the calculation of the expansion coefficients
fg” may be subject to numerical problems that undermine the stability of the
procedure. It is therefore noted that the algorithm might need a modification to
improve the accuracy. Some modifications to the original algorithm appeared in
[31], arguably without providing a totally satisfactory solution to the problems.
The first modification to the Driscoll-Healy algorithm that specifically addressed the
numerical instabilities was proposed in [67] where unstable parts in the computation
were identified and circumvented. The authors did this for the transposed version
of the Driscoll-Healy algorithm. This is the one that allows to calculate from known
expansion coefficients fem the function values f(¥;, ;) for i =1,2,...,1; see (4.1).
The modifications nevertheless also apply to the original variant. Similar ideas
appeared later also in [32].

145
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Another method to compute discrete spherical Fourier transforms that relies on
certain matrix compression techniques was introduced in [61]. The author obtains
O(L5/?1og L) and O(L?log? L) algorithms for a grid of I = O(L?) specific points
on the sphere.

A more recent method was proposed in [72]. It is similar to the Driscoll-Healy
algorithm and the one from [67], but avoids the primary source of numerical in-
stabilities in a new way. Instead of modifying the algorithm on a large scale, a
new method for approximate polynomial multiplication, based on the fast multi-
pole method (FMM), is used. This replaces the discrete cosine transforms that
were used before and provides some flexibility in the choice of certain interpolation
nodes. This way, numerically delicate calculations can be tamed. The result is an
approximate O(L?log Llog(1/¢)) algorithm, where € is the desired accuracy.

Yet another method was developed in [70]. It uses a new approach that is entirely
different than the Driscoll-Healy algorithm. The method is essentially based on the
observation that the associated Legendre functions P;” of different orders m (they
appear in the definition of the spherical harmonics Y;™ below) are solutions to very
similar differential equations. A matrix is constructed that has eigenvectors that
appear in the matrix-representation of the conversion between associated Legendre
functions of (possibly large) orders m to a set of low orders 7 € {1,2}. This can
be used to modify the original expansion (4.1) by efficiently replacing all associated
Legendre functions of orders m with those of low orders /. The task of evaluating
the resulting expansion is reduced. Thus, an approximate (’)(L2 log Llog(1 /5))
method for I = O(L?) specific points on the sphere is obtained. The method to
be described in this section is very similar. The details are found in Section 4.1.6
below.

More recently, a modified version of these techniques appeared in [76]. The method
is somewhat different in how the original expansion is modified but the key step is
carried out using very similar techniques.

4.1.2 Existing algorithms for arbitrary nodes. While all algorithms men-
tioned so far have been described for specific sets of nodes on the sphere, an algo-
rithm for arbitrary nodes was described in [55] for the first time. The stabilized
algorithm from [67] is therein combined with the non-equispaced fast Fourier trans-
form (NFFT), a modification to the original fast Fourier transform (FFT) for arbi-
trary nodes. The resulting algorithm was the first to decouple the expansion degree
L and the number of nodes I to give an O(L?log® L + I'log?(1/¢)) algorithm for
any set of points on the sphere. The transposed version was described and analyzed
in [44] and can be seen as an analogue of the Driscoll-Healy algorithm. In other
aspects, the possibility of using the FMM for polynomial multiplication is already
mentioned, but not implemented, in [55]. Moreover, it should be acknowledged
that it is possible to combine nearly all existing algorithms for specific nodes with
the NFFT to algorithm for arbitrary nodes. This is, for example, mentioned by the
authors in [70].

Remark 4.1 The term “non-equispaced” is nowadays conventional to describe any
set of points free of choice, but might be a source of confusion for the casual reader.
In one dimension, a set of non-equispaced points can be equivalently described as
a set of arbitrary points. The NFFT algorithm provides a fast Fourier transform
algorithm for these arbitrary points. The terminology becomes arguably more
problematic for multi-dimensional transforms and non-euclidean manifolds. In R3,
a set of equispaced points usually means a set of points that has been obtained
by regularly sampling the coordinate axes. This enables the use of the FFT. Any
other point configuration requires the NFFT or other techniques. On manifolds
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Figure 4.1: (a) Clenshaw-Curtis points on the sphere. They are obtained by a
regular sampling of the spherical coordinate axes and therefore cluster at the poles.
(b) Almost evenly distributed points on the sphere.

like the sphere, equispaced points might be equally defined as those obtained from
a sampling of the axes of the spherical coordinate system. This, however, does even
remotely lead to an equispaced set of points; see Figure 1(a). In the following, we
will use the term non-equispaced as a synonym for arbitrary.

4.1.3 Why arbitrary nodes are important. At first glance, the possibility
to extend the fast algorithms to arbitrary nodes on the sphere seems just like a
nice extra to have. But as it turns out, this is a rather essential requirement for
the realization of efficient algorithms on the sphere. Some problems are just more
amenable to computation if the nodes on the sphere can be distributed arbitrarily,
often meaning more evenly distributed. Other algorithms that are restricted to
specific point sets can fail at this point. Figure 4.1 shows two point sets on the
sphere. The first one is typical for those that have been used over the years. It is
obtained by sampling the sphere at regular intervals along the spherical coordinate
axes (i.e., the longitudinal and latitudinal directions). It can be seen that nodes
cluster near the poles. This is, in many ways, an undesirable feature. The spherical
coordinate system carries some sense of arbitrariness since on a perfect sphere why
would one want to distinguish two points, that is, the poles, from the rest? Most
often, an approximately even distribution of nodes is desirable. Such is shown in
the second image. In most cases, the distribution of the nodes, more precisely, the
size of gaps between the nodes, is tightly coupled to numerical stability; see for
example [42, 54] for a number of theoretical results on this subject.

The following text is structured as follows. In Section 4.1.4, we collect some basic
material on Fourier analysis on the sphere S?. Section 4.1.5 gives a formal defini-
tion of the discrete Fourier transform on the sphere and introduces a convenient
matrix-vector notation. Our fast Fourier transform algorithm for arbitrary nodes
is described in Section 4.1.6. Finally, some numerical results are given in Section
4.1.7.
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4.1.4 Fourier analysis on the two-sphere. In spherical coordinates, we identify
each point x € S? with a tuple (9, ) € [0,7] x [0,27) of two angles ¢ and ¢. The
space L? (S?) is the Hilbert space of square integrable functions on the sphere S?
with the usual inner product given by

27 T
[ 10,0305 sino a0 g
0 0

With the orthogonal basis of spherical harmonics Y™, any function f from the
space L2 (SQ) can be developed into an infinite orthogonal expansion

oo 14

where equality holds in the L2-sense. The expansion is finite and of degree L if
the function f can be represented by an algebraic polynomial of degree at most
L in three-dimensions, that has been restricted to the unit sphere. Each spherical
harmonic Y, can be represented as an algebraic harmonic homogeneous polynomial
of degree ¢ in three dimensions (restricted to the unit sphere) and is defined by

Y0, ) = P (cosd)e™?. (4.3)
The functions P;"* are the associated Legendre functions; see Section 1.6.3.
Remark 4.2 The spherical harmonics Y, satisfy

47

Y2 = (YY"

It is also common to use the normalized spherical harmonics Y({m which are defined
by
20+1
Y, ™.
4r *
We have here included the factor (—1)™, the so-called Condon-Shortley phase, which
can be omitted. This is merely a matter of convention.

7= (-1

4.1.5 Discrete Fourier transform on the two-sphere. We recall that for L €
Np, our goal is the evaluation of the sums

(s, 05) = Z Z Ym0, ), withi=1,2,...,1, (4.4)
=0 m=—¢

for some given points (;,¢;). This is called a non-equispaced discrete spherical
Fourier transform (NDSFT) and represents a linear transformation. Therefore, we
may also wish to calculate the sums

Zf o) YWy, 1),  with€=0,1,...,Land m=—(,.... 0, (4.5)
which is the corresponding adjoint transformation, hence adjoint NDSFT. Note
that this adjoint transform usually does not recover the coefficients f;* from (4.4),

i.e., it is not the inverse transformation. To obtain these, we need weights w; from
a suitable quadrature rule, based on the given nodes, to compute

sz Vi, i)Y (Ui, 1), with £=0,1,...,Land m = —¢,... (. (4.6)
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The weights w; need to be chosen such the sums in (4.6) become discretized versions
of the inner product integrals

2T T
i = /0 /0 19, ) V770, 9) sin(9) d9 g,

with £ =0,1,...,L and m = —/¢,... f. The value L € Ny is called the bandwidth
of the function f which is likewise said to be an L-bandlimited function on the
sphere S?. The complex expansion coefficients f;* € C are the spherical Fourier
coefficients of the function f. The index /¢ is called the degree and m is called the
order. A set of arbitrary nodes
I
X = { (i, ¢i) }¢:1

on the sphere S? is called a sampling set. For notational convenience, we may also
work with the index set

Iy = {(ﬁ,m) :4=0,1,...,L; m:—ﬁ,...,f}
that specifies the allowed range for the indices [ and m.

From a linear algebra point of view, evaluating the L-bandlimited function f on a
sampling set X' amounts to calculating the matrix-vector product

fr =Y. xfL
with
I
fX = (f(ﬁ'nsoz))lzl € CI»
Yrx:= (Ylm(ﬁi’Wi))i:l,..,,l;(e,m)eIL

~ m 2
fr, = (fe )(fﬂn)EIL € cu+n”,

We write fx, Y x and £, to emphasize the dependence of these quantities on the
concrete sampling set X and the bandwidth L. The computation of the adjoint
transformation reads

c (sz(L+1)2

fr =Y o fr.

4.1.6 Fast Fourier transform for arbitrary nodes on the two-sphere. Be-
fore we start describing our algorithm in more detail, let us briefly discuss how an
efficient algorithm for the evaluation of a finite expansion like (4.4) at a given num-
ber of nodes (¥;, ¢;) can be realized in principle. The enabling idea is to perform a
change of basis such that the function f in (4.4) is represented as an expansion of
the form

L L

fW,0)= > Y reeme, (4.7)

f=—Lm=—L

This is an ordinary two-dimensional Fourier sum with new coeflicients ¢;* and
it will take (’)(L2 longog(l/E)) arithmetic operations to perform this change of
basis, that is, to compute from the coefficients f;" the new coefficidents ¢j* up to
some accuracy €. The evaluation of the function f at the given nodes (9;, ;)
may then be realized using the non-equispaced fast Fourier transform (NFFT)
which needs another (9(L2 log L + log® I(l/a)) arithmetic operations. In total, we
arrive at O(L?log Llog(1/c) + I'log®(1/¢)) arithmetic operations for the complete
transformation.
Since this complex transformation is linear, it is possible to mechanically derive
the corresponding adjoint algorithm. The first step that we have described is a
real linear transformation (that may nevertheless be applied to complex data) and
since the second step is a true complex linear transformation, the former has a
transposed counterpart and the latter has an adjoint counterpart. For the NFFT,
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that is, the second part, the process of obtaining the adjoint algorithm is described,
for example, in [68]; see also the references therein. For the first step, we note
that while we do not describe the transposed algorithm in detail, it is easy to
derive it. This is because we will see that it consists of a number of matrix-vector
multiplications that need to be performed sequentially. For these matrices the same
methods as before can be used to apply their respective transpose.

We are now ready to describe the fast evaluation of the L-bandlimited function f
on an arbitrary sampling set X = ((ﬁi, wi)i=1,2,... ,I) on the sphere S?, or
equivalently, the fast evaluation of the matrix-vector product fx = Y x fir. To
this end, we define = cos®) and rearrange the spherical Fourier sum (4.4),

L 4

f(ﬂﬁﬂ) = Z Z f;lnm(ﬁ7<p)
0
L L )

> Yre)
m=—L {=|m|

L L
Z elme Z fZ”PE’”(COSﬁ)
m=—1L £=|m|

L

— Z eim(z’hm(z)7

m=—L

(4.8)

where

L
hla) = S frPP (@),

£=|m|

The first step consists in replacing the whole expansion (4.8) with an ordinary two-
dimensional Fourier sum. For this, we apply individually to each inner sum h,, (z)
a series of transformations. So assume that we have fixed an order m. The goal
is to replace the associated Legendre functions P, in h,,(z) with the associated
Legendre functions Pﬁ where m satisfies 0 < m < 2. We define in accordance with
Lemma 1.93 the index

0, ifm=0,
m=m(m):= 142, if meven and m # 0,
1, if m odd.

Then each sum h,,(z) may be written as

L

h(z) = a7 P} (x).

l=1n

To compute the coeflicients a;*, we can use the divide-and-conquer algorithm from
Section 2.5 in combination with the findings in Section 2.6. For a single sum
hm(z) this takes O(LlogLlog(1/¢)) arithmetic operations. In total, we need
O(L?log Llog(1/¢)) operations to compute for m = —L, ..., L the new coefficients
ay.

Now that we have replaced associated Legendre functions of high orders m by asso-
ciated Legendre functions of low orders m, the remaining sums can be manipulated
further. There, we have to distinguish the three cases m =0, m = 1 and m = 2.
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The case m =0

This is the simplest case of all three. There is only one sum h,, (z) for which m = 0,
namely the one for m = 0. After the first step, we have

L
ho(z) = AOP Z a9 Py(x)
(=
that is, a finite linear combination of Legendre polynomials. With the fast algo-
rithms for the connection between classical orthogonal polynomials found in Chap-
ters 2 and 3, this can be recast into

Il
M-
o>
o

£=0
which is a finite linear combination of Chebyshev polynomials of first kind. With the
methods from Chapter 3, for example, we need O(L log(1/ a)) arithmetic operations

to compute the coefficients 32. To further replace the obtained linear combination
with an ordinary Fourier sum, we observe that

Ty(x) = Ty(cos¥) = cos({¥) = %(eiw + e*iw),
Therefore, we can easily compute the coefficients
. b, =0
“- %B(\)ﬂ? else,

in the Fourier sum
L
_ Z Qeit?
=1L
with O(L) arithmetic operations.
The case m =1

This case implies that m is an odd integer. After the first step, we have obtained
the sum

L _
. om 1 [0+2 a1
= E Qay .IDEI({,C):\/].—.’IJ2 E az+1§ TP( )(x)
(=1 =0

This representation is obtained by using the definition of the associated Legendre
functions. Similar to before, we can replace the sum with a linear combination of
Chebyshev polynomials

L—1
VT2 Y T
£=0

with O(Llog(1/e)) arithmetic operations. Again, we can replace this with an
ordinary Fourier sum by using that

V1= 22Ty(x) = sin(F)Ty(cos 9)

= sin(¥) cos(£9)
Lo oy Lo i
= (@ o) (@ o)

%(ei(@rl)ﬁ R s CRITY
1
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Thus, we compute the coefficients
0, if ¢ =0,
& =sign(f) { L (blﬂgl_l - br;m) , if0<|f<L-1,

ilbfl}l 1 if [(|=L—1,L,
in the Fourier sum
L
hm(x) _ Z om il
(=—L

with O(L) arithmetic operations.
The case m = 2

This case implies that m is an even integer. After the first step, we have obtained
the sum

- (¢ l
hm($):;& PP@) =(1-2%) Zae+24 mpz@’z)@)

Now, we replace this by a linear combination of Chebyshev polynomials of first kind
L—2
hn(x) = (1= 2%) Y b7 T ()
£=0

with O(Llog(1/e)) arithmetic operations. Then with
(1 — 2)Ty(z) = sin®(9)Ty(cos V)

= sin?(¥9) cos ()
Lo —i Lo —ioy L —i
:E(Qﬁ_e 19).5(619_6 0)-§(e[ﬁ+e o)
1

_ g( _ QiR 4 ogild  (i(-2)9 _ (—i(42)D | o —ibd _ e—i(e—z)ﬂ)7

we compute the coefficients
(2Bm - Bm) , if 0 =0,
207 — |e\+z) if 6] =1,

(
(=B + 20 — b ) 1< < L—2,
&
_1jm
8

1
4
1
8
¢t =sign(f) ¢ 1
1
8

. 2+26m> if ¢ = L—3,L—2,
if || = L—1,L,

\ZI 2

in the Fourier sum
L

b () = Z érelt?
=—1L
with O(L) arithmetic operations.
We have now obtained the ordinary two-dimensional Fourier sum

L L
E 2 égnelh?elmap )

m=—L{=—L

This double sum can be evaluated by the NFFT algorithm on an arbitrary sampling
set X with I nodes using O(L?log L + IlogZ(l/E)) arithmetic operations, where &
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is the desired accuracy. We can also write complete procedure as a matrix-vector
multiplication, A

fX:FL,X CL BL AL fL. (49)
Here, the block-diagonal matrix A, represents the step where we replace associated
Legendre functions of high orders m with those of low orders m, that is, we com-
pute the coefficients aj* from the coefficients fg” Then, the matrix B, replaces

the several occurrences of Jacobi polynomials PZ(O’O), Pf(l’l), and Pe(2’2) with the
Chebyshev polynomials of first kind 7y. This is the step where we compute the
coefficients by from the coefficients @;*. The matrix Cy, computes the coefficients
¢;* from the coefficients an to obtain the two-dimensional Fourier sum. Finally, the
matrix Fr x denotes the application of the NFFT algorithm. In total, this is an
O(L?log Llog(1/e) + I'log*(1/e)) algorithm.

Remark 4.3 It is important to notice that only the last step, that is, the appli-
cation of the NFFT algorithm, actually depends on the nodes X. Therefore, we
might easily replace this step with a usual FFT if we are working with particular
sampling sets X'. This, for example, is possible for points based on Clenshaw-Curtis
quadrature rules, but not for those based on Gauss-Legendre quadrature rules.

4.1.7 Numerical results. We have implemented the described method on the
same system that was used for the other tests; see 2.4.6. For the second step of the
algorithm, we employed the NFFT 3.1 library [40] with the Kaiser-Bessel window
function and the cut-off parameter m = 8. We compared our new method to the
one described in [55]. An implementation of this method is already available in
the NFFT library. For a set of I = L? randomly chosen nodes on the sphere S2,
we computed the discrete spherical Fourier transform for a range of bandwidths L
with both algorithms. The spherical Fourier coefficients f[“ were chosen randomly
from the square [—1/2,1/2] x [1/2,1/2]i. We compared the obtained results against
reference values computed by evaluating the double sum (4.4) via the respective
three-term recurrences. Note that this was also done in double precision. We
compared the results of both algorithms against the reference values in the relative
infinity norm E,,. We also compared the time in seconds needed to compute the
transformation. The results are shown in Figure 4.2. From there it is evident that
the method developed in this section offers comparable speed and an improved error
behavior when compared to the method from [55]. Still, it should be noted that
this represents work in progress.
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logy tt log,o Eco

A y
4 4 01

Figure 4.2: Comparison of algorithms to compute the discrete spherical Fourier
transform: direct evaluation of the expansion via the three-term recurrence (solid),
the method from [55] (dotted), and the method described in this section (dashed).
Shown are for different degrees L and I = L? randomly chosen nodes the relative
infinity error E., with respect to reference values and the time in seconds needed
to compute a transformation. The spherical Fourier coefficients f}” were chosen
randomly.
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4.2 Non-equispaced fast SO(3) Fourier transform

We have seen in the previous section how methods for the efficient conversion be-
tween expansions in different classical orthogonal polynomials or their associated
functions enabled the development of an efficient algorithm for a fast Fourier trans-
form on the sphere S2. This section is devoted to describing a similar algorithm
for the closely related rotation group SO(3). FFT-like algorithms for the rotation
group SO(3) have applications in fields like texture analysis [77], protein-protein
docking [53, 69] or robot workspace generation [11]. Other related work is also
found in [33]. Very similar to the spherical case, one is here interested in evaluating
sums of the form

ey, Biyvi) Z Z Z femm mm(az,ﬂq,%) withi=1,2,...,1.

=0m=—Lm/=—

This is a finite expansion in ngner—D functions; they are defined in Section 4.2.2
below. The corresponding adjoint transform is the calculation of the sums

I
"= Zf(aia6i7pyi)D2nym/(ai7ﬂi7’yi)7

i=1
with £ =0,1,...,Land m,m' = —£,... (.

4.2.1 Existing algorithms. Apart from the approach we are going to present
here, there are other algorithms for fast SO(3) Fourier transforms. Kostelec and
Rockmore [52] consider an algorithm that needs O(L*) arithmetic operations for
a particular choice of I = O(L?) points on SO(3). It is based on the Driscoll-
Healy algorithm [16], although the authors do not implement the method in a way
such that the theoretically attainable asymptotic cost of O(L?log® L) arithmetic
operations is realized. This was done in [66] where the algorithm was also gener-
alized to arbitrary nodes using the NFFT. The result is an algorithm that needs
O(L?log® L + I'log(1/e)®) arithmetic operations.

The rest of this section is structured as follows. Section 4.2.2 covers basic material
on Fourier analysis on the rotation group SO(3). In Section 4.2.3 we formally
introduce discrete Fourier transforms on the rotation group SO(3) together with a
convenient notation. Our new algorithm for a fast Fourier transform on the rotation
group SO(3) for arbitrary nodes is developed in Section 4.2.4.

4.2.2 Fourier analysis on the rotation group SO(3). An orthogonal 3 x 3
matrix with unit determinant represents a rotation in R3. The special orthogonal
group SO(3) is the set of all such matrices,

SO(3) :={ReR*>?: RTR =1, [R| =1},

equipped with the usual group action, the neutral element I, and the respective
inverse elements R™'. We call the members of this group rotations. There are
many conceivable ways to describe the group SO(3). For our purposes, we use the
well-known Euler angle decomposition; see [81].

Definition 4.4 Given angles o,y € [0,27), and 5 € [0,7], a rotation R € SO(3)
is uniquely defined by

R =R(a,8,7) = Rz(a) Ry (B)Rz(7),
with the Y -axis and Z-axis rotation matrices
cosf 0 sinf cosf —sinf 0
Ry (0) := 0 1 0 1, Rz(0):= | sinf cosf O
—sinf 0 cos@ 0 0 1
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This representation s called Euler angle decomposition.

We denote by L2 (SO(S)) the space of square integrable functions on the rotation
group SO(3). Any of these functions f : SO(3) — C can be represented in Euler
angles, hence we may write

fle,B8,7) = f(R(e, B,7)).-
The standard inner product in L#(SO(3)) is given by

<ﬂg%:LO®fGUﬂRJMAR)=Z;lA A £(a, 8,7)9(@ B, 7) sin B dy B da.

A convenient orthogonal basis for L?(SO(3)) are the Wigner-D functions D;"’m/
which can be represented in Euler angles by

D™ (e, B,y) = 7 d (cos e ™,
where d;"’m/ are the Wigner-d functions (see below). Any function f from the space

SO(3) can be developed into an infinite expansion

L L

CY ﬁ ’Y Z Z Z mlD;mm/((Lﬁv’Y)'

=0 m=—fm'=—1
Wigner-D functions satisfy
’ ’ ’ 87"'2
Dm,m 2 Dm,m Dm,m —
D P Dy D) = 5

hence the normalized Wigner-D functions bzn’m/ are given by

Hm,m’ 1 /2441 ym,m’
DZ = % TDE .

The Wigner-d functions are defined by

! o L—04+ 10T+ 0x+1) L 2 ()
M(g) =w2 7t 1— 1 P
di (@) =w \/r(e—e*+u+1)r(e—e*+u+1)( z)2 (L +2)2 P (@),

where
W = wm,m') = {1, ) %fm>m',
(D)™ ifm <m/,
and
pi=|m' —m|, v:i=|m' +m|, £ :=max{|m|,|m'|}= 'u;—y.

This shows that these are, up to the factor w, identical to the generalized associated
Legendre functions P, ; see (1.48).

4.2.3 Discrete Fourier transform on the rotation group SO(3). We recall
that for L € Ny our goal is the evaluation of the sums

L

flo, Bisvi) ZZ Z Frm D (o, Bi,ys), withi=1,2,..., T,

=0 m=——€m'=—

(4.10)
We call this the non-equispaced discrete SO(3) Fourier transform (NDSOFT). The
adjoint NDSOFT is accordingly defined as the calculation of the sums

I
fgm’m’ = Zf(Oéia5@%)D7’m/(0¢i75m’ﬂ)7
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with¢=10,1,...,Land m,m’ = —¢{, ... £. Torecover the SO(3) Fourier coefficients

fgn ’m/, we again need a suitable quadrature rule with weights w; to discretize the
inner products

27 ™ 27
fro= [ [ s s D @By sing d 46 da
o Jo Jo
Similar to the spherical case, we work with sampling sets of arbitrary nodes
I
X = {(ai75i,’7i)}i:1,
and define the index set
Ir = {(ﬁ,m,m’) :0=0,1,...,Lym,m' = 767...,6}.
In matrix-vector notation, we can write the calculation of an NDSOFT as
fy =Dpxfy
with
I
fX = (f(aivﬁhfyi))i:l € (CI7
m,m’ 1
Dyx = (De (ai’ﬂi’%))izl,z Ltmmez, € CIx3 (L)L) (2L+3)
f-L — (ﬂnm') c C%(L+1)(2L+1)(2L+3).
Then the adjoint NDSOFT reads
f, = DY . fa.
4.2.4 Fast Fourier transform for arbitrary nodes on SO(3). The chief idea
for our fast Fourier transform algorithm on the rotation group SO(3) is very similar

to that for the sphere S%.. We first rewrite (4.10) as a three-dimensional Fourier
sum,

L L L
v) = Z Z Z é;"’m'e*imaeiwe*imlv. (4.11)
{=—Lm=—Lm/'=—L

The coefficients ¢&," ™" therein will be computed with O(L?log Llog(1/¢)) arith-
metic operations. Then we can use the NFFT to evaluate the obtained expansion
with another O(L?log L+1Ilog(1/¢)?) arithmetic operations. In total, this gives an
O(L?log Llog(1/e) + Ilog(1/¢)?) algorithm to calculate the whole transformation.
Equation (4.10) can be rearranged to

¢ ¢

L
Fl B =>53 3 D (e, 8.9)

=0 m=—fm'=—¢

L L
=5 3 N Ao (e, B.y)

@

—ima —1m'yz mmdmm COSﬂ)

L
m=—Lm'=—L L=l*
L

. P
—ima g—im'y p

@

m,m’ (x)a

where

L=l*
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The first step consists in replacing the rearranged expansion by an ordinary three-
dimensional Fourier sum. Similar to the spherical case, we apply to each individual
sum Ay, () a number of transformations. We therefore assume now that a pair
of orders m,m’ has been fixed. First, we want to replace the Wigner-d functions

4™ by those of low orders di*™ . Lemma 1.94 motivates us to define

. , 0, ifm=m" =0,
0, ifm=m'=0, .
N R , . . +1, if m=+n,
m=nm(m,m’) =<1, if m=4m, m' = ] ,
2, if m 4+ m/ even,
0, else, . ,
1, if m +m’ odd.
(4.12)

With the help of the divide-and-conquer algorithm from Section 2.5 and the results
found in Section 2.6, we can write the sum Ay, n,/(x) as

L
mm’ ZAmmdmm )

o=+

For the computation of the coefficients d;n’m, from the known coefficients f," e
need O(Llog Llog(1/¢)) arithmetic operations, where € is the desired accuracy. In
total, we need O(L?log L1log(1/¢)) arithmetic operations to calculate all coefficients

~m,m’

Gy for all orders m and m/.

It remains to manipulate the obtained sum hy, /() until we have obtained an
ordinary Fourier sum. To this end, we must distinguish five different cases with
respect to the orders m and /. Three of them, namely the cases (m,m’) =
(0,0),(0,1), (0,2), are entirely equivalent to the three cases that have been described
for the fast spherical Fourier transform; see Section 4.1.6. Therefore, we only
describe the remaining two cases here, which might be succinctly handled together
as follows.

The case m =1, m' = &1

This case implies that m = +m’. After the first step, we obtain the sum

L _
/ 1
AT, m l,il mm (1F1,1+1
= E a,"" P, (1+x) E 1 § (1F )(m)
{=1 £=0

Now, we replace this by a linear combination of Chebyshev polynomials of first kind

L—1
h(z) = (14 2) ) b Ty (),
=0
and with
(1+2)Ty(z) = + ! *25” Toy1(cos B) + Ty(cos B) + — o LT, 1 (cos B)
=+ L+ 0. cos((€ +1)B) + cos(¢B) £ ! 7250’5 cos((£—1)B)

146 !
_ L %(e(mm o (H7) 1 (et o1

1 —do.

i (e84 o=(t=1)B)



4.2. NON-EQUISPACED FAST SO(3) FOURIER TRANSFORM 159

we compute the coefficients

(g =), ite =0,
L 2™ 2B £ b ] = 1,
m 1 m,m’ m,m’ m,m :
o= Z(ibm 1+2b|£\ ibmﬂ) ifl1<|f<L-1,
L b 42bmy, if || =L -1,
o i [¢] =
in the Fourier sum .
hn() = 37 el
=1L

with O(L) arithmetic operations. After these transformations, we obtain the ordi-
nary three-dimensional Fourier sum

Z Z g’ gima it o—im'y (4.13)

m=—Lm/=—L {=(*
This triple sum can be evaluated with the NFFT algorithm on an arbitrary sampling
set X with I nodes using O(L®log L + I'log®(1/¢)) arithmetic operations, where &
is the desired accuracy. We can also write complete procedure as a matrix-vector
multiplication,

fy =F,» C. By A fr. (4.14)
Here, the block-diagonal matrix A represents the step where we replace gener-
alized associated Legendre functions of high orders m and m’ with those of low
orders m and 7/, that is, we compute the coefficients &’Z”’ml from the coeflicients
fzm’ml. Then, the matrix By, replaces the several occurrences of Jacobi polyno-
mials PE(O’O)7 Pz(l’l), PZ(Z’Q)7 P£(0,2)7 and PZ(Q’O) with the Chebyshev polynomials of
first kind 7,. This is the step where we compute the coefficients i)m 7 from the
coeflicients dz’””,. The matrix C;, computes the coefficients ¢," ™ from the co-
efficients IA)Z"’m/ to obtain the three-dimensional Fourier sum (4.13). Finally, the
matrix F x denotes the application of the NFFT algorithm. In total, this is an
O(L?log Llog(1/e) + Ilog®(1/e)) algorithm.

The implementation of the described method is work in progress, but first tests
indicate that it does not suffer from some negative effects that were observed in
[66] for a competing method based on a different algorithm. Future work includes
more detailed investigations about this subject.






Appendix A
Formula reference

A.1 Classical orthogonal polynomials

A.1.1 Laguerre polynomials.

Symbol
LW :R—-R, neNy -1<a.

Inner product and weight function

(f.g) = / f@g@) w() de, IT=[-1,1], w(z)= ™.

Differential equation

a(@)y" () + T(2)y (z) + Aay(x) = 0, y =L,
olx)=z, 7(@)=—-xz+a+l, I\ =n

Differential operator

d? d
Rodrigues formula
—agr  qn
L(a) _ x € - nto, —x
n (JS) F(n+ 1) dzn (x e )’
am (@) x—(a—&-m)em qn—m

d:vimLﬁ () = (=1)" I'(n—m+1)dan—m

Leading coefficients

(xn—i-ae—z) — (_1)mL(a+m)

n—m

_1)n _ - -1)"
k_n — Q’ k" — 1’ er = ( 1) .
T(n+1) VIn+1I(n+a+1)
Squared norms
hy = Lt D) DTt at1), =1

Fn+1) ~’

().
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Three-term recurrence

an = o a, =-n-—1,
2 1

b, ntat , b= 2n+a+1,
n+1
n+« ,

Cn = c,=-n—a,
n+1

Ay = 1, C_L;li 17

by = 2n+a+1, b, = 2n+a+l,

en= n(n+a), e, = n(n+a),

- 1 -

Ap = — ) an:_\/(n+1)<n+a+1)’
Vin+1)n+a+1)

- 2 1 -

by = — ntat , b= 2n+a+1,
Vin+1)(n+a+1)

Cn = n__ntae & = n(n + «a)

" n+ln+at+l’ no '

Derivative identities

d « a+1
LU0 @) = ~L (@),

m

T L (@) = ()L (),

dgm n—m

n—1
=A, Y BL{M(z), A,=-1, Bj=

@ n
L) = nL @),
x
dm - 'n+1) -
& f@y = S \PT ) platm)
n—1
d - - — - -
CLY@ =AY BILY (@), Av= ()" T+1), B
=0
d cx+1)
— L
50 @) = VAL @)
am I'(n+1) f (atm)

Pln—m+1) "™

n—1
d - . L T(n+1)
L@@ =4, B,L
(@) 2 Pt (x), Tntatl)

Connection coefficients

{Lgla)}"eNo - {L%ﬁ)}nENoz

1 T@-ita-p)
Lla-p) T@G-it+l) ’
Ki. i — ( 1)Z+J F( +1)F(]_'L+OZ—5)
YT BT+t TG-itD)

Kij =

(),

F'j+a+1)
TG+
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Kij =

(- TG+DTGE+B8+1D)T (G —i+a—p)
Pla-p)\TE+1)Ii+a+1) T(G—-i+1) °

(LY e, = (L0}, o, B— @ € Np:

Q4Y“<@_9> ifi<j<i+f—o
Iii’j = ] —1
0, else,
FG+1) (8-« N
= fi<j< —
0, else,
~ Nj+mr@+ﬁ+n(@—q> ifi<j<itf—a
Rij = FG+1)TG+a+1)\j—1
0 else.

(@) (at1) .
{L” }nGNO - {L” }nGNO'
1, if j =4,
ki =9 (=1)"*7, ifj=i+1,

0, else,

1, ifj=1i,
Rij=1qJ, ifj=i+1,
0, else,
Vitotl, ifj=i,
D@ +1)
rG+1)
0, else.

Rij = ifj=i+1,
{Lgla)}nENo N {Lglafl)}neNO:

_ — ijl—‘(j—i—l) B (—1)i+ F'G+1) T@E+a)
R 1)+\/F<i+1>r<j+a+1>'

The matrix G
a)y N BN .
{LSI )}n=0 - {L; )}n=0'

G = diag(d) + (o — B) triu(uv?T, 1) ¢ RWNFD*(N+1),

d= (dj)j'vzov dj =7,
u= (uj)j'v:Ov uj =1,
vV = (’Uj);y:o, v; = 1.
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G = diag(d) + (o — B) trin(@av?’,1) ¢ RWVFD*(N+1),

= A VO D

= _ (=N - rG+1)
V= (vj)j:m vj = F(j-i-ﬁ-f—l).
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A.1.2 Jacobi polynomials.
Symbol

P> R R, neNy, -1<a,B.

Inner product and weight function

(f.9) = If(ﬂ?)g(ﬂf)w(ﬂ?) de, I=[-1,1, w(z)=1-2)*(1+2)".

Differential equation

o(z)y"(z) + (x)y () + Apy(z) =0, y= PP,
ox)=1-22, 7(x)=—(a+B+2x+F—-a, N =nn+a+pB+1).

Differential operator

2

D:—(l—xz) d

@—I-((a—&—ﬁ—i—Q)x—i-ﬁ—a

)&

Rodrigues formula

pla.B) — ( 1—2)"91 B ((1— )"t n+p3
) = Gy (o) ) (=) )
dm (=) "™T'(n+m+a+8+1) _ _
pla.B) _ 1 — (a+m) (1 (B+m)
dzgm = ™ () 2T (n+a+ 8+ l)F(n7m+1)< z) (1+2)
dnfm
(e
27In+a+68+1)
Leading coefficients
ke — 'Cn+a+p+1)
"2 (n+ DI(n+a+B+1)
kn =1,
i _I'Cn+a+pB+1) 2n+a+8+1)
" gnt(atBt1)/2 Fn+1l(n+a+1)n+B+1)l(n+a+B+1)

Squared norms

b - 208 M (n+a+ 1)I(n+ B+ 1)
" 2nt+a+ B+ DI (n+D)I(n+a+B+1)
B 22nmw“l“(n +1)I(n+a+1DI'(n+ 8+ 1)I(n+a+8+1)
F2n+a+B+1)I2n+a+8+2)

ha

)

h, = 1.
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Three-term recurrence

 @n+a+p+1)2n+a+B+2) , 2n+1)(n+a+p+1)
Ap = ’ an = ’
2n+1)(n+a+pB+1) " 2n+a+B8+1)
_ (B2 —a®)2n+a+B+1) . 62— o?
" 2n+Dn+a+B+D2n+a+p8) " 2n+ta+B)2n+a+p+2)]
_ (nta)n+B)@nt+atf+2) L 2(n + a)(n + )

m+D(n+a+8+1)2n+a+p3)’ C2n4+a+B8)2n+a++1)

a, = a, =1,
[_)n:B/: 52—a2 ’
" 2n+a+8)(2n+a+5+2)
fo_d dn(n+a+p)(n+a)(n+ P)

" Cnt+a+B-1)2n+a+8)2n+a+B8)2n+a+8+1)

i _ (2n+a+p5+2) Cn+a+8+1)(2n+a+8+3)
" 2 n+Dn+a+B+)n+a+)(n+p+1)

- B2 — o? \/ Cn+a+B+1)2n+a+ B+3)
(n+1

b”:2(2n+a+ﬂ) Yn+a+B+)(n+a+1)(n+B+1)

. 2n4a+ 42 n(n+a)(n+ B)(n+a+B)(2n+a+ +3)
" 2n+a+p (n+)(n+a+1)(n+B+1)(n+a+B+1)2n+a+pB-1)

i - 2 m+Dn+a+B+Dn+a+1)(n+p+1)
" 2n+a+B+2) 2n+a+B+1)2n+a+B+3) ’

5, _ B27a2

b Cn+a+B)2n+a+8+2)

g2 n(n+a)(n+B)(n+a+ )
"ot a+ B\ nta+rB-Dnta+pf+1)

Derivative identities

d ’I’L+Oé+5+1 a+1, 1
L) = =R ),

A" plag) gy = Lot mtat B4 1) pactmrm)

dgm™ ™ )= QmF(n+a+,3—|—1) n—m (m)v

d n—1 N n—1 N
LD @) = A B P @) + Cu S D (),

dx
i=0 =0

F'n+a+1)
A(n+a+f+1)

In+3+1)
' (n+a+B+1)

T(j+a+pB+1)
I(j+a+1)

FG+a+8+1)
rG+p+1)

An = (71)n+1

Bj=(-1)(2j+a+3+1)

C, =

D; = (2 +a+p+1)
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d - _
G P @) =PI )

i

o F'n+1) —(atm,B+m
— P} ’m(ﬂf):mpfz—a (),

_ n—1 _ 9] ;
AnZ(—l)n+12 Fn+DI'(n+a+1) B. ;2 F'2j+a+p5+1)

'2n+a+p+1) J_C_)FU+U FrG+a+1)

o — 2" (n+ 1)I'(n+ B+ 1) b, 2T(2j +a+B+1)
n T2nt+a+B+1) 77 LG+ 1)rG+8+1)

d
d:c

P () = /n(n+ a+ B+ P (a),

n—1

dam - Fn+Dn+m+a+L+1) ~(atm,g+m
A" s () = plotmstm)
(=) \/F(n—m+1)F(n+a+ﬁ+1) n-m (),

L ped)(p) = 4,3 BP Z D, P (&
j 7=0

- 1 -~ - ) ~ L~
A, = (—1)7L+1§\/2n+a+ﬁ+ 1E,F,, Bj=(-1Y\2j+a+B+1E;"F ',

N 1 .. - .
C, = 5\/2n+a+ﬂ—|— \E,F', D;= 2j +a+ B+ 1E;'F,
B I'(n+1) oo I'n+a+1)
"N Ttn+a+pB+1) "\ T(n+B+1)
Connection coefficients
(a,B) (7,8)
{P” }neNo - {P " }nGNo

@A+ BTGB+ DT (v + B8+ )T (j—ita—7)
“ T(a—v) T@E+B+DTI(G+a+B8+1) T(j—i+1)
F(j+i+ta+B8+1)
FG+i+v+B8+2)

2=t T+ DTG +B+1)TQRi+7+8+2)T(—i+a—7)

" T Ma—) T+ )T+ B+ )T +a+B+1) L(—i+l)
Fj+i+a+pB+1)
FrG+i+y+8+2)°
k__QW*WQH%+7+5+%FU—i+a—wFU+i+a+ﬁ+D
1, T

Mla—y)P@Ri+y+B8+1) T(G—i+l) TG+i+ty+5+2)

2]+ a+B+1T0H+D)TGE+B8+1) TG +v+1) Ti+~y+68+1)
24+ +B+1TE+ ) TE+8+)Ti+a+)T({+a+L8+1)




168 A. FORMULA REFERENCE

(B e, = AP}

neNp neNg”

2i+ta+d+1)T(G+a+1) T(i+a+d+1) (G —i+B—9)
rg—-o0) Tl+a+)T(+a+p+1) T'(—i+1)
" IF'i+j+a+p+1)
Fi+j+a+d+2)

270 T+ +a+1) TRi+a+6+2)T(j—i+8—9)
FrB-—0)ri+1)Ti+a+1)T(2j+a+p8+1) T(G—i+1)
Fj+i+a+p+1)

Fj+i+a+d+2)’

iy = (-1t

Rij = (1)

X

i 2072 TQRi+a+0+2)T(—i+B-0)T( +i+ta+B+1)
NB—-0)T(2i+a+d+1) T(G—-1+1) T(G+ita+td+?2)

W @it et B+ DTG+ DG +a+ ) T(i+d+1) Ti+a+d+1)
(2i+a+6+1) T6E+1)Tli+a+)TGH+B+1) T +a+B+1)

Fig=(-1)

{P,(Lo“ﬁ)}neN0 — {PT(L%ﬁ)}neNO’ y—aeN:

(—1)* i+ + B+ 1>(7‘ ?“)

] —1
FrG+p+1)Tli+vy+B8+1)
Kij = Fe+p+1)T(Gj+a+8+1)
XF(j+i+a+,3+1)

FrG+i+y+68+2)°
0, else,

(71)i+j2j7i <’7 - a) F(] + 1) F(] + 6 + 1)

ifi<j<i+y—a,

j—i)T6E+1)TE+p+1)
Kij = I'(j+1 1) I'(2 2
1T xputirar g ) TEANEIEY ici<ity-a
FG+i+vy+8+2)'T2j+a+8+1)
0, else,

vitio(—ay2 (Y —a) [T+ B8+1)
SRAKS <j—i> T(i+p+1)

o LGy + ) PG +1)
TG+a+1)T(i+1)

2i+~y+B+D) TG +a+p+1)

F'G+i+a+p+1)T2i+v+58+2)
FG+i+y+B8+2)T2i+~y+8+1)
0, else.

e X\/(2j+a+6+1)1“(i+’y+6+1)

ifi<j<it+vy-—a,




(riey

Kij =

Rij =

(P} e, = (BT

Kij =

Kij =

Rij =

A.1. CLASSICAL ORTHOGONAL POLYNOMIALS

—>{P7(La’5)} 60— peN:

neNp neNg’

‘ §—A\TG+a+1)
(%+a+5+n<j—JFu+a+U
Fi+a+d+)T(G+i+a+8+1)
FrG+a+B+D) T +i+a+d6+2)’

07
2ji<55> TG +1)T( +a+1)
j—1 F(i—l—l) F(i-l—a—i—l)

Fr2i4+a+d6+2)T(i+j+a+B8+1)
T(2jtatBr)T(i+tjtatstr2)

0,

255/2<5'—’5>
j—i

y FGi+d6+1)T(G+1)
FG+p+1)T6E+1)

F'j+a+1)
T(i+a+1)

2j+a+B+1)Tli+a+d+1)

2i+a+d+1)T(G+a+8+1)
Xﬂﬂﬂ+a+ﬂ+ﬂfw+a+5+®
FG+i+a+d+2)T2i+a+d+1)

b

0,

neNy’

Jjta+p+1
2j+a+8+1
- +8)
2j+a+B+1

0,

L
—2j(j + B)
2j+a+pB)2j+a+p+1)

0,

2 +a+1)(j+a+p+1)
2 +a+B+1)2j+a+B+2)

- \/ 2j(j + B)L(i + 1)

(2j+a+B)(2j +a+ B+ 1))’

0,

ifi<j<i+d-—8,

else,

ifi<j<i+d—B,

else,

ifi<j<i+d—B,

else.

ifi =7,
ifj=i+1,
else,

if j =1,
ifj=i+1,
else,

ifi =47,
ifj=i+1,
else.

169
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(P e, = (B0

neNg”
j+a+6+1 o
- ifi=j,
2j+a+p+1
R |+«
Kij = J i1
2j+a+p+1 R
0, else,
L, if j =1,
= 2j(j + o) e
Kij = - - , fj=1+1,
! 2j+a+p)2j+a+8+1) A
0, else,
20+B+1)(+a+B+1) o
@ tatBil2j tatft2) J’
Rij = 2j(j+a)T(i+1) i,
2j+a+p)(2)+a+ 8+ 1)’
0, else.
(.B) (a++1,6+1)
{P" }nENO - {P" }neNo'
ﬁ__TﬁP@+UF@+a+ﬂ+$F@j+a+ﬂ+D
I FG+)Ir+a++1)T(2i+a+6+3)
L, if j =1,
2jta—p) ifj=i+1,
x (%+a+ﬁx%+a+ﬁ+%
-4 -1+ +8) =it
2ji+a+B-1)2j+a+p)22j+a+p+1) ’
L, if j =1,
2j(a — ) e
~ fj=i+1,
Rij= (@i+a+B)(2j+atp+2) A
—4( —1)j(i + ) (j + B) =2
2i+a+B8-1)2j+a+8)22j+a+8+1) ’
R”_2”1W%+a+5+ﬂ Fi+1)TG+a+2) i+ B+2)
Y2 TRi+a+B+3)\VTG+DTG+a+1)T(G+8+1)

IF'i+a+8+3) 2j+a+8+1)
F'j+a+p+1) 20+a+5+3)

ifi = j,

2j(a — ) .
fj=di+1
2 +a+p)2i+a+B+2) Hy=eti
—4(j = 1)7(j + )(j + B) j—ito

2j+a+B-1D2j+a+B)22j+a+8+1)
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{PT(LO"’B)} N {P(a 16)}

neNp nGNo

FrG+B+1) T@E+a+p)
ri+8+1)T(i+a+8+1)

o _YTEHDIG+B+)IQ2i+a+B+1)
i3 21F(z—|—1) Fi+B+1)T2j+a+p+1)

Kij = (21+o¢+ﬂ)

Lo _2tatf TG +1) T(i+a) TG+B+1)
NG PG+ IG+a+1)T(GE+8+1)

" I'i+a+p8) (2j+a+p+1)
FG+a+p+1) (2i+a+pB)

(B} ey = AP e

o ibires I'j+a+1) T(i+a+p)

MJ—(1WW%+Q+B)@+a+nru+a+ﬁ+n’
RH_(]yﬂ2FU+UFU+a+UN%+a+5+U
i = 2T(Gi+1)Tli+a+1) 2j+a+B+1) "

k__c4yﬂ%+a+5+1 PG+ +a+1) I(i+p5)
“e V2 Ti+1)T(Gi+a+1)T(G+68+1)

y Fi+a+pB) 2j+a+B+1)
F'j+a+p+1) (2i+a+p)

(,B) = (a—1,8—1):

kij= (1M +a+DI(i+8) +T(i+ )+ B +1))

2i+a+pf-1DI'(i+a+8-1)
Fi+ o)+ BTG +a+p+1)

m4_(anﬁU+a+U FU+B+D>?FQ+U (2 + a + B)
“ (i + a) @i+ pB) 20T +1)T(2j+a+B8+1)

R = (-1t LG+at YIE+F)  JTG+A+ DT +a)

v TG+A+DTGi+a) \TG+tat)T(i+h)
2j+a+B8+1)T(i+a+B-1) TQ2i+a+p)
2ita+f-1)T({+a+pf+1)20R2i+a+ 1)

X
| H
S
+ |+
=l
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The matrix G

N

n=0"

(., N (7,9)
{2 g 2 AP
G = diag(d) + (a — ) triu(uv™, 1) + (8 — 0) triu(wz", 1) € RVFDXN+)

d = (d;)},, di =j(j+a+B+1),
TG+y+0+1)

u = (u;)75,, uj = (Zi+y+0+1) FrG+d+1) °
I(j+6+1)

— (0N _ _tutorl)

V=)o v LGi+v+6+1)
o I(j+y+0+1

L R RS BRI et e
, FG+~+1)

= . Ni s T —]_ J = . <« -

z (Zj)j—o Zj ( ) I“(J_F,Y_i_é‘_'_l)

G = diag(d) + (a — ) triu(@v", 1) + (8 — 0) triu(wz", 1) € RVFUXN+D

d=(d)Ny  di=j+a+B+1),
T(2)+7+6+2)

u= _vN U: =

a= )= % 2T+ DI +0o+1)
- ~ 2T(j+1)I(j+6+ 1)
— (5N —

V=)oY T2j+y+6+1)

_ _ _ . T2j+~v+d5+2)
_ NV (1))

W=z 0= Y GG+ )

N . 2T+ DG +y+1)
z = (%)j=0, Z = (=1 L2j+y+d+1)

G = diag(d) 4 (o — ) trin(@vT, 1) + (8 — 0) triu(wzT, 1) € RVHI* N+,

d = (d;)},, di=j(j+a+p+1),

o . , PG+y+6+DIG+7+1)
= @)%, U= ¢@3+7+5+D FG+10G+6+1)
- _ : FG+DIG+0+1)

— . IV_ R .= 2 6 1 ?
V=@ % ¢(]+7+ TGy e TG+ 1)

o N T(j+7+0+ DI +0+1)
W = (), wf—<1)¢@]+7+6+n PG+D)rG+y+1)

- . FG+DrG+v+1)
= (—1) \/(2]+’Y+5+1)F(j+,y+5+1)F(j+5+1)'

N
I
—
&K
S~—
~
Il
=}
ul\zz
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A.1.3 Gegenbauer polynomials.
Symbol

CW:R—-R, neNy, -1/2<a.

Inner product and weight function

173

(f,9) = /If($)g(x)w(x) de, I= [—17 1]7 w(z) = (1— x?)a—l/Q.

Differential equation
a(x)y" (z) + 7(2)y (@) + Apy(z) = 0, y = C
ox) =1—-2°% 7(x)=—-2a+ 1)z, I\ =n(n+2a).

Differential operator

2

D:—(l—xQ) d

d
@ + (2a + 1)%@

Rodrigues formula

O (a) =

2T (n 4+ DI(n+ a + 1/2)T'(2a) dzn

dm () (ZL’) _ (_1)n7m1'\(a + 1/2)F(n + 20+ m) (1 . x2)172a7m
dgm " 2°T(n—m+ 1)T'(n+ a+1/2)I'(2a)
dar—m 2\nta—1/2
- 1 _ n+roa—
X dxnfm (< z ) )
I(a+m) (atm)
=2"m———2C, .
Leading coefficients
ko = 2" T'(n+ «)
" T()T(n+1)’
En =1,
i F'n+a+1)
" Vor VI +1)(n+a)(n+2a)
Squared norms
b o= 217227 T(n+ 2a)
" I(a)? (n+a)l(n+1)
P 27 F'(n+ HI'(n + 2a)
"2t ) P(n+a)l(n+a+ 1)
hy = 1.
Three-term recurrence
2(n+ «) , n+1
n — B an, = 7 >
n+1 2(n + )
b, =0, b, =0,
_n+2a-1 ;o nt+2a—1
N T n = 2(n+a) ’

LU AR Ry (-
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a, =1, a, =1,
b, = 0, b =0,
n(n 4+ 2a —1) . n(n +2a —1)
Cp = s Cp, = y
dn+a—-1)(n+ ) " o dn+a—-1)(n+a)
_ (n+a)(n+a+1) ., 1 (n+1)(n+ 2a)
an:2 5 a, == )
(n+1)(n + 2a) 2V (n+a)(n+a+1)
b, = 0, b, =0,
. nn+a+1)(n+2a—1) , 1 nn+2a—1)
én = ) ¢, == .
m+1)(n+a—-1)(n+2a) 2V (n+a—-1)(n+a)

Derivative identities

d a
L OV (@) =200 (@),

qm o mF a+m a+m
dximcfz N(z) =2 (Fm))cr(z—tn (@),
d n—1 n—1 L7L51J
O (@) = 4. Y BiC (@) + Cu Y DO (@) = 4, Y7 By O35l (),
j=0 7=0 =0
An = (_1)n+1, Bj = (_I)J (.7 + Oé),
Cn = 1, Dj = J+a,
A/ = 2, B; = J+
ié(a)(x) = né(a+1)(x)
dx n n—1 )
™ - Fn+1) -
G Ay T Alatm)
d A R L A e ~(a)
@Crga)(x) = A, Bj ja () + Cn D ja (z) = 45 Z B§j+x02?+x($)»
j=0 j=0 =0
i (41 . T +a+1)
An = (=1 n+lo—n , B, = (=1)72 ,
(=1) L'(n+a) =0 rG+1)
Cp = Lt 1) D — ;LU +atl)
" [(n+a) d rG+1)
A = gl—n I'(n+1) B — 97 I'(j+a+1)

F'n+a)’ I TG+
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A A, = n(n+2a) ~ A(a+1)
Ca (@) sign(«) (

0 o ) Sign(a)\/i(n + DL+ 7 420) sty

dgm " (n—=m+1'n+2«) "™
d ~ B n—1 ~ ~( ) B n—1 L ( )
@Cq(za)(x) = A, B;C;7 (x) + Cy, AI Z B2j+x 94y (T,
j=0 j=0

An:(_l)nﬂ\/(nﬂvﬁ(nﬂ)’ B (_1)j\/(j+0‘)r(j+2a)’

I(n 4+ 2a) T(j+1)
o (n+a)l(n+1) 5o (j + )T (j + 20)
@ \/ fov20) © 7 \/ rG+1)
Al W R _ (] + Q)F(j + 2&)
A= 2\/ Tn+2a) 97 \/ E

Connection coefficients

(G e, {087}

nENo

_TB)6+H) T(Fra—p) T(H+
i,J ()T« —B) F(%le) F(%+ﬂ+l)’

Rig = e TFU+DFw+ﬁ+nr«;+a—m L (4 +a)

Roo— \/m T (i+24&) gr(%ﬁ—a_ﬂ) P(%—i—a)
ZJ (G420 2 PG T(F5+1)
{C”(La)}TLENo - {Cgﬂ)}neNOv ﬂ - € NZ

Tlo) \ &
0, else,

. | +1
{(1)%])/2”5)(”5) (5 - a) LT H0) i icitoia),
Hz'j — F /6

22 TG+ D TE+B+1) B—-
O S T i) TG+ (@Z)

w_t bz ) if i <j<i+2(8-a),

0, else,
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()T aG T ()

2
Fij=y T +a)  [TG+1)T(i+25)
I (& ++8+1) | T +1) T +2a)
0,
(@) (a+1)
{Cn }nGNo = {Cn }HGNU'
«
j+a’
Kij = @
] j—‘rO/
0,
1, if j =4,
_ 1 j—1 L
Kij=§—-—"—— , fij= 2,
’ lj+a—1j+a R
0, else,
1 [j4+2aj+2a+1 e -
~ . . bl lf.] :Z)
2V j+a j+a+1
Rij = 1 1 e
’ - - - , ifj=i42,
2/(j+a-1)(+a)
0, else.
(c) (a—1) .
{Cn }neNo - {Cn }neNo'
t+a—1
Kij = ————,
sJ a—].

- 2T +1) (i +a)
Y2 T(i4+1)T(j + )’

Rij =

¢@+a—1xrum¢ru+nru+2a—ﬁ
2 Fi+1) T'(y+2a

The matrix G

a)y N N
{CT(L )}n=0 - {C"(Lﬁ)}n=02

ifi <j<i+2(8—a),

else.

if j =4,
if j =i+ 2,

else,

G = diag(d) 4 4(a — B) triuc(uv™, 1) € RV (NV+1)

(dj)ilos  dj =3(j+20),
(uj)é'v:()a uj:j"_ﬁv

(Uj);’v:Ov vj = 1.

< £ &
|
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G = diag(d) 4 4(a — B) triuc(@v’, 1) € RIVHD>(N+1)

d=(d;)jlg,  dj=3(j+2a),
B

L TG+ B+1)
5= (), = T(j+1)
_ _ _ LG+1)

_ N _

G = diag(d) + 4(« — B) triu(avT, 1) € RV N+,

d=(d)N,,  dj=j(+2a),

o [ T +28)
u—(“j)j‘\]:o’ Uj-\/(]+ﬂ)w,

)N - \/(j+ﬁ)1w

L(j+28)






A.1.4 Legendre polynomials.
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Symbol

P,:R >R,

néNg.

Inner product and weight function

(f.9) = / f@)g@)wz) dz, T=[-1,1], w(z)=1.

Differential equation

o(@)y" (@) + 7(2)y (z) + Any(z) =0, y =Py,
o(x)=1—-2% 7(x)=—22, N\, =n(n+1).
Differential operator
d? d
D=—(1-2%)— +2r—.
(1-= )dx2 + T
Rodrigues formula
(=" d" n
P (z) = Sl dan (1=,
dm (=) "™(n+1),, d™ 9 Fn+m+1)
—Po(z) = 1—2?)) = — 1 T
dz™ () 27 (n —m)!(1 — x2)™ dam—m (1 =a%)") 27T(n+1)

o

2" T(n+1/2)

Vm T(n+1)
2
hn: 5
2n+1
_2n+1
n — n+17
b, =0,
n
Cn = )
n+1
anp =1,
b, =0,

h

"T 2n-1)@2n+1)

ky, =

Leading coefficients

2n+1 2" I'(n+1/2)

Squared norms

I'(n+1)32

. Vv (2n+1)(2n + 3)
“ n+1

- n 12n + 3
Cp = PR
n+1V2n—-1

)

" 92T (n+ 1/2)0(n + 3/2)

Three-term recurrence

o — n+1
" oap 417
b, =0,

o ="
"oop 417
a, =1,

b, =0,

—/ n

2 Jr L(n+1)

hy, =1.

T n—1@2n+ 1)

& - n+1

" V/@n+1)(2n + 3)
b, =0,

&, =

179



180

d
dx

Pn(m) =

an
dxm™

d
dz

A, = (=1)"

Cy

A. FORMULA REFERENCE

Derivative identities

n+1
P,(x) = 5

Fn+m+1)
27T (n+1)

1,1
P’I(L—l) (l‘)7

(T,m)

(J?),
]

n—1

2

J

n—1

=0 =0

n—1
Pu(z)=An Y BjPi(z)+Cyn Y DjPi(x) = A, > Bl Prjiy(2),
§=0

Bj = (=1)(2j + 1),

25 +1,

[N ORI

Al =

n I

(),
| iy

2

=0

1 TI'(n+1)
21T (n +1/2)’
1 T'(n+1)
2nH+1 T (n +1/2)
1 T(n+1)
2n T(n+1/2)

(—1)72

(-1

J

Valn+ )P (@),

LC(n+1DC(n+m+1) 50m,m)
'n—m+1)I'(n+1) "™
n—1

| %5
Wy DiPi(x) =4, >

Jj=0

o L +1/2)

J

25 +1,

(x) = A, > By Pajiy(a),

rGG+1)

I'(j+1/2)

rG+1) "

I'(+1/2)

rG+1)°

(),

Béj—&-xPQjJrX(x)’

(—=1)7/2j + 1,
V25 + 1,
V25 + 1.
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Connection coefficients

{P" }nENo - {T" }neNo :

VT2 (j+

Kij =

I (

3)

{P"}nENo - {Un}nel\h:







A.1. CLASSICAL ORTHOGONAL POLYNOMIALS

A.1.5 Chebyshev polynomials of first kind.
Symbol
T,:R—=>R, neNp

Inner product and weight function

(f.9) = / f@g@) wz) dz, T=[-1,1], w(z)

Differential equation

1
V1—22

o(@)y" (@) + 7(2)y'(z) + Any(@) =0, y =Ty,
ox)=1—2% 71(x)=—x, M\, =n>
Differential operator

2 d
— (1 _ 2\ el
D=-(1-=x )dm2+xdx'
Rodrigues formula
(=)t y/m(d - z?) di _ 2\n—1/2
To(x) = T (1—2%) ,
2n T (n + 5) dxm™

m n—m 2\i—-m Jn—-m
I ey = EL VAL £ m)d - )27 (-2,
da™ 2"T(n—m+ 1)T'(n+1/2) dgn—m
Leading coefficients
1 if n= - - -1/2 ifn—
ko = ,_1 ifn=20, F =1, = 7r_12, o ifn=0,
271 else, x129n=12 1 glse.
Squared norms
, if n =0, _ m, if n=0, -
hyp = hy, = hn = 1.
/2, else, 21=2n0  else,
Three-term recurrence
1, ifn=0, , 1, ifn=0,
Qp = a, =
2, else, 1/2, else,
bn = 07 bfa =Y
cn =1, e, =1/2,
dn = 1, C_l,/n = ]-7
l_)n = Oa B/n = 07
_ 1/2, ifn=1, . 1/2, ifn=1,
Cp — Cc, —
" 1/4, else, " 1/4, else,
i 2, ifn=0, s 1/2, ifn=0,
n — a, =
V2, else, 1/V2, else,
b, =0, b, =0,
. V2, ifn=1, ., 1/V2, ifn=1,
én = ¢, =
1, else, 1/2, else.
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Derivative identities

d VT T(n+2) a1/,

L) = e @) = (@),
dm VT nl(n+m) Jm-1/2,m—1/2)
— T =P ’
dz™ n () 2m D(n+1/2) "™ (=)

1 "5

n—1 2
d
(@) = A, > BiTi(z)+Cn Y DiTi(x) = A, > B\ Tojiy(2),
j=0 j=0 =0
il %, if n=0, j
An=(=1) n, else By = (=1),
1 oae
C, = {27 ifn=0, D, =1,
n, else,
a - 1, if n =0, B 1
" 2n, else, J ’
d 5 oy = P22 0 o
S Ta(e) = nPY (@) =l (a),
dam _ F(n+1)  Sm-1/2,m—1/2)
~ T (z)=—— "L P ’
d B n—1 o B n—1 o ~ LHT_lJ _ B
qpIn(@) = An ) BjTj(z) +Cn ) DyTj(x) = A, > By Dojay(@),
j=0 j=0 =0
i n+1 1 = j 0
Ap = ( 1) 277 BJ = (_I)JQJa
_ n _ .
Cn == ﬁ, .DJ == 2j,
i= B= 9
S (@) = PP (@) = 0l (),
dm - nL(n+m) =im-1/2,m—1/2)
(@) =\ o :
L 25

~:

n—1
—Tn(z) = A, B;Tj(z) + Cy Z D;T;(x) = A, Z Béj-&-xT?j-i-x(x)v
, et

=0
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{Tn}nENO - {Un}neNo:

Kij =
Rij =

Rij =

{Tn}nENo - {P"}nENo:

if n =0, -
o Bj = (=1)7,
n, else,
L ifn=0, -
V2 Dj =1,
n, else,
\/§7 lf n = O7 B/. -1
2n, else, J

Connection coefficients

1, ifj=i=0,

5, ifj=i,
-3, ifj=i+2,
1, ifj=i,
-1, ifj=i+2,
5? if j =i=0,
3. ifj=4,
-1, ifj=i+2

o jeisy T(F-3) U0
v S T(F+1r(5+3)
o 2T T T3
VT TREY TR T ) T )
—_— _1/%+1XFG;—5) r (%)
v Ao T )5+ 3)
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A.1.6 Chebyshev polynomials of second kind.
Symbol

U,:R—=R, necN,.

Inner product and weight function

() = [ H@gla)wle) o, 1= 11, w(e) = VI-a?

I

Differential equation

o(@)y"(x) + 7(2)y'(z) + Any(x) =0, y =Un,

o(x)=1-2% 7(z)=-32, I\, =n(n+2).

Differential operator

Rodrigues formula

Unle) = (2_”131” r(?ﬁ%) V1 s dda:; ((1=a?yr2).,

am (1) /a0 (n + m + 2) dn=m

187

——Up(z) = 1—a?)"+).
dxm (2) 201 (n —m + 1)T (n 4 §) (1-— x2)m+1/2 dgn—m (( x”) )

2

Leading coefficients

- ~ 2
by =27, En=1, k=4 o2m
Vs

Squared norms

hp =2 by = gr?”, By = 1.

Three-term recurrence

a, = 2, a;:1/2,
by = 0, b, = 0,
en =1, c, =1/2,
a’n_ 1a d’/n_ 17
b, = 0, bl =0,
¢, = 1/4, c, =1/4,
dn: s EL/ = 1/2,
En_oa B/ =0
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el
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Derivative identities

dz Un(@) =

VT D(n+3)

4 T(n+3) !

F(n+m+2)P

™ Un(x) = v

dxm - 2m,+ 1

da™ n(z) = T(

C, = 27 m,

Al _ 21771
d -~
@Un(x)

3/2, 3/2)( )

(m+1/2,m+1/2) ({E)

Moy

n—1

Cn Y D;Ty(z) =

=0

"5
Z Béj+xU2j+X(x)7

=0

= (=17 +1),

=nPMP? (@),

_ T(n+1)  Sumrye, m+1/2)( )

n—m+1) "™

J

AN

=

6,3 Byl
7=0
B;
Dj

n/
B;

=
WY Bhy Usjay(@),
§=0
= (1727 (j + 1),
= 2(j+1),

= 27(j+1),

= /n(n +2) B2 (),

dmﬁn(x):\/ I'(n+m+2)

5(m—+1/2,m+1/2) (2)

(n+HI'(n—m+1) "™

= j+ 1.
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Connection coefficients

{U"}neNO - {T"}neNOZ

1, ifi=0 and j even,

Kij = 2, if i+ j even,
0, else,
_ 20=3 if i + j even,
Kij =
0, else,
V2, ifi=0and j even,
Kij = {2, if 1 + j even,
0, else.

.
T

- 2+ 1 F(?+%)F(7+1)
’ 2 T +nT(R+3)
. _LQL_F(”%)X”%%)”%“)
CTVETTID T )T (R 1)
T \/2i+1xr(%+§)r(%+1)_
GG
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