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ABSTRACT

Sets of orthogonal polynomials are bases for polynomial spaces P,. As a
result, polynomials can be expressed in coefficients relative to a particular family
of orthogonal polynomials. The connection problem refers to the task of converting
from coefficients in one of these bases to coefficients in another. The entries of the
matrix that applies such a change of basis, known as the connection coefficients,
are well-known values that can be computed via direct computation or matrix
inversion; however this can be computationally expensive. Thus their accurate and
efficient computation is a relevant topic of research in numerical linear algebra, and
can be found in the current literature.

The two manuscripts included in this thesis address the connection problem.
In the first manuscript, a connection within the classical real orthogonal poly-
nomials of a single parameter (Hermite, Laguerre,and Gegenbauer) is discussed.
The spectral connection matrix related to a connection matrix is defined. It is
also shown that this spectral connection matrix in each case within the single-
parameter classical families is quasiseparable, with specific generators provided.
Additionally this manuscript proposes an algorithm that efficiently computes the
desired connection matrix given the generators of its corresponding spectral con-
nection matrix.

The second manuscript dramatically generalizes the result of the first. It
addresses the structure of the spectral connection matrix associated with a much
broader group of connections. The target family is allowed to be any of the classical
types, including Jacobi. The source family is allowed to be any of the classical types
or Bessel, which is not considered classical here. In these cases it is shown that
once again the spectral connection matrix is quasiseparable, and specific generators

are provided. The algorithm from the first manuscript allows for the efficient



computation of the desired connection matrix given the generators of the associated
spectral connection matrix.

The appendix at the conclusion provides some details for the reader’s refer-
ence. It begins with a review of orthogonal polynomials, and highlights the classical
types. It then provides a review of some basic linear algebra concepts that are rel-
evant to the manuscripts, and concludes with a survey of quasiseparable matrices.

The appendix also references research activity in the field.
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PREFACE

This thesis is in the manuscript format. It contains two manuscripts and one
introductory appendix. The thesis and each manuscript were compiled under the
supervision of advisor Dr. Tom Bella.

Manuscript 1 is entitled “The spectral connection matrix for classical orthogo-
nal polynomials of a single parameter”. Thesis advisor Dr. Tom Bella is coauthor.
It was published in Linear Algebra and Its Applications in 2014.

Manuscript 2 is entitled “The spectral connection matrix for any change of
basis within the classical real orthogonal polynomials”. Thesis advisor Dr. Tom
Bella is coauthor. It has been submitted for publication to Mathematics, spe-
cial issue on ”New Trends in Applications of Orthogonal Polynomials and Special

Functions”.
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Abstract

In this paper we study the so—called connection problem of, given a polynomial
expressed in the basis of one set of orthogonal polynomials, computing the coef-
ficients with respect to a different set of orthogonal polynomials. We restrict our
current study to the classical real orthogonal polynomials of the Hermite, Laguerre,
and Gegenbauer (including Legendre) families.

The computational tool for this work is the class of quasiseparable matri-
ces. While the relationships between orthogonal polynomials and rank—structured
matrices such as quasiseparable matrices are very well-known, in this paper we
investigate a more recently considered relationship. We prove that, while the con-
nection matrix that implements the desired connection is not itself quasiseparable,
it is an eigenvector matrix of one that is quasiseparable. We suggest to refer to
this structured matrix as the spectral connection matrix.

Finally, we present a simple algorithm exploiting the computationally favor-
able properties of quasiseparable matrices to implement the desired change of basis.
By exploiting the quasiseparable structure, this algorithm enjoys an order of mag-
nitude reduction of complexity as compared to the simple method of inverting the
connection matrix directly. While not the focus of the paper, some very prelim-
inary numerical experimentation shows some positive indications that even with
this reduction in complexity the accuracy of the resulting change of basis algorithm

is comparable to that of inverting the connection matrix directly.

1.1 Introduction

Let {Py(x)}32, be a sequence of real-valued polynomials, with deg(Py(z)) =
k, and let w(z) be a non-negative real-valued weight function on some interval
la,b]. Then {Py(x)}32, is said to be orthogonal with respect to the weight function
w(x) on [a,b] if for each j # k, (P, Pj) = f:Pk(:B)P](x)w(:v) drx = 0. The



expansions of polynomials in bases of such orthogonal polynomials are of interest
in mathematics, among many other uses of orthogonal polynomials. In this paper
we will be concerned specifically with the Hermite, Laguerre, and Gegenbauer
families, which are classical real orthogonal polynomials defined by (at most) a
single parameter. While the Gegenbauer families compose the subset of Jacobi
polynomials with two equal parameters, it should be noted that the general Jacobi
case is not considered here, as in general Jacobi polynomials are described by two
parameters, namely a and 3 describing the weight function w(z) = (1—z)*(1+z)".
Extensions to include this and other cases are the topic of forthcoming work.

The classical orthogonal polynomials are useful in applications too numerous
to include a full list, but notably include Gaussian quadrature [15], random matrix
theory [13], fluid dynamics [29], and computations in quantum mechanics [32]; for
a longer attempt at listing applications, see [24].

We consider the problem of, given constants {a;} and orthogonal polynomials
{P:} and {Qy}, computing constants {b;} such that >  arPr = > bQr. We'll
refer to this as the connection problem, and further distinguish between the cases
where { P} and {Q} belong to the same family of orthogonal polynomials (both
are Gegenbauer for different values of the defining parameter, etc.)and where they
do not. The simpler former case can be considered as a change of parameter,
while the latter involves changing between different families of orthogonal polyno-
mials. In this paper we restrict attention to the connection problem within and
between the classical real orthogonal polynomials defined by a single parameter,
listed above. The connection problem appears in areas such as harmonic analysis
[38], mathematical physics [3], combinatorics [35], etc. There has been particular
interest in the positivity of connection coefficients as well [14, 36, 37, 40].

It is obvious that the connection problem can be solved by determining the



entries of a suitable connection matrix. While the recurrence relations satisfied by
real orthogonal polynomials may seem to reduce the computational complexity of
this approach, inversion at a cost of O(n3) operations is still required. The entries
of this connection matrix itself, commonly called the connection coefficients, also
have applications in pure mathematics, applied mathematics, and physics, as is
studied in [2, 3, 14, 35, 37].

The connection problem has been addressed extensively in the literature. For
example, in 2013 Maroni and da Rocha [23] applied useful identities of orthogonal
polynomials to produce a recurrence relation for connection coefficients. In [22]
this work was developed in Mathematica. Other work on the connection problem
can be found in [12, 21, 33, 34].

Special cases of applying connection coefficients within the classical orthogonal
polynomials have also been developed, such as in [1, 18, 20, 30].

Currently, perhaps the most complete solution to the connection problem
within the classical real orthogonal polynomials comes from [16]. In it the authors
applied the approach of [31] to the special case of classical families. They describe
how the careful application of orthogonal polynomial identities can lead to a se-
ries of recurrence relations that generate the desired connection coefficients. The
article, however, does not specifically address each connection case among the Her-
mite, Laguerre, and Gegenbauer families, but rather presents a general framework,
requiring derivations for specific cases, which are left largely to the reader.

Another more recent approach to the connection problem has involved the
use of rank structured matrices [17, 25, 27]. Although their traditional connection
to orthogonal polynomials has been as moment matrices or recurrence matrices,
alternative links have also been made recently, which have contributed to the con-

nection problem. In 1991 Alpert and Rokhlin [1] addressed the connection prob-



lem between Legendre and Chebyshev polynomials. Later Keiner made significant
progress in solving the change—of—parameter connection problem within the classi-
cal real orthogonal polynomials in [19] and [20] by exploiting the rank structure of
a matrix that features the connection coefficients as an eigenvector matrix. While
the progress made was significant, Keiner addresses only the connection problem
as a change of parameter within the Jacobi polynomials or within the Laguerre
polynomials.

Here we extend this recent work to include the connections among any fam-
ilies from Hermite, Laguerre, and Gegenbauer, such as Gegenbauer to Laguerre
or Laguerre to Hermite. This is done by deriving algorithms based on a different
class of rank—structured matrices known as quasiseparable matrices. Relationships
between quasiseparable and other rank—structured matrices and orthogonal poly-
nomials are numerous (see, for instance, [5, 26, 28] and the references therein).
In particular it is this class of matrices that will allow us to extend the approach
of Keiner on a broader scale, between the Hermite, Laguerre, and Gegenbauer
families.

The structure of the paper is as follows. In Section 2, we collect some well—
known results about the classes of orthogonal polynomials considered, for the
reader’s convenience. Next, Section 3 introduces the class of quasiseparable matri-
ces, the main computational tool of our algorithm. While the connection matrix is
not itself quasiseparable, we show that it is a scaled eigenvector matrix of a known
(and easily computable) quasiseparable matrix, which we suggest to call the spec-
tral connection matrix. This is shown in Section 4, and explicit expressions for the
generators are given in Section 5. Implementation details and numerical experi-
ments are given in Sections 6 and 7, respectively, and some conclusions are offered

in the final section.



1.2 Orthogonal Polynomials

In this section we collect some useful information about these classical or-
thogonal polynomials for the reader’s reference. Let P = {Py(z)}}_, and
Q = {Qr(x)}}_, satisfying deg(P;) = deg(Qx) = k be two bases for P,, the space
of polynomials of degree at most n. Given a polynomial p(z) = > ;_, apPs(x),
we seek to compute {by}}_, such that p(z) = >, bkQx(z). In general, the com-
putation of these by coefficients directly in the obvious way is computationally
expensive, requiring O(n?) operations in general. If P and @ are sets of real or-
thogonal polynomials (orthogonal with respect to two inner products on P, (-,)p
and (-, -)g, respectively), it is known that [bg - --b,)T = ®[ag - - a,)’, where ® is
given by

® = (¢i;)i'j=0 such that ¢;; = %'

As each inner product requires integration with respect to an arbitrary weight
function, this ® is nontrivial to compute. In this paper we consider the cases of
the above problem in which P and @) are single-parameter classical orthogonal
polynomials of the Hermite, Laguerre, and Gegenbauer types. While there exist
various normalizations of these polynomials that are useful in various contexts, in

this paper we consider the monic normalization only.

Definition 1.2.1. The (monic) Hermite polynomials { Hi(x)}?2, form a sequence

of polynomials orthogonal with respect to w(x) = e~ on the interval (—oo, o).

They are given by the following recurrence relation:

H_i(z):=0, Hy(x):=1, and (1)
Hiy1(z) i= oHy(z) — EHp_y(2) for k=0,1,2,...

FEach Hy, is an eigenfunction of the differential operator

d? d
H_ _ @ a
D" = o + 2Idx (2)

corresponding to eigenvalue 2k.



Definition 1.2.2. The (monic) Laguerre polynomials corresponding to fixed pa-
rameter v > —1, denoted {L?) ()}, form a sequence of polynomials orthogonal

T

with respect to w(x) = x7e* on the interval [0, 00). They are given by the following

recurrence relation:
L(W)(x) L(v)(x) =1, and
-1 0 T
L('Y)

=0,
O (x) == 2L (@) = 2k + v + VLY (x) = k(k + 1)L, (x) for k=0,1,2,...
(3)

Each L,(J) 1s an eigenfunction of the differential operator

2

d d
v — _ _ _
D T (14~ m)dm (4)

corresponding to eigenvalue k.

Definition 1.2.3. The (monic) Gegenbauer polynomials corresponding to fixed
parameter o« > —1 (a # —1/2), denoted {G,(Ca) ()}, form a sequence of polyno-
mials orthogonal with respect to w(z) = (1 —x?)* on the interval [—1,1]. They are
giwen by the following recurrence relation:

G x):=0, G(z):=1, and

k(2o + k)
(@ () Ay () _
Giii(z) == 2G 7 (z) o 10k + 1)(20 £ 25 = 1)Gk71(x) fork=0,1,2,...

Each G,(Ca) 1s an eigenfunction of the differential operator

2

d d
D = —(1—x2)w+(2a+2)x% (6)

corresponding to eigenvalue k(k 4+ 2+ 1). Note that letting o = 0 generates the

family of monic Legendre polynomials. It should also be noted that the restriction

a # —1/2 is due to the chosen monic normalization.

It is well known that for any choice of n € N, each of { Hy(z)}}_,. {L,(:) ()}
for any valid 7, and {G,(f) (x) }p_, for any valid « forms a basis for P,,. The following

lemma, which follows easily from [19], will be useful in later sections.



Lemma 1.2.4. The (monic) Hermite polynomials { Hx(z)}r satisfy

(@) = K (2)

2

and %(Hk(a:)) =k(k — 1)Hg_s(x).

The (monic) Laguerre polynomials {L,(J) (x)}r satisfy

d — s
%(Lk (x)) =Y _(~1) ﬁLz‘(f)
i=0 '
d2 k—2 A k'
and ﬁ(L,(J)(m)) = Z;(—l)k"(k —i— 1) Li(x).
The (monic) Gegenbauer polynomials {G,(Ca) ()} satisfy
d k—1 ‘
(G (@) =Y GD((-) T + )G (x)
i=0
2 k—2 k—i—1
and @(G,(f)(x)) =3 4CDi | Y GaDi | G (),
= {odd
where
o L(k+a+1)2"'T(k+ 1) D (20 + 200 + 2)
k= ; i =

I'(2k +2a+1) Lii+a+1)2T0E+1)

1.3 Quasiseparable Matrices

The class of quasiseparable matrices has received a lot of attention in recent
years, and in particular the use of the generator representation (Theorem A.5.5
below) to reduce the complexity of algorithms versus the standard complexity on
an unstructured matrix [6, 8, 9, 10]. As quasiseparable matrices compose a large
class that includes several common and useful structures, any result generalized to
the entire class becomes a widely effective one. For the purposes of this paper, we
will only need matrices which have rank structure in the upper triangular portion.
It will also be convenient later, in order to accommodate the polynomial indexing,

to index the parameters from 0 instead of the standard 1.



Definition 1.3.1. A matriz A s (or upper ny-—

(0, nyy)—quasiseparable
quasiseparable) if it is upper triangular and max(rankAis) = ny, where the maxi-

mum s taken over all symmetric partitions of the form

a- e

* *

Among the many important subclasses of upper quasiseparable matrices are
the banded matrices, and diagonal-plus—upper—semiseparable matrices. A matrix

is diagonal-plus—upper—semiseparable if it is of the form
diag(d) + triu(uv’)

for d, u, v n—vectors, and triu denotes the strictly upper triangular portion. Both
banded matrices and diagonal-plus—upper—semiseparable matrices are easily seen
to satisfy the low—rank conditions, and are hence quasiseparable. It should be
noted, however, that these two subclasses do not overlap nontrivially. Indeed, in

general, diagonal-plus—upper—semiseparable matrices have the form

[ di wve uwvz o0 wU,
0 dg U2V3 U2Vp,
0 0 ds
: : ’ Up—1Un
| 0 0 0 d,

from which we can see any zero entries anywhere in the strictly upper triangu-
lar portion force zero entries in either the entire row or column, up to the main
diagonal. Thus diagonal-plus—upper—semiseparable matrices cannot have positive
upper bandwidth. Details may be found in [4].

The computational advantage in working with rank—structured matrices such
as quasiseparable matrices lies in the fact that the n? entries of an n x n qua-
siseparable matrix can be represented by only O(n) parameters. Thus many tasks

involving such a matrix, such as calculating an eigenvector matrix, can require



considerably fewer operations than that for an unstructured matrix of the same
size. The following generator representation is well-known [11] to be equivalent to

the definition in terms of ranks above.

Theorem 1.3.2. Let A be an (n 4+ 1) x (n + 1) matriz. Then A is (0,ny)-
quasiseparable if and only if there exists a set of generators {d;,g;, bg, h;} for

1=0,....n—1,7=1,....,n, k=2,.... n—1, and l =0,...,n such that
dy -

Gibig1 - bj—lhj

I dn, ]
The generators of A are matrices of the sizes
di; 9k b, hy
size 1x1 1 x 7 Th_1 X Tk Te_1 X 1
range | k€ [0,n] |k €[0,n—1] | k€ [l,n—1] | k € [1,n]

where maxr, = ny.
k

Note that in the above theorem, the rows and columns of A and the corre-
sponding generators are indexed from 0 instead of the traditional 1. This indexing
is much more convenient considering that many of the matrices we consider will

have column k correspond to a polynomial of degree k.

1.4 The Spectral Connection Matrix

In this section we introduce the spectral connection matrix, which is a par-
ticular matrix that will be associated with any given change of basis within the
classical orthogonal polynomials. It is this matrix whose rank structure will be

exploited in order to apply a desired change of basis.

Definition 1.4.1. Let n € N, and suppose that P = {Py(x)}}_, and Q =

{Qk(2)}}_, are two finite families of classical orthogonal polynomials with inner

10



products (-,-)p and (-,-)¢q respectively. Let D be the differential operator associ-

ated with P (that is, each Py is an eigenfunction of DY). Let

gii = <Q17 DP(Qj)>Q
N (Qi, Qi)

Then the matriz G = (gi;)} ;=0 s called the spectral connection matrix from P to

0.

The next theorem reveals the relationship between the spectral connection

matrix and the connection matrix itself. The proof comes from [19].

Theorem 1.4.2. Let P = {Py(z)}}7_, and Q = {Qx(z)}}7_, be two finite families
of classical orthogonal polynomials. Let ® be the connection matriz from P to @,
and let G be the spectral connection matrix from P to (). Then ® is the eigenvector

matrix of G with each diagonal entry scaled to 1.

Proof. First, let each Py(x) be an eigenfunction of the differential operator DF
corresponding to eigenvalue Ay, as provided in Definitions A.2.1, A.2.2, and 1.2.3.
Let @ = ¢o|... | on |-

RS - <Ql7DP(Qj)>Q
(Gom)i = jzogz,j¢j,m—z 01 00a ®jm

Q., DF ” ¢j,mQj)>
- < (JZ_; Q <Q1’DP(Pm)>Q
- (Q1. Qg  {Q1LQug

Qla)\m ¢,mQ>
<Ql7)\mpm>Q . < 32:; ! ! Q

<QZ7Q1> B (Q1. Q)g
= /\ Z QZ’Q] Q¢jm_Am¢nl

lal

Note that each entry of the diagonal of ® will be 1, as we are converting between

monic polynomials. m

11



The following theorem is a thorough computation of the entries of a general
spectral connection matrix. It should be noted that in [19], the spectral connec-
tion matrix within the Laguerre or within the Jacobi families is addressed, but
only when the two sets of polynomials are both Laguerre, both Jacobi, etc. In
the following theorem, no such restrictions are placed on the involved classical
orthogonal polynomials, and so it enables conversion between different classes of

orthogonal polynomials.

Theorem 1.4.3. Let P = {P(z)}7_, and Q = {Qk(z)}}_, be two families
of (monic) classical orthogonal polynomials, and let G = (gi;)i;—o be the spec-
tral connection matriz from P to Q. Suppose that each Qi(zx) is an eigenfunc-
tion of the differential operator D2, as provided in Definitions A.2.1, A.2.2, and
1.2.3, corresponding to eigenvalue N,. Similarly let each Py(x) be an eigen-
function of the differential operator DY.  Suppose that there exist constants
asby e dye, ({ndFim Y ARy A b {00 g, and {e iy satisfying

2

d*y dy
P V() — (2 ay ay
(D" —D%)(y) = (az® + bz + ) 72 + (dz +e) o

1Qr(7) = MQry1(7) + 0 Qr(2) + Qr—1(2).

12



Then the entries of G are given by

S Niy 1=, n aYimo Vil + dyiminl_y, i<,
Jij = 0, otherwise 0, otherwise

n en{ + dnidi + b'yi_lmg,l + a'yi_lmf;l(éi_l +0;), <7,
0, otherwise
. cmf + bm{éi + amf(%eiﬂ + 0% + vi16) + dnf+lei+1, 1<j—1,
0, otherwise

4 bmg+1€i+1 + (lm‘ngl (5i+1€i+1 + €i+15i>a 7 < j — 2,
0, otherwise

+ ami, ,€i12€i41, 1< j—3,
0, otherwise

Proof. First, note that through direct substitution, xQg(z) = YQri1(z) +
0k Qr(7) + exQr1(2) gives that 2°Qu(z) = YeVe11Qrr2 + (k + MOk11)Qri1 +

(Vi€kt1 + 5;% + Yio1€k)Qr + (Oner + €x0k—1)Qr—1 + €rer—1Qr_2. By definition,

9ij = O Qa and applying identities we have
1
%= 0n0ve ((Qi, D%Q))q + (Qs, (D" = D?)(Q)))q)
1
= 0000 ((Qi, XjQ))q + (Qi, (D” = D?)(Q)))q)
>\i7 i =7, 1

- - , P _ pQ )

0, otherwise

)\i7 Z:ja 1

T Gn e ((Qi, (az® + b 4 €)Q}) @ + (Qi, (dx + €)Q)q)

0, otherwise

)\'h Z:ja 1

Jj—2 j—2
_— . J 2 b j
" <QZ7 Qz)Q <<Q“ a ; myx Qk>Q + <Qz7 ; mkszk>Q

0, otherwise

j—2 Jj—1 J-1
+ Qi ey miQio + (Qid Y nlaQi)g + (Qs, eZniQwQ) .
k=0 k=0 k=0

13



Simplifying, we have

J

N, =7, eml, i<j—1, enl, i< j,
= + +
0, otherwise 0, otherwise 0, otherwise
j—2
1 j
+o—— | (Qisa Z My (Ve V41 Qrr2 + (W0k + VeOrr1) Qrs1
(@1, Qe 2

+(Vk€rt1 + 5;3 + Vi—1€k)Qk + (Oner + €x0k—1)Qr—1 + €x€r—1Qk—2))0

e
Qi bz mi(’YkaH + 0,Qk + €xQr-1))0

k=0
J—1
+  (Q, dz 1 (Ve Qr+1 + 0kQ + €ka—1)>Q)
k=0
i, Q=7 em!, i<j—1, enl, i<j,
= + +
0, otherwise 0, otherwise 0, otherwise

(Q ( Z M Qis Y41 Qrr2 + (0k + V0k11) Qrp1

+(%€k+1 + 67 + %—161@)@1@ + (Oner + €x0k—1)Qr—1 + €rer—1Qr—2)0

j—2
+b Z My (Qi, TQrr1 + 0Qr + €1.Qr—1)q

k=0

7j—1
- dz Qi Ve Qrr1 + 0k Qe + eka1>Q> _
k=0

Then, taking advantage of the linearity of the inner product and orthogonality, we

arrive at the desired result. m

The specific spectral connection matrix for a given case (i.e. from Laguerre to

Hermite, etc.) can be found from this theorem and the well-known values of the

involved constants. For convenience, the values of the constants described in this

theorem for the cases we consider are collected in Appendix 1, and the resulting

theorems for each case are stated explicitly next.
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Theorem 1.4.4. The spectral connection matriz G = (gi)i ;=9 from the finite

Laguerre family {L,(J)(x)}}z:o to the finite Hermite family { Hx(z)}}_, is given by

—(i+ 1)+ 1+7),
9i5 =4 3(i+2)(i + 1),

—2(@+3) (i +2)(i+1),

0,

\

i =7,

1=75—1,
1=7—2,
1=7—3,
otherwise.

Theorem 1.4.5. The spectral connection matriz G° = (gi;)} ;= from the finite

Gegenbauer family {Gg:‘) (x)}r_y to the finite Hermite family {Hy(z)}}_, is given

by
i(2a+1i+1),

(i + 1)(i + 2)(26 + 2a + 1),

N | +—=

Gij =
(+4)(E+3)(i+2)(i+1),

=

=

)

\

i =7,

=7 =2
1=7—4,
otherwise.

Theorem 1.4.6. The spectral connection matriz G = (gi;)i;—o from the finite

Hermite family {Hy(x)}7_, to the finite Laguerre family {L,(:) (x)}r_y is given by

(

2j, L =7,
2j(3 +), =71,
Gij = o it
(_1)]_1(2_‘7—’_1)57 7’<]_17
0, otherwise.

\

Theorem 1.4.7. The spectral connection matriz G = (gi)i =9 from the finite

Gegenbauer family {G,(Ca) (x)}r_y to the finite Laguerre family {L,(:) () }i_,y is given

15



J(j+ 20+ 1), i=
71277 + Q2o+ 27)j + 2a7], i=j—1,
95 =V jG -+ 2y —1)j—-1—7v+9%, i=j—2

i
(1yzj( j+1), i<j—2,

0, otherwise.
\

Theorem 1.4.8. The spectral connection matriz G = (gi)i ;=0 from the finite

Hermite family {Hy(z)}7_, to the finite Gegenbauer family {Ggf) (z) Y, is given

by
§
j(] + 2a0 + ].) - 4Cij_QCj_1Dj_1 - 40éCij_1, 1= j,
Jj—i+1 Jj—i—1
—40 D, 2 Z Cj ZDJ l—|— €i+1 +€z Z Cj lD] 1
=1
gij = ! odd Yod
j—i—3
+aD; 1 + aci1Diy1 + €261 D540 Z CiaDji |, 1< J,i+] even,
oda
0, otherwise,
\
k(2o + k)

where Cy, and Dy, are as in Lemma 2.2.4, and €, = o+ 2k + )20+ 2k —1)
« « —

Theorem 1.4.9. The spectral connection matriz G = (gi;)i ;= from the finite La-

querre family {L,(:) () }r_q to the finite Gegenbauer family {G,(f)(x)}g:o is given by

16



.
j(] + 2a + 1) — 4Cij_QCj_1Dj_1 — 2(2(1/ + 1)Cij_1, = j,
J—i+1 j—i—1
—20] 2Di—2 Z Cj—le—l - 2(1 — €i+1 — 67,>Dz Z Cj—le—l
odd odd
j—i—3
gij = +(2a+1)D;y 4+ 2o+ 1)e;11 D1 + 26549641 Dig0 Z CiaDj |, i<j,i+] even,
oda
Jj—t Jj—i—2
—2C; | (1+)D; +2Di1 > CiuDjy+ 261 Diy Yy CjuDjy |, i< ji+j odd,
oda oda
0, otherwise,
A
k(2a + k)

where Cy, and Dy, are as in Lemma 2.2.4, and e, = 20+ 2k +1)(2a + 2k — 1)
«Q o -

1.5 Structure of Spectral Connection Matrices

In [19], it is proven that the spectral connection matrices within the Gegen-
bauer family and within the Laguerre family (that is, when the two families between
which we convert are the same, with different values of parameters) have diagonal—
plus—upper—semiseparable structure. In this section, we consider the case of con-
verting between different families, and show that the rank structure that results is
quasiseparable (a more general class than diagonal-plus—upper—semiseparable).

Furthermore, some of these cases yield banded matrices (which are quasisepa-
rable, but not diagonal-plus—upper—semiseparable, as discussed above), indicating
that the correct class of rank structures to consider for the connection problem
seems to be quasiseparable.

The following theorems complete the information for all connections among
the Gegenbauer, Laguerre, and Hermite families. Additionally, generators (see
Theorem A.5.5) are provided for each case, which will be used in the algorithm.

For simplicity, we omit the ranges on all indices, which may be found in Theorem

17



A5.5.

Theorem 1.5.1. Let G be the spectral connection matrix from the finite Laguerre
family {L,(;’) (x)}r_o to the finite Hermite family {Hy(x)}p_,. Then G is (0,3)-

quasiseparable.

Proof. From Theorem 1.4.4, it is obvious that G is banded, with non—zero entries
appearing only on the main diagonal and first three superdiagonals. This is suf-
ficient for the proof, but for convenience we also note that the generators of G

are

which may be easily verified. m

Theorem 1.5.2. Let G be the spectral connection matriz from the finite Gegen-
bauer family {G,(f)(x)};gzo to the finite Hermite family {Hy(z)}7_o. Then G is

(0, 4)-quasiseparable.

Proof. From Theorem 1.4.5, it is obvious that G is banded, with non—zero entries
appearing only on the main diagonal and up to the fourth superdiagonal. This is
sufficient for the proof, but for convenience we also note that the generators of G

are

dp =kQa+k+1), g=[3 0 3(2i
0

hi=[000 5], b= 8

0

which may be easily verified. m
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Theorem 1.5.3. Let G be the spectral connection matriz from the finite Hermite
family {Hy(x)}7_, to the finite Laguerre family {L?)(ZL‘)}Z:O. Then G s (0,3)-

quasiseparable.

Proof. Generators for this matrix G are given by

(DG+1) ()™

7! 7!

20+ D) +14+7) |

S = O
o O O

1
hy=[ (=170 (=175 1], be=]0
0

It is straightforward to check that these parameters define G, and then by Theorem

A.5.5 G is (0, 3)-quasiseparable. m

Theorem 1.5.4. Let G be the spectral connection matriz from the finite Gegen-
bauer family {G,(Ca) (x)}i_y to the finite Laguerre family {L,(:) (x)}r_o. Then G is

(0, 4)-quasiseparable.

Proof. Generators for GG are given by

1

1
dp = k(k+2a+1), i = ( 3
e = K oo il id 2 2

For the generators hy and by, we have two cases. For each k, if either k =n or
(2(k + 1)% + (2a + 29)(k + 1) + 2a) # 0,

then set
2k((E+124+ 2y - 1D(k+1) —v+1?)

By = ;
P2k + 12+ a+ 29)(k + 1) + 20y

and then the generators h; and by are given by

(—1)%K!
. (—1)"k!(—k + 1)
P R2ER 4 204 29)k + (20)y) |

k(2k* + (2a + 29)k + (2a)7)
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10 0 O 100 0
01 0 0 oy 010 O oy
b, = 00 B, 0 if k£ is even, b, = 000 0 if k£ is odd.
00 0 O 0 0 0 By
If instead for a given value of k we have 2(k + 1)? + (2a + 27v)(k + 1) + 2ay = 0,
then
(—1)*K!
b (=1)*E!(=k + 1)
U 2k(k =R+ 2y =Dk =492 |
—2k(k —1)(K*+ (2v — Dk — v +7?)
and
1 000 1000
0100 e 0100 e
b, = 00 10 if k is even, b, = 000 0 if k£ is odd.
0000 0001

It is again straightforward to check that these parameters define G, and then by

Theorem A.5.5 G is (0,4)-quasiseparable. m

Theorem 1.5.5. Let G be the spectral connection matrixz from the finite Hermite
family {Hy(z)}7_, to the finite Gegenbauer family {G,(f)(a:)}zzo. Then G is (0,4)-

quasiseparable.

Proof. The proof is by providing generators for G, which may be verified directly.
Define

ri = Di_o + (€11 + Ei)Di + (€i42€i11)Dito

and
s; = (Ci—1Di—1—1)D;_o4aD; 1 —(€ip1+€;) Ditoeiy1 Div1 —(€i42€i41) (14+Cip1Div1) Digo

where Cy, Dy, and ¢ are as in Theorem 1.4.8. Then the generators of G are given
by
dk = k(k + 2a0 + 1) — 4Cka,QCk,1Dk,1 — 40{C]€Dk,1,
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T

[n S 00], I even {—4@- —40; 00] , Jeven
gi = ) hj = T

|: 0 0 ry S :| ) iodd |: 0 0 —40] —4C] :| ’ J odd
and

1 C,D, 0 0 1 00 0

0 1 0 0 e 010 0 e
b, = 0 0 10 if k is odd, b, = 00 1 C.D, if k£ is even.

0 0 0 1 0 00 1

By Theorem A.5.5 G is (0, 4)-quasiseparable. m

Theorem 1.5.6. Let G be the spectral connection matrix from the finite Laguerre
family {L,(J)(x)}zzo to the finite Gegenbauer family {Géa) () }p_o- Then G is (0,4)-

quasiseparable.

Proof. The proof is by providing generators for G, which may be verified directly.
Define
ti =2D;_5 — 2(1 — €541 — €)D; + 2€;19€,41Dita,
u; = 2D; 5Ci 1Dy + 200+ 1)Di_y + (20 + 1)€41Digy — 265496111 Di0Ci1 Dy,
v; =2D; 1 + 261 Di1, and  w; = (1+7)D; +2D;_1C; Dy,
where Cy, Dy, and ¢, are as in Theorem 1.4.9. Then the generators of G are given
by
dk = dk = /{Z(/{? + 2 + 1) - 4Cka_20k_1Dk_1 — 2(2@ + 1)Cka_1,

ti U; — tz v W; — U; :| ) 1 even
gi = )
v, W, — v by ou; — 1 :| ) 1 odd
( T
{ —20; —2C; 0 0 ] , ] even
hj = T
{ 0 0 —20; —2C; ] , jodd
\
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and

1 CyvD, 0 0 1 00 0
0 1 00 g 010 0 e .

b, = 0 0 10 if k is odd, b, = 00 1 C.D, if k£ is even.
0 0 0 1 0 00 1

By Theorem A.5.5 G is (0, 4)-quasiseparable. m

1.6 Implementation Details

In the previous sections, we've proved that the spectral connection matrix is
quasiseparable, and given explicit formulas for the generators. In this section, we
use this information to provide an algorithm for solving the connection problem,
which essentially then becomes the problem of computing an eigenvector matrix
of an upper triangular and quasiseparable matrix.

The problem of computing eigenvalues and eigenvectors of rank—structured
matrices and quasiseparable matrices in particular has been thoroughly researched
[39], but here we already have the eigenvalues for free from the upper triangular
structure. We only need to compute the eigenvector matrix, and ensure that it
is scaled to have diagonal entries all equal to 1. The following theorem gives a
simple method for computing this eigenvector matrix, which is then the desired

connection matrix.

Theorem 1.6.1. Let G be an (n + 1) x (n + 1) upper triangular quasiseparable

matriz with generators {g;}'=g , {h;}1_y, {bm i1, and {di}}—y. Let

P Grm
dk - dm

~(k) _ gi d g(k):b
9 =G —aq M P O
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fori=0,.,n—1, m=1,..n—1andk=1,....,n+ 1. Let xyo = e; and
- (k)7 (k 7 (k
3o 0B

370" b

(k) 3k
915;32]?1&—)1}114
X = gl(cjlhk

1

0

! 0 i

for k =1,...,n. Note that x; is column k of the upper triangular quasiseparable

matrix defined by the parameters {Jl,gg’“), Bﬁ,’i), h;}, where each d; = 1. Then
=[xl %]
s an etgenvector matrixz of G.

The previous theorem can be verified using direct computation. It should be
noted that each eigenvector described above can be computed in O(n) steps using
the algorithm below, and thus a complete eigenvector matrix can be computed in

O(n?) steps.

Set H = hk, .CCk(k, 1) = 1, SCk(j, 1) =0 for j =k+ 1, ., n
Forj=k—1:—-1:0
Compute zx(j,1) = f]](.k)H

Update H = l;g.k)H
End.

1.7 Preliminary Numerical Experiments
The focus of this paper is the theoretical contribution of the spectral con-
nection matrix, while numerical analysis of the algorithm suggested by these the-

oretical results is the topic of forthcoming work. We include here, however, a
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brief preliminary experiment included to illustrate the potential of the spectral
connection matrix method to elicit high accuracy in the connection problem.

We note that this proposed algorithm enjoys an order of magnitude reduction
in complexity versus the obvious algorithm of computing the connection matrix
directly via matrix inversion. While it is of course possible that such a reduction
may come at the cost of stability, work in structured matrices often shows that there
is no corresponding loss of accuracy. Our initial numerical findings are consistent
with this.

We compare accuracy with the traditional method and with a recent improve-
ment on it. Throughout this section, SCM denotes our proposed algorithm making
use of the spectral connection matrix, RZG denotes the algorithm of [16], which re-
quired some preparatory computation, and Inverse denotes the obvious algorithm
of applying the connection matrix formed using recurrence relations and matrix
inversion (with inversion implemented by the Matlab command inv()).

This experiment was performed using Matlab version 7.10.0.499 (all calcula-
tions in double precision) on a Lenovo ThinkPad brand laptop

For fixed values of dimension n, and Laguerre parameter v, we randomly
choose values of the coefficients aj in [—5, 5] and evaluate p(z) = >/ _, arPy(z)
(using the corresponding recurrence relations for Py (z) as in the Clenshaw method
[7]) as = ranges from —10 to 10 with step size 0.1, where P, denotes the k-th
Laguerre polynomial with parameter v. This is our “exact” solution p(z). We
then evaluate ]@ = 1o bQr(z) where @, denotes the k~th Hermite polynomial
using each algorithm, and compare to the above. Three graphical representations
of the relative errors calculated for various representative choices of n and ~ are
given in Figures 1, 2, and 3. To keep the presentation brief, we include only this

small representation, which represents typical results.
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— Inverse Method

Relative Error

10°E — Inverse Method

Relative Error

Figure 2. Error for Laguerre (v = 5) to Hermite in dimension n = 10

We emphasize that it is too early to draw any numerical conclusions from
this early result, and a detailed investigation of the numerical properties of the
algorithm is a subject of future work. However, these preliminary results suggest
that the proposed algorithm may produce a similar accuracy to the currently known

algorithms together with a reduced complexity.

1.8 Conclusions
In this paper we extended recent work in using rank structured matrices,

particularly quasiseparable matrices, to solve the connection problem, expressing
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— Inverse Method

Relative Error
=
T

100 &

-16
-10

Figure 3. Error for Laguerre (7 = 0.2) to Hermite in dimension n = 10

polynomials given in terms of one basis of orthogonal polynomials in another or-
thogonal basis. This was done using the spectral connection matrix, a known
matrix with quasiseparable structure which has as an eigenvector matrix the de-
sired connection matrix.

Previous work in this area has used the class of semiseparable matrices (a
subclass of quasiseparable matrices). However, in extending these results to be able
to change between the Hermite, Laguerre, and Gegenbauer families, as opposed to a
change of parameter within one, we have found that the spectral connection matrix
can also have a banded structure, which is quasiseparable and not semiseparable.
Based on this, we believe that quasiseparable structure is the correct class to be
considered.

The theoretical results suggest an algorithm for solving the connection prob-
lem, and very preliminary numerical results were presented. These results are too
early for conclusions, but suggest that the proposed algorithm has an accuracy
comparable to that of computing the inverse of the connection matrix directly,

which is an order of magnitude more expensive.
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Abstract

The connection problem for orthogonal polynomials is, given a polynomial ex-
pressed in the basis of one set of orthogonal polynomials, computing the coeffi-
cients with respect to a different set of orthogonal polynomials. Expansions in
terms of orthogonal polynomials are very common in many applications. While
the connection problem may be solved by directly computing the change—of-basis
matrix, this approach is computationally expensive. A recent approach to solving
the connection problem involves the use of the spectral connection matrix, which
is a matrix whose eigenvector matrix is the desired change-of-basis matrix.

In [5], it is shown that for the connection problem between any two different
classical real orthogonal polynomials of the Hermite, Laguerre, and Gegenbauer
families, the related spectral connection matrix has quasiseparable structure. This
result is limited to the case where both the source and target families are one of
the single—parameter families of Hermite, Laguerre, or Gegenbauer. In particular,
this excludes the large and common class of Jacobi polynomials, defined by two
parameters, both as a source and as a target family.

In this paper, we continue the study of the spectral connection matrix for
connections between real orthogonal polynomial families. In particular, for the
connection problem between any two families of the Hermite, Laguerre, or Ja-
cobi type (including Chebyshev, Legendre, and Gegenbauer), we prove that the
spectral connection matrix has quasiseparable structure. In addition, our results
also show the quasiseparable structure of the spectral connection matrix from the
Bessel polynomials, which are orthogonal on the unit circle, to any of the Hermite,
Laguerre, and Jacobi types.

Additionally, the generators of the spectral connection matrix are provided

explicitly for each of these cases, allowing a fast algorithm to be implemented
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following that in [5].

2.1 Introduction

Let {Py(x)}32, be a sequence of real-valued polynomials, with deg(Py(z)) =
k, and let w(z) be a non—negative real-valued weight function on some interval
[a,b]. Then {Py(x)}32, is said to be orthogonal with respect to the weight function
w(z) on [a,b] if for each j # k, (P, Pj) = f; Py(2)P;(x)w(z) dx = 0. The
expansions of polynomials in bases of such orthogonal polynomials are of interest
in mathematics, among many other uses of orthogonal polynomials. The classical
orthogonal polynomials are useful in applications too numerous to include a full
list, but notably include Gaussian quadrature [10], random matrix theory [9], fluid
dynamics [22], and computations in quantum mechanics [24]; for a longer attempt
at listing applications, see [19].

We consider the problem of, given constants {ay} and orthogonal polynomials
{P;} (the origin family) and {Qy} (the target family), computing constants {by}
such that Y apP. = > b Qr. We'll refer to this as the connection problem, and
in this paper we will consider the case where the source polynomial family { P}
and the target polynomial family {Q} are Hermite, Laguerre, or Jacobi (including
one of its special cases of Chebychev, Legendre, and Gegenbauer). At the conclu-
sion will we also discuss a connection to the Bessel polynomials, which are often
considered classical although they are orthogonal on the unit circle.

The connection problem appears in areas such as harmonic analysis [28], math-
ematical physics [2], combinatorics [27], etc.

It is obvious that the connection problem can be solved by determining the
entries of a suitable connection matrix. While the recurrence relations satisfied by
real orthogonal polynomials may seem to reduce the computational complexity of

this approach, inversion at a cost of O(n?®) operations is still required. As such, the
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connection problem has been studied extensively in the literature, see for instance
(18,17, 8, 15, 25, 26, 11, 23].

Another more recent approach to the connection problem has involved the
use of rank structured matrices [12, 20, 21]. Although their traditional connection
to orthogonal polynomials has been as moment matrices or recurrence matrices,
alternative links have also been made recently, which have contributed to the
connection problem. In 1991 Alpert and Rokhlin [1] addressed the connection
problem between Legendre and Chebyshev polynomials. Later Keiner made sig-
nificant progress in solving the connection problem within the Gegenbauer family
(that is, where both origin and target families are Gegenbauer, but for different
values of the parameter) in [14] by exploiting the rank structure of the spectral
connection matrix. In [13] it is shown that the spectral connection matrix corre-
sponding to a change of basis within the Laguerre or within the Jacobi families has
semiseparable structure, which is a type of the quasiseparable structure considered
here. In [5], the connection problem between different families chosen among Her-
mite, Laguerre, and Gegenbauer was solved. There, it was shown that the spectral
connection matrix has quasiseparable rank structure, and explicit algorithms are
given.

In this paper, we continue the work in [5] by proving that the spectral connec-
tion matrix has quasiseparable rank structure when the target family is the large
and very useful family of Jacobi polynomials, including Chebychev polynomials
as special cases. We also prove the same result for any change of basis within
the Hermite, Laguerre, and Jacobi types. At the conclusion, we also address a
change of basis into any of these types from the set of Bessel polynomials. Explicit
formulas for the generators of these quasiseparable matrices are given, allowing a

fast algorithm to be implemented as in [5].
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The structure of the paper is as follows. In Section 2, we collect some well-
known results about the classes of orthogonal polynomials considered, for the
reader’s convenience. Next, Section 3 introduces the class of quasiseparable matri-
ces, the main computational tool of our algorithm. While the connection matrix is
not itself quasiseparable, we show that it is a scaled eigenvector matrix of a known
(and easily computable) quasiseparable matrix, known as the spectral connection
matrix. This and implementation details are shown in Section 4, and explicit ex-
pressions for the generators are given in Section 5. A connection to the Bessel
polynomials is made in Section 7, and some conclusions are offered in the final

section.

2.2 Orthogonal Polynomials and the Connection Problem

Let P = {Py(z)}7_, and Q = {Qr(x)}}_, be two sequences of real orthogonal
polynomials (orthogonal with respect to two inner products on P,, (-,-)p and
(-, ), respectively) which we’ll refer to as the source family and the target family,
respectively. Suppose that a polynomial p(x) is given in terms of the coefficients

{ax}i_o such that
p(z) = Z a Py ().
k=0

Then it is well-known that the coefficients {by}}_, such that

p(x) = bpQi()
k=0

that we wish to compute are related via the change of basis matrix ® by

[bo -+ b, = ®[ag - - - a,]T, and that

® = (¢i;)i'j=0 such that ¢;; = %'

Computing this change of basis matrix directly from this relation, or in the

standard way involving matrix inversion, is computationally expensive. In the

35



case where the target family () is Hermite, Laguerre, or Jacobi, we provide in this
paper an alternative process. For reference, next we collect some useful information
about these classical orthogonal polynomial families, noting that the source family

P need not be among these families.

Definition 2.2.1. The (monic) Hermite polynomials { Hy(x)}?, form a sequence
of polynomials orthogonal with respect to w(x) = e on the interval (—oco,c0).

They are given by the following recurrence relation:

H_y(z) =0, Hy(z):=1, and (7)
Hyy1(2) := oHy(x) — EHyp_q(2) for k=0,1,2,...

Each Hy is an eigenfunction of the differential operator

d? d
H = —_—— —
b= dx? 2 dx (8)

corresponding to eigenvalue 2k.

Definition 2.2.2. The (monic) Laguerre polynomials corresponding to fixed pa-
rameter v > —1, denoted {L,(:) ()}, form a sequence of polynomials orthogonal
with respect to w(x) = x7e”" on the interval [0, 00). They are given by the following

recurrence relation:

L) =0, LY(x):=1, and
L,(JJZI(J:) = xL,(J) () — 2k +~v+ 1)L,(g)(x) — k(k + V)L,(J_)l(x) fork=0,1,2,...
(9)

Each L,(:) is an eigenfunction of the differential operator
2 d
D'=—a2——(1 —x)— 10
v = (147 —2) o (10)

corresponding to eigenvalue k.

Definition 2.2.3. The (monic) Jacobi polynomials corresponding to fixed param-

eters a,3 > —1 , denoted {J,ga’ﬁ) ()}, form a sequence of polynomials orthogonal
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with respect to w(z) = (1 — 2)*(1 + z)? on the interval [—1,1]. They are given by

the following recurrence relation:

Jioi’ﬁ) () =0 Jéaﬁ)(x) =1

(@) \ ._ o’ — 32 (0,8)
Toir (7)== <x+ (a+5+2k)(a+ﬁ+2k+2)> T (@)
Ak(k + o)k + B)(k+ a+ B)

(a,B)
- J k=0,1,2,..
(a+B+2k)2(a+B+2k+1)(a+B+2k—1)""" (x) Jor S
(11)
Each J,Ea’ﬁ) 1s an eigenfunction of the differential operator

2

Da’ﬁz(:cz—l)%+((a+ﬂ+2)x+a—ﬁ)% (12)

corresponding to eigenvalue k(k + a + 5+ 1). Note that letting o = = 0 gener-
ates the family of monic Legendre polynomials, and o = = —1/2 generates the
monic Chebyshev polynomials of the first kind, after some accommodations for the

normalization.

It is convenient in what follows to be able to represent the first and second
derivatives of these familes in terms of the families themselves, so we collect these
results next. The results, some of which are given in [5], follow in a similar way as

those given in [13].

Lemma 2.2.4. The (monic) Hermite polynomials { Hx(z)}r satisfy

d
= (Hy(@)) = EHys (@)

2

and d—(Hk(x)) =k(k —1)Hy_o(x).

dx?

The (monic) Laguerre polynomials {L,(J) ()} satisfy

e

d Y —~ k7i+1k!
o (@) = 3 () L)

@
Il
o



o — k—i . k!
and (L0 (@) = Sk~ i = ) L),
=0
The (monic) Jacobi polynomials {J,Ea’ﬁ) (x)}r satisfy
d n—1 n—1
@B () — 1(a.p) ()
d2 k=2 [k—i—1
and @(J]ga /3) Z ( Z AkBk:—l + Cka—l>(Ak—lBi + Ck_lDz)) Ji(a,5)<m),
1=0 =1
where
A — (=DM (k4 a+ 1)25 T (k + 1) (= DT@Ri+a+B+2)
b T(2k+a+5+1) YT+ a+1)2T6 + 1)
o T+ B+1)25'T(k+ 1) - T@2i+a+p+2)
T T(Qk+a+B+1) TG+ B+ 1)2T6E 1)

2.3 Quasiseparable Matrices

The main result of the paper is that the spectral connection matrix for a wide
variety of connection problems exhibits a rank structure known as quasiseparabil-
ity. The class of quasiseparable matrices has received a lot of attention in recent
years, and many interesting relationships between quasiseparability and orthog-
onal polynomials are well-studied, such as recurrent matrices, where the matrix
captures the recurrence relations, and the low—rank structure corresponds to spare
recurrence relations (see, for instance, [4]).

In terms of implementation, the low-rank structure means that the n? entries
of the matrix can be represented by a smaller O(n) number of parameters, called
the generators of the quasiseparable matrix. This sparse representation powers
many of the fast and accurate algorithms available for quasiseparable matrices.

For the purposes of this paper, we will only need upper triangular matrices which
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have rank structure in the upper triangular portion. We will also begin indexing at

0 instead of 1 in the standard work in the area, to match indices on polynomials.

Definition 2.3.1. A matriz A is (0,ny)—quasiseparable (or upper ny-
quasiseparable) if it is upper triangular and max(rankA,s) = ny, where the maxi-

mum is taken over all symmetric partitions of the form

a-frfe)

* *

Among the many important subclasses of upper quasiseparable matrices are
the banded matrices, and diagonal-plus—upper—semiseparable matrices. A matrix

is diagonal-plus—upper—semiseparable if it is of the form
diag(d) + triu(uv?)

for d, u, v n—vectors, and triu denotes the strictly upper triangular portion. Both
banded matrices and diagonal-plus—upper—semiseparable matrices are easily seen
to satisfy the low-rank conditions, and are hence quasiseparable. It should be
noted, however, that these two subclasses do not overlap nontrivially. Indeed, in

general, diagonal-plus—upper—semiseparable matrices have the form

[ di uiv ugv3 U1Un
0 d2 U2U3 U2Vp,
0 0 ds
: : Ugpy—1Un
| O 0 e 0 d,

from which we can see any zero entries anywhere in the strictly upper triangu-
lar portion force zero entries in either the entire row or column, up to the main
diagonal. Thus diagonal-plus—upper—semiseparable matrices cannot have positive
upper bandwidth. Details may be found in [3].

The following generator representation is well-known [7] to be equivalent to

the definition in terms of ranks above.
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Theorem 2.3.2. Let A be an (n + 1) X (n + 1) matriz. Then A is (0,ny)-
quasiseparable if and only if there exists a set of generators {d;,g;, bi, h;} for
1=0,....n—1,7=1,...,n, k=2,... . n—1, and l =0,...,n such that

- do

Gibit1 - bj—lhj

i dn, ]
The generators of A are matrices of the sizes
di, Gk by, hy
size 1x1 1 x 7 Th_1 X Tk Te—1 X 1
range | k € [0,n] |k €[0,n—1] | k€ [l,n—1] | k € [1,n]

where maxry = ng.
k

We conclude this section with a result from [5] that allows, given an upper
triangular and quasiseparable matrix in terms of its generators, a fast algorithm to
compute a scaled eigenvector matrix. As we’ll see, together with the later results
in the paper, this will enable a fast algorithm for the connection problem described

above.
Theorem 2.3.3. Let G be an (n+ 1) x (n + 1) upper triangular quasiseparable
matriz with generators {g;}'=g , {h;}1—y, {bm Y1, and {di}}-y. Let

P, G,
dp — d,y,

~ (k) gi

= d bk =b,
d—d an N +
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fori=0,.,n—1, m=1,..n—1andk=1,....,n+ 1. Let xyo = e; and
- (k)7 (k 7 (k
3o 0B

370" b

(k) 3k
915;32]?1&—)1}114
X = gl(cjlhk

1

0

! 0 i

for k =1,...,n. Note that x; is column k of the upper triangular quasiseparable

matrix defined by the parameters {Jl,gg’“), Bﬁ,’i), h;}, where each d; = 1. Then
=[xl %]
s an etgenvector matrixz of G.

The following O(n?) algorithm can then be used to compute the desired

scaled eigenvector matrix:

Set H=hy, xp(k,1)=1, xx(j,1)=0forj=k+1,...,n
Forj=k—1:—-1:0
Compute zx(j,1) = g](.’“)H

Update H = Eg.k)H
End.

2.4 The Spectral Connection Matrix

In contrast to the obvious algorithm of computing the change of basis matrix
directly, this section shows how the spectral connection matrix, for which we will
have an explicit description in terms of the quasiseparable generators, is related to
this change of basis matrix in a manner that allows it to be computed using the

results of the previous section.
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Definition 2.4.1. Let n € N, and suppose that P = {Py(z)}}_, and Q =
{Qr(2)}}_, are two finite families of real orthogonal polynomials with respect to
inner products (-,-)p and (-,-)o respectively. Let DT be the differential operator
associated with P (that is, each Py is an eigenfunction of DY ). Let

. 19D @)
Y (Qi, Qi)o

Then the matriz G = (i)} j—o 45 called the spectral connection matrix from P to

Q.

The next theorem reveals the relationship between the spectral connection

matrix and the connection matrix itself. The proof comes from [13].

Theorem 2.4.2. Let P = {Py(z)}}7_, and Q = {Qx(x)}}7_, be two finite families
of classical orthogonal polynomials. Let ® be the connection matriz from P to @),
and let G be the spectral connection matriz from P to Q). Then ® is the eigenvector

matriz of G with each diagonal entry scaled to 1.

The next theorem gives an explicit expression of the entries of the spectral
connection matrix for a connection problem given in terms of the parameters of
the orthogonal polynomials involved. This generalizes a corresponding theorem
from [5] which was proved only under the restriction that the source family P was
among the Hermite, Laguerre, or Gegenbauer families. The following theorem is
valid for any change of basis between orthogonal polynomials where the hypotheses

are satisfied.

Theorem 2.4.3. Let P = {Py(x)}}_, and Q = {Qk(x)}}_, be two families of
(monic) real orthogonal polynomials where Q is a classical family, and let G =
(9:.4)7 j=0 be the spectral connection matriz from P to Q. Suppose that each Q(x)

is an eigenfunction of the differential operator D2, as provided in Definitions A.2.1,
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A.2.2, and A.2.3, corresponding to eigenvalue \. Similarly let each Py(x) be an
eigenfunction of the differential operator
2

~ d
+ (dx + é)—

P_ a2 G @
D" = (ax +bx—|—c)dx2 .

Suppose that there exist constants a, b, c,d, e, {{ni}z;é ::0 , {{mi}z;g}?zo Ao

{6k}, and {ex}r_, satisfying

(DY — DY) (y) = (az® + bx + C)% + (dz + e)j—i
d -
Q) = i)
k=0
2

2Qr(z) = 1 Qry1(2) + 6,Qk(x) + €£Qr—1(x).

Note that for any k < 0, we adopt the convention that ni = mi = = 0 for any

j. Then the entries of G are given by

P i I a7i72'7@'71m Lo T dyi- 17% Y
B otherwzse

{ 0, 0, otherwise
en’ +dnj5 + by, m L tavi 1mf (01 +6), i<y,
+ s
0, otherwise
L em! 4 bmjé + am’ ('ylezﬂ + 02 +yi16) + dn1+1€z+17 1< j—1,
0, otherwzse
+ { bmz+1€1+1 + aml+1<5l+1€l+1 + €2+15 ) 1< ] — 2,

0, otherwise

+ ami+2€i+2€i+1a i <j =3,
0, otherwise

Proof. First, note that through direct substitution, zQr(z) = VQrr1(z) +

0kQr () + €,Qr—1(z) gives that ?Qr(z) = M Ve+1Qk+2 + (Ve0k + MeOk+1)Qrt1 +

(Ve€r+1 + Of + Yi—1€k)Qr + (Ok€r + €105—1)Qr—1 + €x€,_1Qx—2. By definition,
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(Qi, D (Q)))q

i

Gij =

<Qi7 Qz)Q

, and applying identities we have

1

(Qi, Qi)
1

(Qi, Qi)

(@i, D2(Q))q + (Qi, (DT = D?)(Q)))q)

((Qi: XQ))q + (Qi, (D” = D?)(Q)))q)

)\i7 Z:ju 1
+

0, otherwise

((Qi, (D" = D) (Q)))e)
)‘i7 1= ja n 1
(Qi, Qi)a

0, otherwise

((Qi, (a2 + bz + )Q)q + (Qi, (dx + €)Q})q)

\

Ai, 1 =17, 1 j—2 . 2
70, DN I i7b J
i (Qi, Qi)g <<Q a;mkzx Qr)q +(Q ;mkak)Q

0, otherwise

\

Jj—2 j—1 -1
+(Qie Y miQi)o + (Qid > maQr)g + (Qie Y niQk)Q) :
k=0 k=0 k=0

Simplifying, we have
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Toi<g—1, enl, i< j,
+ +
0, otherwise 0, otherwise 0, otherwise

)\i) Z:ja Cm]’

1 =
+m ((Qz‘, a kz; (Ve e1 Qrrz + (Ve0k + Vu0k11) Qrr

+(Ve€hi1 + Op + Veo161)Qr + (Oer + €405—1) Q-1 + €xcr—1Qk—2))0
7j—2

HQu b Y ml(mQust + 1 Qk + 1 Qi—1))q
k=0

j—1
+ Qi d > (1 Qurr + 0k Qi + Eka—1)>Q>

k=0
N, =7, eml, i< j—1, enl, i<},
+ +
0, otherwise 0, otherwise 0, otherwise

1 =
o [ D> mi(Qi ks Qrvz + (VOk + VeOks1) Qrsr
<Q’i7 Ql)Q < k=0

+(Vk€rt1 + 5;3 + Vi—1€66)Qr + (Or€r + €x0k—1)Qr—1 + €r€r—1Qr—2)0

ji—2
+b Z My (Qi, eQrs1 + 06 Qk + £ Qr—1)q

k=0

7j—1
+ dz Qi YQr+1 + 0k Qr + 6kas—l>Q> :
P

Then, taking advantage of the linearity of the inner product and orthogonality, we

arrive at the desired result. m

2.5 Structure of Spectral Connection Matrices

In [13], it is proven that the spectral connection matrices within the Gegen-
bauer family and within the Laguerre family (that is, when the two families be-
tween which we convert are the same, with different values of parameters) have

diagonal-plus—upper—semiseparable structure. In [5], it is proven that between dif-
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ferent families (both source and target families chosen among Hermite, Laguerre,
and Gegenbauer), the spectral connection matrix has quasiseparable structure (but
not always diagonal-plus—upper—semiseparable structure).

In this section, we further extend this work to include source and target fam-
ilies of Jacobi polynomials. That is, we show that for the connection problem
from any real orthogonal polynomial family satisfying an appropriate differential
operator into any family in the Hermite, Laguerre, or Jacobi families, the spectral
connection matrix has quasiseparable structure. Furthermore, the generators of
the spectral connection matrix are given explicitly, allowing the results of Section

2.3 to be used in the fast eigenvector algorithm provided.

Theorem 2.5.1. Let P = {Py(x)}32, be a family of real-valued polynomials or-
thogonal on some [a, b] with respect to a weight function w(x) such that each Py(z)

s an eigenfunction of

3 2 By d
— (712 P >
D = (ax +bx+c)dx2+(dx+e)dx.

Then the spectral connection matriz from P to the monic Hermite family H =

{Hy(z)}7_, is (0,4)—quasiseparable, with generators

dp = 2k + ak(k —1) + (d — 2)k

Theorem 2.5.2. Let P = {Py(x)}32, be a family of real-valued polynomials or-
thogonal on some [a, b] with respect to a weight function w(x) such that each Py(z)

s an eigenfunction of
2

- d - d
— (712 =~ >
D = (ax +b:c+c)dm2+(dx+e)dx.
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Then the spectral connection matriz from P to the Laguerre family H = {L](x)}}_,

is (0,4)—quasiseparable, with generators

gi=[ (=1)¢/i! (=1)i(—ic+b—c—é+by)/il 1/2 1/2]

h=[ (19l (=173 a(j) a(j) )"

10 0 0 100 0
y |01 0 0] 1010 0
F 0 0 B(k) 0 000 0

00 0 0 00 0 B(k)

for k even or k odd, respectively, where
a(j) = j(bj + dj + 2aj? — 2aj + dy + 2ajy — 2ay + by) and
B(k) = (2ka/a)(k+ 1)(k+~)(k +~+1).

Theorem 2.5.3. Let P = {Py(x)}2, be a family of real-valued polynomials or-
thogonal on some |a, b] with respect to a weight function w(x) such that each Py(z)
s an eigenfunction of

D = (az® + bz + 6)d—2 + (dx + é)i.
dx? dx

The spectral connection matriz from P to the Jacobi family J = {J,ga’ﬁ) () }r_y is

(0, 8)—quasiseparable, with generators
de =k(k+a+8+1)+@—1fkk=1)f(k—=1,k—=2)+(d—a—F—=2)f(k, k—1)

gi= | m@) H@) m@) 0 m@) J(@) n(i) 0]
hi=[0 A, 0 A, 0 C; 0 ¢ "
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1 A44B. 0 0 O 0 0 0

o 1 0 0 0 0 0 0

0 0 1 BC, 0 0 0 0
) O 0 0 1 0 0 0 0
1o 0 0 0 1 AD, 0 0

o 0 0 0 0 1 0 0

0 0 0 0 0 0 1 CuDy

o 0 0 0 0 0 0 1 |

where Ay, By, Cx, and Dy, are as defined in the Jacobi derivative identity, ; and €;

are as defined by the Jacobi recurrence relation, and
f(la m) = Ale + Cle

M) = Bi-a(a— 1) + Biy ((@—1)(8i1 + ) + )
+B; ((& — (e + e +02) +E+1+ 6@)

4 Biiei ((a — 1) (i +6;) + 6) 4 Byyaeiyaei (@ — 1)

1) = Dy_o(d@ — 1) + Dy, ((a — 1) (611 + 6) + B)
+D;((@— 1) (e + €141 + 02) + &+ 1+ bdy)
+D;g1€i11((@ = 1)(Git1 + 0;) +b) + Dyyoeiraeita(@—1)

H(i) =By (d—a—p—2) + B (e —a+f+8(d—a—F5-2)
+Biiein (d—a—B—2) +(a—1) [Bio(ABi + A1 Biy)
+D;_5(BiCi + B;_1Ci_1)] + B; ((d —1)(8; + i) + 6) fliyi—1)
—Bii1(a—1)eo€ia fi+ 1,0+ 2)

J(i) = D;_1(d—a—p—2)+ D, (é—oz—l—ﬁ—l—éi(cz—a—ﬁ—%)
+Di1€i1(d—a— B —2)+ (@ — 1) [Bi—a(AiD; + Ai_1D; )
+D,;_o(DiC; + Di_1Ci_1)] + Ds ((a — 1)+ 6) + 5) Fii—1)

_Di+1(& - 1)€i+2€i+1f(i + 1,2 -+ 2)

The preceding three theorems can be proven by direct verification. From equa-

tions (8), (10), and (12), it is clear that the Hermite, Laguerre, and Jacobi families
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all satisfy the differential operator condition in the hypotheses of the preceding

three theorems, so overall we come to the following statement.

Theorem 2.5.4. Let G be the spectral connection matrix corresponding to a change
of basis among the Hermite, Laguerre, or Jacobi types. Then G is quasiseparable,

with generators as provided above.

2.6 The Bessel Polynomials

In this section we will briefly explore the connection of the preceding work
to the Bessel polynomials, which are often considered a classical type. They have
many properties similar to those of the Hermite, Laguerre, and Jacobi types, but

they are orthogonal on the unit circle and not on any real interval.

Definition 2.6.1. The (monic) Bessel polynomials {By(z)}:, form a sequence

2/z

of polynomials orthogonal with respect to w(z) = e~*/* on the unit circle. They are

giwven by the following recurrence relation:

B_1(z):==0, By(z):=1, and

Bii1(2) := 2B(z) + o 1)1(2k Y Bi_1(2) for k=0,1,2,... (13)

FEach By, is an eigenfunction of the differential operator
2
D:z2%+(2z+2)diz (14)
corresponding to eigenvalue k(k + 1).

The generalized Bessel polynomials are a larger parameterized type that con-
tains Bessel as a special case. Fach generalized Bessel polynomial corresponding
to parameters (a,b) (b # 0, a not a negative integer) is an eigenfunction of the
differential operator

2

d d
ab _ 2
D 0 + (az + b)dz (15)
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corresponding to eigenvalue k(k + a — 1). The traditional Bessel polynomials cor-

respond to the special case where a =b = 2.

It is clear that the generalized Bessel polynomials, and in particular the tra-
ditional Bessel polynomials, satisfy a differential operator whose form satisfies the
conditions on the source family in Theorems 2.5.1, 2.5.2, and 2.5.3. We therefore
have also shown that the spectral connection matrix corresponding to a change of
basis from the Bessel polynomials to any of the other classical types has quasisep-
arable structure, with generators provided in the previous section. This allows us
to enjoy the advantages of the efficient spectral connection matrix approach when
changing coordinates from a family of polynomials orthogonal on the unit circle to
a family of polynomials orthogonal on the real line.

In addition, the following theorem from [6] (and further developed in [16])

reveals the total scope of the source families in Theorems 2.5.1, 2.5.2, and 2.5.3.

Theorem 2.6.2. Any orthogonal sequence { Py}, such that for each k
(~x2+6x+5)d2p+(c§x+é)dp i
a R J— =
IR qolk KLk
with a, B, c, J,é € C is of the Hermite, Laguerre, Jacobi, or Bessel type. This is

known as Bochner’s property.

So we may conclude that the Bessel, Hermite, Laguerre, and Jacobi families
are the only orthogonal polynomial types that satisfy the differential operator

required for Theorems 2.5.1, 2.5.2, and 2.5.3.

2.7 Conclusions
This paper contains an improvement in the recent work in using the rank
structured spectral connection matrix to solve the connection problem. Previous

work required that the source and target orthogonal polynomial families each be
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one of the single—parameter classical real orthogonal polynomial families. It also
excluded the very important case of Jacobi polynomials (save for the Gegenbauer
subclass), both as a source and a target family. The work presented here has
greatly relaxed these restrictions. The target family is allowed to be any classical
one, which alone broadens the result dramatically to include changes of basis into
any of the Jacobi families, including Chebyshev and Legendre. The restrictions on
the source family have been lessened to include all of the classical types, including
Jacobi, as well as the Bessel polynomials. Although the Bessel polynomials have
much in common with the classical types and are sometimes considered classical
themselves, they differ in that they are orthogonal on the unit circle. Thus the
progress here has extended the research to directly address a change of basis from a
set of polynomials orthogonal on the unit circle to a set orthogonal on a real inter-
val. We have shown that all of the spectral connection matrices in this much larger
set of connections have quasiseparable structure. Additionally we have provided
the specific generators for each of the three types, allowing for a fast algorithm for

the connection problem in this more general case.
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APPENDIX

Introduction

In this appendix we provide an introduction to the topics of each manuscript.
We begin with a survey of orthogonal polynomials, including the details of the
classical families, some recent research, and the connection problem. Following
that, we provide a brief review of the necessary linear algebra topics, followed by

an introduction to quasiseparable matrices.

A.1 Orthogonal Polynomials

We begin our discussion of orthogonal polynomials with the concept of an
inner product of functions. To define an inner product as it is used here, one must
first identify an interval and a weight function. The interval [a, b] must be part of
the real line and may be infinite. The weight function w(x) must be measurable,

non-negative, and not the zero function on [a, b].

Definition A.1.1. Given a real interval |a,b] and appropriate weight function

w(x), the inner product of two real-valued functions f and g is

b
(f,9) :/ f(@)g(x)w(z)dz.

Because it is a definite integral by definition, each inner product is equal
to a constant. It should be noted here that the weight function w(x) is chosen
strategically to emphasize certain portions of the interval. When an inner product
is being used, for example, to measure a sense of error, it is often desirable to
magnify the error in areas of greater concern. For example, on the interval [—1, 1]
the weight function w(z) = 1 weights all points evenly, whereas w(x) = 2% places

extra weight with symmetry on the edges of the interval.
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An inner product defined this way in a sense measures an angle between
functions. It is natural then to explore the case analogous to a right angle, which

is the event in which two functions are orthogonal.

Definition A.1.2. Given an inner product (-,-), two functions f and g are called

orthogonal if (f,g) = 0. A set of functions {fo, ..., fn} is called orthogonal if each

pair f;, fi (j # k) is orthogonall.

Sets of orthogonal functions, and orthogonal polynomials specifically, are very
useful in mathematics. A polynomial of degree n is any function that can be
written p(z) = a,2™ + -+ + a1x + ag, where each a, € R. A polynomial is
additionally monic if its leading coefficient a,, = 1. In general a set of orthogonal
polynomials {po, ..., p,} is such that deg pr = k. One of the most useful properties
of a set of orthogonal polynomials is that it serves as a basis for P, the space of
all polynomials of degree at most n. To discuss the qualities of a basis we must

first have the following definitions.

Definition A.1.3. A set of functions { fo, ..., fn} is linearly independent if
aofo(z) + -+ anfu(x) =0 foralz = ay=---=a,=0.

A set of orthogonal polynomials {py}}_, is linearly independent, since for each

k we have

0= (fr,0) = (pr, aopo + - - - + anpy)
= a’0<f07fk> +oee an<fn7fk> = ak<fk7fk> = ai = 0.

It is known that since dimP,, = n 4+ 1, a set of n + 1 linearly independent
functions in the space constitutes a basis for P,,. It also also worth noting that any
set of n + 1 polynomials such that the degree of the k** polynomial is & is a basis

for P,.
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Definition A.1.4. A set of n + 1 polynomials {po,...,pn} is a basis for P, if
every p € P, can be written as a unique linear combination of po,...,pn. That

is, for each p € P, there exist unique constants cy,...,c, € R such that p(z) =

copo(x) + - -+ + cppn(z).

Thus each polynomial of degree at most n can be represented by its expan-
sion coefficients {ay, ..., a, } relative to the basis set. The most obvious basis for
P, is the set {1,x,...,2"}, called the standard basis. Each polynomial of degree
at most n can be represented by the constants in its unique representation as a
linear combination of the standard basis functions. (This set, however, is not also
orthogonal.) As mentioned above, each set of orthogonal polynomials {p,, ..., p, }
is a basis for P,,.

It is well-known that any particular inner product leads to a unique set of

monic polynomials orthogonal with respect to it.

Theorem A.1.5. Given an interval and an appropriate weight function, the
unique set of monic polynomials orthogonal with respect to the corresponding inner

product is given by

p_1(x) =0, po(x) =1, andfork>1:

() — x_ff:cpi_1<x>w<x>d:c> k x_(ffﬂfpk1(x)pk2(l‘)w(m)dm> "
et ( oo )\ e wewar )

This type of formula is called a three-term recurrence relation and allows one

to generate an infinite set of orthogonal polynomials.

A.2 The Classical Orthogonal Polynomials
Some of the most commonly used and studied sets of orthogonal polynomials
are the classical types. They include the Hermite, Laguerre, and Jacobi families.

Sometimes the family of Bessel polynomials is considered classical as well, but they
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are not in this case for reasons discussed at the end of this section. A set of the
Laguerre type is defined by one parameter v, and a set of the Jacobi type is defined
by two parameters o and /.

The classical polynomials themselves are the topic of research, both current
(for example [21]) and past (for example [5]). They are also useful in Gaussian
quadrature [14], random matrix theory [12], fluid dynamics [27], and computations
in quantum mechanics [30], among countless other applications (for details see

[24]). The details of each type are listed below.

Definition A.2.1. The (monic) Hermite polynomials { Hi(x)}?2, form a sequence
of polynomials orthogonal with respect to w(x) = e~ on the interval (—oo,0).

They are given by the following recurrence relation:

H_i(z):=0, Hy(x):=1, and

k
Hii1(z) == aHp(x) — §Hk_1(x) fork=0,1,2,...

FEach Hj, is an eigenfunction of the differential operator

d? d
B, I il

corresponding to eigenvalue 2k. That is, for each Hy(x),
DY (Hy(z)) = —H"(z) + 2vHj (7) = 2k Hy, ().

Definition A.2.2. The (monic) Laguerre polynomials corresponding to fixed pa-
rameter v > —1, denoted {L?) ()}, form a sequence of polynomials orthogonal

T

with respect to w(x) = x7e* on the interval [0, 00). They are given by the following

recurrence relation:

L) =0, LY(@) =1, and



LY, (x) = aL(x) — (2k + v + 1)L (@) — k(k + 1)L, (x) for k=0,1,2,...

Fach L,(:) is an eigenfunction of the differential operator
2 d
D= (14~ — ) —
L (1+~—x) o

corresponding to eigenvalue k.

Definition A.2.3. The (monic) Jacobi polynomials corresponding to fixed param-
eters o, > —1, denoted {J,ia’ﬁ)(x)}zozo, form a sequence of polynomials orthogonal
with respect to w(z) = (1 — 2)*(1 + x)? on the interval [—1,1]. They are given by

the following recurrence relation:

JeD () =0 Jéa’ﬁ)(x) =1

J(a,ﬁ) (x) — (JI + a’ — 62 > J(a’ﬁ) (I)
L A (a4 B +2k)(a+pB+2k+2))*
Ak(k + a)(k + B8)(k+ o+ f)

- JeD k=012, ..
(a4 B+2k)2a+B+2k+1D)(a+p+2k—1)"F1! (x) for 1,2,

Each J,Ea’ﬁ) 18 an eigenfunction of the differential operator

2

d d
Do"ﬂ:(m2—1)w+((a+5+2)x+a—ﬁ)%

corresponding to eigenvalue k(k + o+ f+ 1). The Gegenbauer family is the
subset of the Jacobi type such that o = 3. Note that letting o« = § = 0 gener-
ates the family of monic Legendre polynomials, and o = 5 = —1/2 generates the
monic Chebyshev polynomials of the first kind, after some accommodations for the

normalization.

For completeness, we will also include the Bessel polynomials here. They share
many common properties with the classical types, but they are orthogonal on the

unit circle and not on any real interval.
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Definition A.2.4. The (monic) Bessel polynomials {By(z)}%2, form a sequence

2/z

of polynomials orthogonal with respect to w(z) = e~*/* on the unit circle. They are

giwen by the following recurrence relation:

B_i(z):=0, Bo(z):=1, and

1

Bii1(2) == 2By(2) + 2k + 1)(2k — 1)

By_1(z) for k=0,1,2,...

FEach By is an eigenfunction of the differential operator

2

d d
.2
D=z —d22+(2z+2)dz

corresponding to eigenvalue k(k + 1).

The generalized Bessel polynomials are a larger parameterized type that con-
tains Bessel as a special case. Fach generalized Bessel polynomial corresponding
to parameters (a,b) (b # 0,a not a negative integer) is an eigenfunction of the
differential operator

2

d d
a,b — 2 7 il
D s —|—(az+b)dz

corresponding to eigenvalue k(k + a — 1). The traditional Bessel polynomials cor-

respond to the special case where a = b = 2.

Each of the definitions above references a differential operator, which directly
corresponds to the differential equation to which each orthogonal family is a solu-
tion set. Below we highlight the details of the simple Hermite case for exposition.

An integral property of the Hermite polynomials is that each Hy(z) is the

solution to the differential equation
d2

—@y(x) + 2xiy(:c) — 2ky(x) = 0.

dx
Therefore for each k& we have

d? d

29



d? d
Let the differential operator DY be defined as

2

Functions of z are inputs to this operator, so if we input some y(z) we have

d?

D(y(x) = —y(w) + 20y ().

Because when Hy(z) is substituted the output is a constant multiple of it, we say
that Hy(z) is an eigenfunction of the differential operator. Similar logic holds for
the Laguerre, Jacobi, and Bessel differential operators. For other useful properties
of the classical types, see Manuscript 1 or Manuscript 2.

It is worth noting here that the structure of the differential operators (and
differential equations) has been the topic of research. Manuscript 2 requires that
a particular orthogonal family be eigenfunctions of a differential operator of the
form

D = (az? + bz + E)d—2 + (dz + é)i.
dx? dx
Obviously this condition includes the Hermite, Laguerre, Jacobi, and Bessel types

defined above. In [5] Bochner proved that in fact these are the only orthogonal

families that satisfy the condition.

Theorem A.2.5. Any orthogonal sequence { Py}, such that for each k

- &2 . d
(ax® + bx + 5)@& + (dx + é)%Pk = M Py

with a, 5, c, cz,é € C is of the Hermite, Laguerre, Jacobi, or Bessel type. This is

known as Bochner’s property.

The complete implications of this theorem will be discussed in the following

section.
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A.3 The Connection Problem

Since they are each a set of orthogonal polynomials such that the degree of
the k" polynomial is k, each set of the first n + 1 polynomials of any classical type
(Hermite, Laguerre, and Jacobi) or generalized Bessel type is a basis for P,,.

Both manuscripts featured here address what is known as the connection

problem for orthogonal polynomials.

Definition A.3.1. Let {ax}}_, be constants, and let { Py }y_o and {Qx}}_, be two
families of orthogonal polynomial bases such that for somep € P, p = > "7, aPy.
The connection problem refers to the task of computing constants {by}r_, such

that
b= Zakpk = Zkak-
k=0 k=0

In this context { Py} will be called the source family and {Q} the target family.

That is, given the coefficients of a polynomial in terms of one basis of orthog-
onal polynomials, we are computing its expansion coefficients with respect to an-
other basis. The connection problem is addressed in Manuscript 1 and Manuscript
2. Specifically, Manuscript 1 addresses the connection problem in the cases where
the source family {P,} and the target family {Q} are both of the Hermite, La-
guerre, or Gegenbauer types. As mentioned above, the Gegenbauer polynomials
are the special cases of Jacobi where the two parameters are equal. Manuscript
2 greatly generalizes this result. It addresses the connection problem in a similar
way, but for the cases in which the target family is any classical type, including
Jacobi, and the source family is either classical or Bessel.

The desired change of basis can be computed by multiplying a vector of the
original expansion coefficients by an appropriate matrix. For this reason most
study in the connection problem, including both manuscripts here, seeks to com-

pute these entries.
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Definition A.3.2. Let a = [ag---a,]|T be the vector of expansion coefficients in
basis P = {P,}?_, for some polynomial p. Let b = [by---b,]T be the vector of
expansion coefficients of p in basis Q = {Qx}i_y- Then the (n+1) x (n+1) matric
® such that ®a = b is called the change of basis (or connection) matrix from P to
@, and is given by

CI>:[V0 Vn},

where each column vy is the coefficient vector of Py in the ) basis. The individual

entries of ® are called the connection coefficients.
Theoretically the connection coefficients are known quantities.

Theorem A.3.3. Let ® = {¢;;}7 ;o be the (n+1) x (n+1) change of basis matriz
from source family P = {Py}}_, to target family Q = {Qx}}i_,- Let the Q family

be orthogonal with respect to (-,-)q. Then the entries of ® are given by

bii = <Q17PJ>Q
V@i, Qi)g

The connection problem appears in areas such as harmonic analysis [36], math-
ematical physics [3], combinatorics [33], etc. There has been particular interest in
the positivity of connection coefficients as well [13, 34, 35, 37]. The connection
coefficients also have applications in pure mathematics, applied mathematics, and
physics, as is studied in [2, 3, 13, 33, 35]. There are many ways to view the

connection matrix, including the following theorem.

Theorem A.3.4. Let P = {F}}_, and Q = {Qx}}_, be two orthogonal polyno-
mial bases for P,. Let A be the (n+ 1) x (n + 1) matriz whose k'™ column is the
coefficient vector of Py in the standard basis. Let B be the (n+1) x (n+ 1) matriz
whose k™ column is the coefficient vector of Qy in the standard basis. Note that
logically both A and B are invertible. Then the connection matrixz from P to Q) is

equivalent to B~ A.
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In practice, computing the connection coefficients directly or by matrix inver-
sion and multiplication is computationally expensive. Both manuscripts featured
here provide a new way to compute them that is more efficient. This new way
employs the spectral connection matrix, which was named for the first time in
Manuscript 1. Before we discuss the shared approach of the featured manuscripts,
we will explore the state of the research preceding it.

The connection problem has been addressed extensively in the literature. For
example, in 2013 Maroni and da Rocha [23] applied useful identities of orthogonal
polynomials to produce a recurrence relation for connection coefficients among
Jacobi polynomials. In [22] this work was developed in Mathematica. Other work
on the connection problem can be found in [11, 20, 31, 32]. Special cases of applying
connection coefficients within the classical orthogonal polynomials have also been
developed, such as in [1, 17, 19, 28].

Perhaps one of the most complete solutions to the connection problem within
the classical orthogonal polynomials comes from [15]. In it the authors use their
more general work from [29] to describe a way to efficiently compute connection
coefficients for a change of basis within the classical types, in which they include
Bessel. The authors use many identities of the classical families that are similar to
those used in the manuscripts featured here, such as recurrence relations, differen-
tial operators, and derivative properties, to simplify an essential equation within

the connection problem. They begin with the equation

Pu(a) = 3 cn(n)Qula).

which equates a single source family polynomial with its expansion in the target
family. Thus for each value of n this corresponds to one column of the desired
connection matrix. The authors describe a general procedure of identity substi-

tutions and strategies for simplification that one would follow starting with this
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equation to create a recurrence relation for the values {c(n)}}_, for each value of
n. While this approach is valid and interesting, the authors do not actually apply
their prescribed procedure, which depending on the case can be extremely cumber-
some and involved, for any change of basis within the classical types. They include
only a few very simple examples of how their procedure can be used to generate
connection coefficients for other related problems (including semi-classical types
and linearization) and leave the remaining work to the reader. For this reason
the prescribed method appears to be not only untested but in fact unused for a
connection among classical types, which is not useful for any numerical application.

Another more recent approach to the connection problem has involved the
use of rank-structured matrices [16, 25, 26|, a topic which will be introduced
in the final section of this appendix. In 1991 Alpert and Rokhlin [1] addressed
the connection problem between Legendre and Chebyshev polynomials. Following
them, a breakthrough in the approach made in the two manuscripts here was
made by Keiner [18, 19]. In [18], Keiner addresses the connection problem within
the Laguerre type and within the Jacobi type, as well as various other related
problems. Although he refers to it only as a Gram matrix (which it is, due to its
inner product construction), Keiner introduces what is now known as the spectral
connection matrix, and proves that in the above two cases of parameter change it
has diagonal-plus—upper—semiseparable structure. This is a subclass of the larger
quasiseparable class used in both featured manuscripts and discussed in the final
section of this appendix. The following definition will also be discussed in more

detail in that section.

Definition A.3.5. A matriz is diagonal-plus—upper—semiseparable if it is of the
form

diag(d) + triu(uv’)
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for d,u, v n—vectors, and triu denotes the strictly upper triangular portion.

Using this definition, in [18] Keiner identifies the vectors d, u, v in each case
to prove the structure of his Gram matrix, which is now known as the spectral
connection matrix. Analogous to the approach of both manuscripts here, Keiner
also includes an efficient algorithm for the eigendecomposition of a given diagonal—
plus—upper—semiseparable matrix, thereby providing a fast algorithm for the com-
putation of the connection matrix in the included cases. It should also be noted
that Keiner also applies this method in depth to a change of parameter within the
Gegenbauer type, a subset of the Jacobi type, in [19]. While the progress made was
significant, Keiner addresses only the connection problem as a change of parameter
within the Laguerre polynomials or within the Jacobi polynomials. In [18] Keiner
acknowledges that his work does not include any change of basis between different
classical types, such as Laguerre to Hermite or Jacobi to Laguerre.

Manuscript 1 generalizes Keiner’s approach to include any change of basis
among the classical types defined by a single parameter, which includes the Her-
mite, Laguerre, and Gegenbauer families. To do this, we instead employ the
use of a larger set of rank—structured matrices, the quasiseparable class, that in-
cludes Keiner’s diagonal-plus—upper—semiseparable type as a subclass. Keiner’s
eigendecomposition method does not apply to the entire quasiseparable class, so
Manuscript 1 provides a more broadly-reaching eigendecomposition method that
can be used. Manuscript 2 further generalizes the work to include any change of
basis among the Hermite, Laguerre, and Jacobi types, in addition to a change of
basis from the Bessel family to any of the classical types as well. The latter is an
especially exciting step forward in the connection problem field, as it presents an
efficient algorithm for changing from expansions in a basis orthogonal on the unit

circle to a basis orthogonal on a real interval. Further exploring the possibilities
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in this area is the topic of our future research.
A discussion of the approach used by Keiner in [18] and [19] and in both
manuscripts featured here must begin with the spectral connection matrix, which

was first named in Manuscript 1.

Definition A.3.6. Let n € N, and suppose that P = {Py(z)}}_, and Q =
{Qr(2)}}_, are two finite families of real orthogonal polynomials with respect to
inner products (-,-)p and (-,-)o respectively. Let DY be the differential operator
associated with P (that is, each Py is an eigenfunction of DY ). Let

i = (Qi, DP(Q)))q
Y (Qi,Qi)o

Then the matriz G = (gij)zjzo 1s called the spectral connection matrix from P to

Q.

The following theorem from [18] explains the relationship between the spectral

connection matrix and the sought-after connection matrix.

Theorem A.3.7. Let P = {Py(x)}7_, and Q = {Qx(z)}}_, be two finite families
of classical orthogonal polynomials. Let ® be the connection matriz from P to @),
and let G be the spectral connection matrix from P to (). Then ® is the eigenvector

matriz of G with each diagonal entry scaled to 1.

Recall from Definition A.3.2 that the k™ column of ® is the coefficient vector
of a monic degree k polynomial. Therefore its k*" entry must be 1, which is why the
main diagonal of ® is all 1s. For the reader’s convenience a review of eigenvector
matrices is provided in the next section.

In each manuscript, it is proven that the spectral connection matrix in some
set of cases has quasiseparable structure. Then its structure and its relationship to

the connection matrix mentioned above are used to compute the connection matrix
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more efficiently than by traditional methods. The following section provides a
review of the basic linear algebra concepts required and is followed by an exposition

of the quasiseparable class of matrices mentioned here.

A.4 Linear Algebra Review
This section provides a brief summary of the linear algebra topics and defini-

tions necessary to read both manuscripts, for the reader’s reference.

Definition A.4.1. A nonzero vector x is an eigenvector of square matrix A if
there exists some constant A such that Ax = Ax. In this case, X is called an

eigenvalue of A.

Definition A.4.2. A matrix E is an eigenvector matrix of A if its columns are

eigenvectors of A.

Usually E has the same square dimensions as A. The most interesting and
useful case is a square eigenvector matrix that is invertible, meaning that it has

an inverse. To be invertible, its columns must form a linearly independent set.

Definition A.4.3. A set of vectors {Xy,...,Xn} is linearly independent if the only
solution to the vector equation a1x1 + -+ a,xn =015 a; =---=a, =0. This
15 equivalent to the case in which no vector in the set can be written as a linear

combination of the other vectors.

Not all n X n matrices have n linearly independent eigenvectors. The ones
that do are called diagonalizable, but we will not require this topic specifically for
the two featured manuscripts. We will only note here that a spectral connection
matrix must be diagonalizable, because a connection matrix, which logically must
be invertible, is an eigenvector matrix of it.

Linear independence will also be used to discuss rank.
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Definition A.4.4. The rank of a matriz A is the mazimum number of columns
(or rows) of A that can constitute a linearly independent set. This is equivalent to

the dimension of the matriz’s column space (or row space).

For example, the matrix

Ol > W N~
Ol > W N~
Ol W N~
Ol W N~
Gl W N~

has rank 1 even though it is 5 x 5, because that is the maximum size of a linearly

independent set of its columns. The matrix

S OO O =
S OO N
SO W N
O = W N
T W N =

has rank 5 because all of its columns clearly form a linearly independent set. The
rank of a matrix cannot exceed the number of columns or the number of rows.
When the rank of a matrix is equal to the smaller of the two, we say the matrix
is full rank. If its rank is strictly less than both the numbers of columns and the

number of rows, the matrix is called rank deficient.

A.5 Quasiseparable Matrices

Both manuscripts featured here use properties of rank—structured matrices to
make a change of basis more computationally efficient. Rank—structured matrices
often offer computational advantages due to some inherent internal rank deficiency.
In particular the two manuscripts here utilize the class of quasiseparable matrices.
They are a large class of rank—structured matrices that has received a lot of atten-
tion in recent years. Since the work here uses only upper triangular quasiseparable

matrices, we will focus our attention there. We begin with the following definition.
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Definition A.5.1. A matriz is upper triangular if each entry strictly below the

main diagonal is 0.

For example, the matrix

12 3 4 5
00 2 4 6
0 010 0 1
00 0 -5 -1
00 0 0 8

is upper triangular. Upper triangular matrices have a very basic structure, and it
is not related to rank. The following definition indicates a rank—structured quality

that some upper triangular matrices may have.

Definition A.5.2. A matrizc A is (0,ny)—quasiseparable (or upper ngy-
quasiseparable) if it is upper triangular and max(rankA,2) = ny, where the maxi-

mum s taken over all symmetric partitions of the form

A= {* Aiz } .
x| *
For example, the matrix
11111
01111
00111
00011
0 00O01

is (0, 1)—quasiseparable because it is upper triangular and each submatrix above
the main diagonal after a symmetric partition (meaning the top left submatrix
is square) has maximum rank 1. The computational advantage in working with
rank—structured matrices such as quasiseparable matrices lies in the fact that the
n? entries of an n x n quasiseparable matrix can be represented by only O(n)
parameters. Thus many tasks involving such a matrix, such as calculating an
eigenvector matrix, can require considerably fewer operations than that for an

unstructured matrix of the same size.
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Among the many important subclasses of upper quasiseparable matrices are

the banded matrices, and diagonal-plus—upper—semiseparable matrices.

Definition A.5.3. An n x n matriz is banded if there exists some k € N such
that k < 2n—1 (the total number of diagonals) and only k diagonals have nonzero
entries. That is, the main diagonal and a fixed limited number of sub— and super—

diagonals have nonzero entries.

For example, the matrix

11000
01100
00110
00 0T171
0 00O01

is banded, with bandwidth 2 since only the main diagonal and the first superdiag-

onal have nonzero entries.

Definition A.5.4. A matriz is diagonal-plus—upper—semiseparable if it is of the
form

diag(d) + triu(uv’)
for d,u, v n—vectors, and triu denotes the strictly upper triangular portion.

In general, a diagonal-plus—upper—semiseparable matrix has the form

[ d1 U1V U3 - U1V, T
0 dg UoU3 U2Up
0 0 ds
: : ' Upy—1Un
0 0 0 d,

from which it is clear that the submatrices above the main diagonal are
rank—deficient. Both banded and diagonal-plus—upper—semiseparable matrices are
classes strictly contained within the upper—quasiseparable set (see [4] for details).

As quasiseparable matrices compose a large class that includes several common
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and useful structures, any result generalized to the entire class becomes a widely
effective one.

The generator representation included below is equivalent to the above defini-
tion of upper—quasiseparable (see [10], for example), and is used commonly in the
literature to reduce the complexity of algorithms versus the standard complexity

on an unstructured matrix [6, 7, 8, 9].

Theorem A.5.5. Let A be an (n + 1) x (n + 1) matriz. Then A is (0,ny)-
quasiseparable if and only if there exists a set of generators {dy, g;, by, h;} fori =
0,....n—1,5=1,....n, k=2,....n—1, and l =0,...,n such that

- do

gz’bi+1 T bj—lhj

i dn, ]
The generators of A are matrices of the sizes
dy, Ik by, hy
size 1x1 1 X7 Th_1 X Tk Te_1 X 1
range | k€ [0,n] |k €[0,n—1] | ke [l,n—1] |k € [1,n]

where maxry, = ny.

The above theorem simply states that the upper—triangular entries of an
upper—quasiseparable matrix can be computed as a formulaic product of a row
vector, matrices, and a column vector. The number of matrices in the product
directly corresponds to the difference between the row and column of the entry.
In each of the two manuscripts featured here, the quasiseparability of the spectral
connection matrices is proven by providing their generators as described in this
theorem. It is also these generators that are required in the algorithm to compute

the desired connection matrix given the spectral connection matrix. Thus having
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access to their explicit formulas allows the reader to use the proposed method to

compute connection coefficients.
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