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We review recent advances in algorithms for quadrature, transforms, differen-
tial equations and singular integral equations using orthogonal polynomials.
Quadrature based on asymptotics has facilitated optimal complexity quadrat-
ure rules, allowing for efficient computation of quadrature rules with millions
of nodes. Transforms based on rank structures in change-of-basis operators
allow for quasi-optimal complexity, including in multivariate settings such as
on triangles and for spherical harmonics. Ordinary and partial differential
equations can be solved via sparse linear algebra when set up using ortho-
gonal polynomials as a basis, provided that care is taken with the weights of
orthogonality. A similar idea, together with low-rank approximation, gives an
efficient method for solving singular integral equations. These techniques can
be combined to produce high-performance codes for a wide range of problems
that appear in applications.
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1. Introduction

Orthogonal polynomials (OPs) play a fundamental role in numerical analysis
and computational mathematics with applications in quadrature, function
approximation and differential equations (Szeg6 1975). In the past ten years
there has been a resurgence of research attention on the classical proper-
ties of orthogonal polynomials, which has led to more efficient algorithms
in classical applications as well as new directions. This article aims to give
an extensive survey of these recent results. There are three main reasons
for the revival of orthogonal polynomials: (1) newfound uses for rigorous
asymptotic expansions, (2) the exploitation of sparse and low-rank structure
in recurrence relationships, and (3) the introduction of Chebfun, and pack-
ages such as ApproxFun and Dedalus, that leverage orthogonal polynomials
to automate computations involving functions and differential equations. A
general underlying theme is to combine recurrence relationships and asymp-
totic expansions with structured linear algebra to achieve fast algorithms.
Rigorous asymptotics of special functions is a traditional area of numer-
ical analysis, used to develop trustworthy numerical evaluation schemes for
special functions. Two essential types of asymptotic expansions are trigo-
nometric (where a special function is written by a linear combination of
cosines and sines) and uniform. The resurgence of interest in these expan-
sions is due to their use in exploiting regions where the special function is
trigonometric-like, allowing for a range of fast algorithms based on the fast
Fourier transform (FFT) and state-of-the-art numerical linear algebra.
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Sparsity in recurrence relationships is also classical, with their use in
fast numerical algorithms for differential equations going back to Clenshaw
(1957). The success of finite element methods and the development of fast
black-box linear algebra reduced their usage. However, OPs have remained
popular for computing with functions and solving differential equations on
simple geometries (i.e. rectangles, disks, spheres and balls) and in spec-
tral element methods (see Karniadakis and Sherwin 2013 for an extensive
overview). In particular, they are important in the astrophysics and compu-
tational fluid dynamics communities, where simple geometries are prevalent
(Burns et al. 2020).

The success of software packages such as ApproxFun (Olver, Goretkin,
Slevinsky and Townsend 2016), Chebfun (Driscoll, Hale and Trefethen 2014)
and Dedalus (Burns et al. 2020) has renewed interest in polynomial approx-
imation and OPs, as the software systems allow one to manipulate functions
and accurately solve differential equations with a few lines of Julia, MAT-
LAB and Python code, respectively. These software systems have also led to
novel ways to exploit sparsity in the recurrence relationships for OPs. While
this survey is primarily on the underlying mathematics, there is a strong
link between mathematical research and software design in this subject.

1.1. Outline of paper

Section 2. We give an overview of univariate and multivariate OPs and
their properties, including the classical OPs: Chebyshev, Legendre, ultra-
spherical, Jacobi, Laguerre and Hermite. Unlike standard introductions,
we phrase their construction and properties in terms of quasimatrices. We
find this convenient when connecting structured recurrence relationships to
structured numerical linear algebra.

Section 3. We discuss the efficient calculation of quadrature rules using
OPs, beginning with the well-known FFT-based algorithms for Clenshaw—
Curtis quadrature. We then discuss more recent algorithms for calculating
Gauss quadrature rules, building on careful use of asymptotic expansions
for calculating the nodes and weights.

Section /. We discuss fast transforms for expansions in OPs and spherical
harmonics. There are two categories of transforms: transform of coefficients
between different families of OPs (e.g. between Chebyshev and Legendre ex-
pansions, or between spherical harmonics and tensored Fourier expansions)
and transforms between values on a grid and coefficients. The latter typic-
ally consists of first converting to a simpler basis using a transform based
on the FFT, whereas the former utilizes hidden structure in change-of-basis
(connection) matrices.
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Section 5. Univariate OPs can be used to transform ordinary differential
equations to sparse linear systems using recurrence relationships, facilitat-
ing optimal complexity solvers: O(N) cost for N degrees of freedom. In
this vein, we present three methods in a unified framework: integral re-
formulation as introduced by Clenshaw (1957), the ultraspherical spectral
method of Olver and Townsend (2013) and a one-dimensional version of
the p-finite element method of Shen (1994). Each method has its benefits
and trade-offs: integral reformulation is the most straightforward, the ul-
traspherical spectral method the most versatile. In contrast, the p-finite
element method preserves self-adjointness and positive definiteness of the
operator. We also discuss domain decomposition, applications to eigenvalue
problems and symmetrizing non-symmetric discretizations, which improve
the complexity of algorithms for computing eigenvalues.

Section 6. Similarly, multivariate OPs can be used to transform partial
differential equations to sparse linear systems. In the case of rectangular
geometries this proceeds using a tensor product basis, in which case the
sparse linear systems arise from Kronecker products of ordinary differential
equations. Naive direct linear algebra achieves O(NN?) complexity for N de-
grees of freedom. This can be reduced to O(N3/2) for operators that can be
expressed as a sum of two Kronecker products using the Schur factorization,
and improved further to quasi-optimal complexity for the Poisson equation.
Going beyond rectangles, the ultraspherical spectral method and p-finite
element method have natural extensions to triangles using recurrence rela-
tionships, leading to sparse operators. We demonstrate these techniques on
simple examples such as the inhomogeneous and variable coefficient Helm-
holtz equation and the biharmonic equation.

Section 7. OPs have a natural link to singular integral operators such as the
Hilbert, Cauchy/Stieltjes and log-kernel transforms, which can be exploited
for the calculation of singular integrals and solution of singular integral
equations such as those arising from boundary integral reformulations of
partial differential equations. In particular, an ultraspherical-like spectral
method is achievable, reducing singular integral equations to sparse linear
systems that can be solved efficiently. Low-rank approximation techniques
play a role here for handling general kernels.

2. Orthogonal polynomials

A sequence of OPs is a family of polynomials that are orthogonal to each
other under some inner product (Szegé 1975). The field of OPs developed
from the study of continued fractions, and are now used throughout approx-
imation theory, numerical analysis and computational physics.
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2.1. Univariate orthogonal polynomials

Let po(z),p1(x),p2(z),. .. be a sequence of real-valued polynomials such that
pn(z) is exactly of degree n, that is,

pu(r) = kpz" + 02" 1), Kk, #0.

We say that po(x),p1(x),p2(x),... are orthogonal polynomials with respect
to a non-negative, continuous, weight function w over a (possibly infinite)
interval (a,b) if

0 m#n,

2.1
h, m=n. (2.1)

b
) = [ w()pn(@)pn(o)ds = {
a
If h, =1, then the polynomials are not just orthogonal but orthonormal.
Given a weight function, the orthonormal polynomials associated with w
are unique up-to-sign.

Any set of OPs can be rescaled to be orthonormal; however, the stand-
ard normalizations (Szeg6 1975) are determined by prescribing their values
at special points. With the standard definitions, classical OPs have simple
rational recurrence relationships that are extremely efficient to generate,
whereas their normalized counterparts involve square roots. In practical
computations, this is typically helpful, though we deviate from this conven-
tion for legitimate reasons from time to time.

2.2. Quasimatriz notation and orthogonal polynomial expansions

Many applications of OPs use them as a convenient basis in which to rep-
resent functions. Let po(x),p1(x),p2(x),... be a sequence of univariate OPs
on [a,b] with respect to the weight function w; then

fx) = pa(@)fo=P(2)f, P(x)=(po(x)|pi(z)]---),
n=0

where f = (fo,f1,...)" is an infinite vector and P(z) is a 1 x oo row-vector.

We view P as an (a,b) x 0o quasimatrix,’ a formalism that allows us
to view it as a linear map from coefficients to functions. That is, we can
view P as the synthesis operator: a one-to-one linear map from the space
of infinite vectors with a finite number of non-zero entries ({r C C*) to
the space of polynomials (C[z]). Of course, we can go further and relate
other coefficient spaces to function spaces (e.g. with Legendre polynomials
it is a one-to-one map from ¢? to L?[—1,1]) and quasimatrices allow us to

L' An [a,b] X n quasimatrix is a matrix with n columns, whose columns are functions
defined on [a,b] as opposed to vectors.
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discuss these maps collectively, but for our discussion it suffices to interpret
the map as P: {p — Clx]. We take the convention that

(po f)
PTf.= | (pnf)

where (-,-) is the L?(a,b) inner product. We therefore have the analysis
operator PTw, where the underbar indicates that it is the multiplication
by w operator. That is,

(po,wf)
Pwa = <p17wf>

Given a polynomial f(z) we can solve the following linear system:
Pf=f
for the expansion coefficients, f. Due to the orthogonality, we find that
PTwP = Dy, = diag(ho,hy,...),
where hg,hq,... are the orthogonality constants in (2.1). This means that
f=P 'f=(P'wP)'P'wf=D;"'Pwf.
Equivalently, for n > 0, we have

b b
fu= 1 / pu(@)w(@)f(2)dz, hy = / w(@)(pa(0)?de.  (22)

Due to the orthogonality of pg,p1,... the coefficient f, can be computed
independently of the other entries of f.

For non-polynomial functions f, one needs to use truncated orthogonal
polynomial expansions to approximate f. In particular, if f is a sufficiently
smooth function on [a,b], then one expects that the entries in f decay to
zero. The expansion can be truncated after N terms to obtain a polynomial
approximation to f,

N—-1
f(@)~ Y fapa(x) = PPy,
n=0

where Py f = (fo,...,fn-1,0,0,...) T is the truncation operator Py: C>® —
£r. A polynomial approximation to f, formed in this way, can serve as a
proxy to f and make subsequent computations more efficient (Boyd 2013).
In principle, to compute a polynomial approximation to f, the coefficients
fn for 0 <n < N —1 need to be computed via the integral expression
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Figure 2.1. The function f(z)= Zi:o 27F cos((m/2)4*x) approximated by a poly-
nomial of degree 476 to within machine precision, where the polynomial is repres-
ented using a Chebyshev expansion.

n (2.2). However, this is computationally prohibitive for large N. Instead,
fast transformation from samples of f to expansion coeflicients are desirable
(see Section 4). In Figure 2.1 we show a function approximated by a finite
Chebyshev expansion. The degree of the polynomial used to represent this
function was adaptively selected using the effective heuristic of Aurentz and
Trefethen (2017).

Quasimatrices provide convenient notation for representing the action
of continuous operators by discrete operators. For example, consider the

quasimatrix formed by the monomials Z(z) = (1|z | 22| --+) defined on the
unit disk. A simple relationship for differentiation is
0 1

DZ(z)=0 | 1122|322 ---]=2Z(2) 2 Bt (2.3)

where D is the differentiation operator. This is clearly true when viewing
this as an operator DZ: {r — C|z], with suitable extensions to sufficiently
fast decaying coefficient spaces.

Remark 2.1. In what follows, we use quasimatrices without being specific
about the spaces they act on. We note that it is usually straightforward to
deduce these from the actual entries of the resulting operators. For example,
for monomials, we have Z: ¢? — H,, where H, is the Hardy space on the
unit circle. One can also see from the growth in the operator in (2.3) that
DZ: (2 — Hy is bounded, where

3= {f €C>: i((n+1)fn)2 < oo}.

n=0

That is, one can combine known relationships between spaces coming from
approximation theory with trivial relationships deduced from the growth
properties of banded operators to deduce precise statements.
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2.3. The Jacobi operator associated to orthogonal polynomials

All sets of orthogonal univariate polynomials satisfy a three-term recurrence
relationship. That is, all univariate OPs satisfy a recurrence of the form

xpn(x) = Cnpnfl(x) +anpn(x) +bnpn+1($)7 n>1, (2-4)
zpo(x) = aopo(z) + bop1 (). (2.5)

One of the simplest ways to evaluate p,(xg) at a point xy is to use the
three-term recurrence (perhaps with some care) to successively evaluate
po(xo), .- ,pn—1(x0), before finally computing p,(zp) (Gautschi 1967). The
recurrence in (2.5) can be encoded as a tridiagonal operator, known as a
(non-symmetric) Jacobi operator.

Definition 2.2. A (non-symmetric) Jacobi operator, J, associated with a
family of OPs is the tridiagonal operator given by

ag b()
T Cc1 ai bl T
P(x) z= a0 P(x)'. (2.6)
2 2 :
J

If the family of OPs are orthonormal, then J is a symmetric tridiagonal
operator (Gautschi 2004).

The transpose of a Jacobi operator, denoted by X := J ', is the discrete
operator that represents multiplication by x in the OP basis. This can be
seen from (2.5) by transposing (2.6) to obtain the relationship P = PX.
That means that if f(x) = P(x)f, then the expansion coefficients of x f(z)
are X f, that is,

zf(x)=zP(z)f =P(x)X f.

To multiply a function f expressed in an OP expansion by z, we can apply
the operator X to the expansion coefficients of f.

2.4. Classical univariate orthogonal polynomials

Classical OPs are the most widely used univariate OPs and consist of
Hermite polynomials, generalized Laguerre polynomials and Jacobi poly-
nomials (including as special cases the ultraspherical, Chebyshev and Le-
gendre polynomials). These polynomials have several characterizing proper-
ties that make them computationally useful and single them out from other
OPs: (1) they are the only univariate OPs (up to a linear change of vari-
ables) whose derivatives are also OPs (Sonine 1887), and (2) they satisfy
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Table 2.1. The classical OPs on bounded and unbounded real intervals. Up to
a linear change of variables, the classical OPs are the only univariate OPs whose
derivatives are also OPs.

Family Notation Interval w(z)
Chebyshev (1st kind) T, (x) [—1,1] (1—x2)~1/2
Chebyshev (2nd kind) U, (x) [—1,1] (1—a?)1/?
Chebyshev (3rd kind) Vi () [~1,1] (1+=)/(1—x))1/?
Chebyshev (4th kind) W (x) [~1,1] (1—=)/(1+x))1/?
Legendre P, (z) [—1,1] 1
Ultraspherical C’r([\)(a:), A>—2, A#£0 [-1,1] (1—a2)r1/2
Jacobi P,Sa’ﬁ)(a:), aBf>-1 [-11] (1-2)*(1+z)?
Laguerre L(z), a> -1 [0,00) x%e "
Hermite H,(z) (—00,00) e’

a fixed second-order Sturm-Liouville differential equation. The first prop-
erty makes them ideal in spectral methods for solving differential equations,
while (2) ensures that there are asymptotic expansions that hold for the
entire family of OPs. Table 2.1 details the classical OPs, along with their
orthogonality.

The Jacobi polynomials P,‘f”’ﬁ ) (x) are orthogonal with respect to the
weight function w(z) = (1 —2)%(1+x)” with a,8 > —1 and are scaled so
that

(n+a+p+1), ,

where (a)g is the Pochhammer symbol. They are useful special functions
for singular integral equations, quadrature rules, building multivariable OPs,
and random matrix theory. In quasimatrix notation, we may write

PP () = (B () | PP (@) | ).

Special cases of Jacobi polynomials include ultraspherical

OV (@) = (2\)n/(A+1/2)n PYTH2A12) (),
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Figure 2.2. Jacobi polynomials P(*#) for o, 3 > —1 are orthogonal with respect to
w(z) = (1 —2)*(1+x)?. Along the diagonal o = 8 = A —1/2 the OPs are referred
to as ultraspherical polynomials and are denoted by C® for A > —1/2, A # 0.

Legendre P, (z) = Py (0.0) (x), and Chebyshev polynomials (four kinds):”
(z) = P —1/2, *1/2)( )/P (*1/27*1/2)( 1),
(z) = (n+1)P{M/21/2) () ) PO/21/2) (1),
(2) = PCY21/2) () ) p1/2.1/2) (1),
(

z) = 20+ 1) P22 @)/ PLATYD(1),

ﬁssgﬂ

Associated to these OPs are the quasimatrices CWV(z), P(z), T(z), U(x),
V(x) and W (x), respectively. Figure 2.2 summarizes the special cases
of Jacobi polynomials. The figure is useful for understanding and explor-
ing sparse recurrence relationships for derivatives, weighted derivatives and
change-of-basis (conversion) operators.

2.5. Multivariate orthogonal polynomials

OPs are also possible in multiple variables, and Dunkl and Xu (2014) give
a comprehensive overview. For a multi-index a = (aq,...,aq) € Ng, where
No ={0,1,2,...}, and x = (z1,...,24), a monomial term is given by x* =

2 Unfortunately, Olver, Lozier, Boisvert and Clark (2010) have interchanged the notation
for V,, and W,,. Therefore, the convention chosen in the Digital Library of Mathematical
Functions does not match the original definitions (Gautschi 1992). This is one of the
only times we deviate from the notation found in Olver et al. (2010).
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' ---2?. The number || =y +---+ g is called the (total) degree of
x®. The space of polynomials of (total) degree at most n is denoted by

1% = Span{x®: |a| < n,a € N¢}.

A polynomial p € T1¢ is said to be an orthogonal polynomial of degree n
with respect to a weight function w(x) if

/m/p(m)w(w)Q(x)dw -0

for any ¢q € Hfb_l. This means that p is orthogonal to all polynomials of
lower degree, though it does not have to be orthogonal to polynomials of
the same degree. We will only use mutually orthogonal polynomials which
are also orthogonal with polynomials of the same degree.

We find it convenient to express a family of multivariable OPs as a block-
quasimatrix, where each block contains the polynomials of the same total
degree. In two variables we write

P(z) = (poo(z) | pro(2) | p11() | p2o() | p21() | p2a(z) | ---),

while in three variables we have

P(x) = (poo(e) | pro(®) | pu1 () [ pra(z) | ---).

A sequence of multivariable OPs is said to be orthonormal with respect to
w if all the polynomials of a given degree are orthogonal and of unit length,
i.e. PTwP = I, where I is the identity operator. OPs in multiple vari-
able are only unique up to an orthogonal recombination. In two variables,
given any sequence of n x n orthogonal matrices @, we find that if P are
orthonormal then

Qo
P=pP Q1

is also orthonormal with respect to the same weight, since

. Qo . Qo
P wP = Qq PTwP @1 —I.

Therefore, the choice of basis in multivariable OPs is always somewhat
arbitrary, though different choices lead to different sparsity properties in
recurrence relationships.

Multivariable OPs satisfy a three-term recurrence relationship in each
variable and hence have an associated (non-symmetric) Jacobi operator for
each variable.
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Definition 2.3. The Jacobi operators Jy,...,J; associated with a family
of multivariate OPs are block-tridiagonal operators such that

A5 Bg
. ck AY Bf .
P (x)z, = o - | P (), 1<k<d.
c; As .
Jk

The sizes of A¥, B¥ and CF are determined by the number of ways d non-

negative integers can be chosen to sum to k. When d = 2, we have AF ¢
]R(n—l-l)><(n—+-1)7 Brli e R(t)x(n+2) 414 Cff e R(n+1)xn.

Again, the transpose of Ji for 1 <k <d, denoted by Xj := J,;r, is the
discrete operator that represents multiplication by xj, in the OP basis. That
is, if f(x) = P(x)f, then the expansion coefficients for zyf(x) are Xjf,
since

wpf(x) = 2p P(x) f = P(x) Xi f.

If the family of OPs are orthonormal, then Jp = X is symmetric, that is,
(Ck, )T =Bk and (AF)T = AL for 1 <k <d and n > 0.

2.6. Constructing multivariate orthogonal polynomials

Classical multivariate OPs are defined on simple geometries such as rect-
angles, disks, triangles, hypercubes, balls and tetrahedra. There are, at
least, two advantages to constructing multivariate OPs from univariate ones:
(1) they typically have simple expressions in terms of univariate OPs, and
(2) recurrence relationships can be derived from known univariate relation-
ships. Two useful ways to construct multivariate OPs are tensor products
and Koornwinder’s construction (Koornwinder 1975).

2.6.1. Tensor product construction

OPs on tensor product domains (e.g. squares and hypercubes) can be con-
structed using the tensor product of univariate OPs. If ¢g(z),61(x),...
and ¥g(x),11(x),... are two sequences of OPs with respect to the weight
wy on [a,b] and wy on [c,d], then ¢;(x)Yi(y) for j,k > 0 are orthogonal
with weight wi(x)wa(y) on [a,b] X [¢,d]. Let ®(z) = (¢po(x) | ¢1(z)|--+) and
W(x) = (¢o(x) | ¥1(x) | ---). Then in terms of quasimatrices we can define
the tensor product ® ® ¥ as a generalization of a quasimatrix defined on R?:

(‘P@‘Il)j,k(x?y) = ¢](x)¢k(y)7 j,k >0.
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One could then express coefficients as a matrix with multiplication defined
tensor-wise. That is, if F' € C*°® C*> we would (formally) have

f(z,y) = (2@ ¥)(z,y)F,

thus we can view ® ® ¥: (% — C[z,y], where (% denotes the space of
matrices with finite number of non-zero entries.

It is often convenient to identify C* & C* with infinite matrices C**°°,
in which case we write

fl@y) =Y Fjudi(@)tn(y), = ®(x)F¥(y) "

7,k=0

One still needs to determine how the entries of F' are stored sequentially
in memory. A natural approach is to replace the infinite matrix F with an
n X m truncation and order the entries column by column (column magjor)
or row by row (row major), with column major being the modern standard.
We can interpret this as a block-quasimatrix, with blocks of size n, and
denote it by vec(-) as follows:

vec (P, @ U,,)(z,y)
1= (¢o(z)Yo(y), -, n(@)o(y) |+ | Po(2)m(Y), ..., dn(T)¥m ().

This point of view is computationally convenient for OPs on tensor product
domains when working with truncated expansions, and naturally leads to
the discretization of certain partial differential equations as generalized
Sylvester equations (see Section 6.2).

An alternative viewpoint is to traverse the basis in an anti-diagonal way:

P(z,y) = diagtrav(®(z) @ ¥(y))
= (do(x)vo(y) | dr(x)o(y) | do(@)er(y) | ---).

That is, diagtrav(-) traverses a square infinite matrix and writes it out in
anti-diagonal order. This has the benefit of grouping coefficients in blocks of
polynomial degree, which fits the definition of multivariate OPs and extends
naturally to non-tensor domains.

Remark 2.4. Another basis ordering is the hyperbolic cross, which comes
up in high-dimensional quadrature to circumvent the curse of dimensional-
ity. We focus on low-dimensional settings, where these are less useful.

2.6.2. Koornwinder’s construction
Another construction of multivariate OPs is given by Koornwinder (1975).
Let w; and wy be weight functions on [a,b] and [c,d], respectively, and let
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p(x) be a function on (a,b) such that either

1
2

(1) p is a polynomial of degree 1, or
(2) p? is non-negative polynomial of degree < 2 with ¢ = —d > 0 and w»
is an even function.

Then one can construct multivariate OPs with respect to the weight function

W(z,y) = wi(z)wa(y/p(x)) on Q= {(z,y): cp(x) <y < dp(z),a <z < by
To form the multivariate OPs, first write down all the univariate OPs
p[()k)(x),pgk) (),..., associated to p?**1(z)wi(x) on [a,b] and the univariate
OPs qo(z),q1(x),..., associated to wa(x) on [c,d]. It can be shown that the
bivariate polynomials given by

Poi(zy) =¥ (@)p(@) ai(y/p(x)), 0<k<n,

for each n > 0 are OPs on Q with respect to W (x,y) (Dunkl and Xu 2014).
Note that there are natural extensions to higher dimensions, as outlined in
Dunkl and Xu (2014).

In the degenerate case, p(x) =1, the construction derives tensor product
OPs for tensor product domains. However, the non-degenerate cases include
OPs on spheres, disks, triangles and more exotic domains.

‘Legendre’ polynomials on a right-angled triangle. Let
Q={(z,y): 0<y<z,0<z<1}

be a right-angled triangle. Using Koornwinder’s construction with p(z) = x
and wy (z) = we(x) = 1, we find that

P i(z,y) = Pf_kkﬂ’o)(Zx — 1)$kPk (23/ — 1), 0<k<n,n>0,
x
are OPs on the right-angled triangle with W (z,y) = 1.

‘Jacobi’ polynomials on a right-angled triangle. Let
Q={(z,y): 0<y<z,0<z<l1}

b

be a right-angled triangle. Letting p(z) = =, wi(z) = z%(1 — z)” and

wo(x) = 2°(1 — x)?, with a,b,c,d > —1, we find that

plbed () = peRatih) gp 1)k pled <2y - 1), 0<k<n, n>0,
’ x
are OPs on the right-angled triangle with respect to W(z,y) = x*(1 —
z)?(y/2)¢(1 —y/x)? An affine translation of this construction and setting
d =0 gives the standard Jacobi polynomials on the unit simplex 0 < z <
1,0 <y < 1—x, which are orthogonal with respect to 2%y?(1 —x — y)°:

P ay) = P 20 1) (1 - o) M (2 y —1>.

11—z
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‘Legendre’ polynomials on the unit disk. The unit disk can be described as
Q={(zy): —plz) <y<p(x),-1<z <1},

where p(x) = v/1—22. Following Koornwinder’s construction with wy(z) =
wa(x) =1, we find that

_ ~(k+1) o 2\k/2 Y
Zpy(zy) =C, " (2)(1—2%) Pk(m), 0<k<n,n>0,

are OPs on the unit disk with W (z,y) = 1.
Alternatively, it is common to use polar coordinates on the disk so that

Zu(r.9) = B (207 =1t —n <k <n m>0,

where n — k is even. These polynomials are also referred to as the Zernike
polynomials (Zernike 1934).

‘Ultraspherical’ polynomials on the unit disk. The unit disk can be described
as

Q={(z,y): —plz) <y <p(z),-1<z <1}

where p(x) = v/1—22. Following Koornwinder’s construction with wy(z) =
wy(z) = (1—22)*1/2, we find that

1—2x2
are OPs on the unit disk with W (z,y) = (1 — ||=[|?)*.
And on the unit sphere
Q={(z,y,2) e R®: 2?2+ + 22 =1},

parametrized by co-latitude 6 € [0,7] and longitude ¢ € [0,27), spher-
ical harmonics (Atkinson and Han 2012, Dai and Xu 2013) share a similar
structural property with Koornwinder’s constructions and the periodic rep-
resentation of Zernike polynomials

Yr0,0) = Péﬂ}l@(cos@)(sin@)‘k‘ e —n<k<n, n>0.

ZN) () = OV (@) (1 — 2?20 ( Y > 0<k<n, n>0,

The same construction procedure can be used to derive multivariate
OPs on domains with parabolic boundaries (Koornwinder 1975), quadratic
curves (Olver and Xu 20200), quadratic surfaces of revolution (Olver and
Xu 2020a) and disk slices and trapeziums (Snowball and Olver 2020).

‘Lambda’ functions in R3. The so-called Lambda functions (Hylleraas 1929,
Shull and Lowdin 1955, Léwdin and Shull 1956) provide a complete ortho-
gonal basis for L?(R?) that are defined in terms of generalized Laguerre
polynomials and spherical harmonics

AT (r,0,0) = e T2 L2 ()Y (0, 0).
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Here, k>0, 0< ¢ <k, and —m < /¢ < m. For a recent survey of bases for
Sobolev spaces in R3, we refer the interested reader to Weniger (2019).

2.7. Evaluation of orthogonal polynomials and Clenshaw’s algorithm

The three-term recurrence relationship for OPs provides an immediate al-
gorithm to evaluate OPs. In the univariate setting, assuming that po(z) = 1,
the OPs satisfy the following lower-triangular system (see (2.5)):

1 po(x) 1
ag—x bo p1(x) 0 -
a  a-—z b pa(z) [ = O] Lx::< €o> >
C2 as—x by b3 (.T) 0 J—xl
Ly

(2.7)

This is equivalent to P(z)T = L, 'eq, where eg is the first unit vector. The
linear system in (2.7) can be solved using forward recurrence to evaluate
po(x),...,pn—1(x) in O(N) operations, which we observe to be compu-
tationally more efficient in practice than using explicit formulas such as
T,(z) = cos(ncos~!x) for —1 < 2 < 1. One can also use (2.7) to efficiently
evaluate functions, that is,

fz)=Px)f=ej L, f.

This procedure is known as Clenshaw’s algorithm (Clenshaw 1955). There-
fore, to evaluate f(x) one can perform back-substitution using the linear
system L] v = f and then taking the leading entry. This requires O(N)
operations and no extra memory allocations if f is such that f;, =0 for
k> N.

Clenshaw’s algorithm works in multiple dimensions as well, though it
is significantly more involved as one needs to work simultaneously with
all recurrence relationships, i.e. JyP(z)' = P(z) 2, for 1 <k <d. In two
variables, the analogue of (2.7) is the following block system:

1 1
j-sh By 01
AO—yI1 BO T 01x1
Cy  Aj—al, B Plry) =0y |- (28
cy  AY—yl, BY 02x1
Ly y
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which is built by interlacing the blocks of
J.P(zy) =P(z,y) 'z and J,P(y)" = P(az)Tg.

The issue here is that L, , is not a lower-triangular matrix. Fortunately, the
blocks given by
By 2n+2) x (n+2
B, = <B§) € REn42)x(n+2)
have full column rank (Dunkl and Xu 2014, Theorem 3.3.4) and hence B,

has a left-inverse B, so that B, B,, = I,+2. Thus we can modify (2.8) to
the following lower-triangular linear system:

1 1
. + 01x1 - By
Lat,yP(xvy) =1 09«1 |> La:,y = B;r La?,y-

This can now be solved by forward substitution. A multivariate analogue of
Clenshaw’s algorithm follows immediately:

flay)=Pxy) f=e L,,

The choice of left-inverse B, is a delicate issue as it can impact the com-
plexity and stability of multivariable Clenshaw’s algorithm. For the mul-
tivariate OPs we often have that B, in (2.8) is a sparse matrix. However,
if one naively uses the Moore-Penrose pseudo-inverse, then B, is typically
dense, which leads to a disappointing complexity for evaluating OP expan-
sions. In specific cases, it can be possible to build a sparse B;; see Olver,
Townsend and Vasil (2019) for an example on the triangle.

2.8. Recurrences and differential operators

Classical orthogonal polynomials satisfy numerous recurrences — going bey-
ond the three-term recurrence relationship — for differentiation, multiplic-
ation and other operations; see Olver et al. (2010, Chapter 18) for a com-
prehensive summary. The relevant ones for this paper are reviewed in Ap-
pendix A and are expressed in the quasimatrix notation.

As a brief example, families of classical orthogonal polynomials have the
beautiful property that their derivatives are also classical orthogonal poly-
nomials. For example, we have the following formula (Olver et al. 2010,

18.9.19):
oy A1)
=2A
dz Cni s
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which can be expressed as (see Proposition A.11)

0 2

2\
pC = o+ 2\

(1)
Dy

In other words, if f(z) = CW £, then
A
f'(@)=DCYV f =D,
That is, we can efficiently compute the coefficients of the derivative of f in
another classical OP expansion via the product Dg)‘;r 2 I

Another example of an operator is the change from one basis to another
(see Proposition A.9):

o 0 —gx
cW =cHY Ay A
24X 5+
RO+

N)
That is, we have
f@)=CV (@) f =D (@) RO £

This is a simple example of a transform, which we discuss further in Sec-
tion 4.4. Note that these relationships can be composed to deduce more
general operators, for example

(@) +2f(z) =D*CV(2)f+2CN () f

=DCMD (@) DRV F+ C (@) X f

. A2 (A+2) ()\-l-l) (A+2) p(A+1)
= O DG + Ry RO X)),
iy Gy

where Xy is the multiplication-by-z operator for C WM. Such manipulations
lead to fast numerical methods for differential equations, as discussed in
Section 5.
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3. Quadrature

A quadrature rule approximates an integral by a weighted sum of samples
of f. The classic interpolatory quadrature rules are Newton—Cotes, Gaussian
quadrature and Clenshaw—Curtis, which all take the form

b N
/ w(z)f(x)dz =Y wef(zr), (3.1)
a k=1

where w(z) is a non-negative integrable weight function and {x} and {wy}
are called the quadrature nodes and weights, respectively. It is known that
an N-point Gaussian quadrature exactly integrates polynomials of degree
< 2N —1. When w(x) = 1, the corresponding Gauss quadrature rule is called
Gauss—Legendre.

3.1. Weighted Clenshaw—Curtis quadrature

Clenshaw—Curtis quadrature sets the nodes {x} in (3.1) to be Chebyshev
points that are trivial to generate. There are at least three main variations
on Chebyshev points:

k
Fejér’s 1st rule xk:cos(N_iTl), 1<k<N,
—1/2
Fejér’s 2nd rule Tp = cos(W), 1<k<N,
k—1
Clenshaw—Curtis T} = COS (((N_);)r)’ 1<k<N.

The differences between these choices for the quadrature nodes are minor,
though the Clenshaw—Curtis rule has the advantage that the N-point and
2N-point nodal sets are nested, allowing for re-use of function evaluation
when N is doubled, which can have a significant impact on speed if cal-
culating f is expensive. Therefore Clenshaw—Curtis has become the most
popular variant.

The weights {wy, } are selected so that any polynomial p of degree < N —1
is exactly integrated. That is,

-1

1 N
[ w@plads =" wpe).
k=1

In particular, the quadrature must exactly integrate the Chebyshev poly-
nomials Tp(x),...,Tn—1(z). We find that {ws} satisfy the following linear
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system:
To(z1) -+ Tn-1(x1)
TN(a:)Tw:b, Tn(x)= : : ) (3.2)
To(zn) -+ Tn-1(zn)
1
b= [ wla)L, (o)
-1
where & = (z1,...,2x)" and w = (w1,...,wy) .

The original papers by Fejér (1933) and Clenshaw and Curtis (1960) were
written before the rediscovery of the fast Fourier transform (Cooley and
Tukey 1965); however, soon afterwards Gentleman (1972) noted that the lin-
ear system Ty () "w = b could be solved using the FFT (see Section 4.1).
Clenshaw—Curtis quadrature is popular because the rule is accurate, and
the nodes and weights can be easily computed in O(Nlog N) operations. In
the 1970s it was one of the only accurate rules for which large quadrature
rules could be computed for large N. Today, with fast algorithms to com-
pute many Gauss quadrature rules, we regard Gauss and Clenshaw—Curtis
formulas as both valuable for numerical integration (Trefethen 2008).

Waldvogel (2003) showed a factor of 2 computational saving in computing
{wg} when w(z) =1 by exploiting the fact that by =0 for odd k in (3.2),
which allows one to compute the weights using an FFT of half the size.
Waldvogel’s speedup can be extended to symmetric weights of the form
w(z) = (1—2%)® for @ > —1 (Sommariva 2013).

3.2. The original deviation of Gauss—Legendre quadrature

In contrast to Clenshaw—Curtis quadrature, an N-point Gauss—Legendre
quadrature rule exactly integrates polynomials of degree < 2N —1 by care-
fully selecting both the nodes and weights. Most textbooks in numerical
analysis present the topic in its modern formulation using orthogonal poly-
nomials, as derived by Jacobi (1826). However, the original derivation of the
Gauss—Legendre quadrature rule by Gauss (1815) is a beautiful calculation
involving continued fractions (Gautschi 1981a).

Let p be any polynomial of degree < 2N — 1 and let I be the circle of
radius 1+ (for arbitrary small § > 0) centred at 0 and parametrized in
an anticlockwise orientation. Then, from Cauchy’s integral formula we can

write
/_11p($)d:v: /_11 2% /F f(_zldzdx:;ﬂ /F p()é(2)dz  (33)

where ¢(z) =log((z+1)/(2—1)) is the analytic function in CU{oo}\ [—1,1]
given by the standard branch of the logarithm, so that ¢ is positive for
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z € (1,00). Since we want the quadrature rule to be exact, we need

1 N 1 N w
[ @)= S wplw) =5 [ pervedz =Y
-1 k=1 T

2mi z—xy’
k=1
(3.4)

where rn(z) is a (N,N —1) rational function with poles at the quadrature
nodes {x}. By combining (3.3) and (3.4) and noting that p could be any
polynomial, we require that

1

— [ Z(p(2) —rn(2))dz=0, 0<j<2N-—1.
27 Jr

Due to the orthogonality of the monomials on the unit circle, we need
#(2) —rn(2) = O(22Y). Gauss would have immediately known how to solve
this using continued fractions, which were a popular topic in the early 1800s.
In particular, ¢(z) can be expressed as the following continued fraction:

z+1 al k2
¢(Z) Og<z_1> Z+a72a37 ag 4k2—1
zZ+ aq
z«l»z+

From this expression one can find the N-convergent, which is an (N, N —1)
rational function 7y (z) = An(2)/Bn(2) such that ¢(2) —ry(z) = O(zV).
Moreover, it is known that
k2
Bp1(2) = 2By(2) — mBk—l(Z% k=0, Bo(z)=1, B_1(z)=0.
(3.5)

Gauss used this three-term recurrence to derive By(z) and then found its
zeros to calculate the quadrature nodes. For example, Bs(z) = 23 — (3/5)z,
so the three-point Gauss quadrature rule has nodes {—+/3/5,0,1/3/5}. One
can then find the corresponding Gauss—Legendre weights by solving the
linear system
1 k+1
(x0,x!, - ,a:N*I)T'w =b, b,= / Fdr = ﬂ
1 k+1

For the three-point quadrature, we find that the weights are {5/9,8/9,5/9}.
Today, tables of Gauss—Legendre quadrature nodes and weights can be
found throughout the internet and textbooks, though it is more practical to
calculate them numerically.

3.8. The Golub—Welsch algorithm

Only a few years after Gauss’s derivation, Jacobi (1826) realized the con-
nection between Gauss quadrature and OPs. Jacobi first observed that the
recurrence relationship in (3.5) is satisfied by the Legendre polynomials
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when scaled to be monic. That means that the N-point Gauss—Legendre
quadrature nodes satisfy Py(zg) =0 for 1 <k < N. At the time, Jacobi’s
observation did not help one compute Gauss quadrature nodes and weights;
however, it did allow Jacobi to generalize Gauss quadrature to other integ-
rable weight functions. In particular, the Gauss quadrature nodes associ-
ated to (3.1) are given by the zeros of py(z), where pg,p1,..., is a family
of orthogonal polynomials associated to the weight function w(x). In other
words, the Gauss quadrature nodes are the zeros of an OP.

The most well-known algorithm for computing Gauss quadrature rules is
the Golub—Welsch algorithm (Golub and Welsch 1969). It is based on the

fact that
po(A) po(N)
Jo:N-1,0:N : =A :
PN (A) pN-1(A)
and hence, by rearranging, we find
po(A) 0
(Un—AD| - : . (3.6)
pN—2(A) 0
pN-1(}) —bn_1pN(A)

Here, Jy is the N x N truncation of the Jacobi operator associated with
the OPs. The right-hand side of (3.6) is the zero vector if and only if A is
a root py(A). This means that the quadrature nodes can be computed in
O(N3) operations as an eigenvalue problem involving a tridiagonal matrix.
Moreover, if the OPs are orthonormal (which does not change the zeros),
then Jy is a symmetric tridiagonal matrix reducing the cost to only O(N?)
operations.
From (3.6), the eigenvector of Jy corresponding to eigenvalue z; is

po(z;)

pN-1(z;)
This means that the quadrature weights can be obtained from the eigen-
vectors of Jy. Since an N-point Gauss quadrature is exact for polynomi-
als up to degree < 2N — 1, we know that the quadrature weights w =
(wy,...,wy) " satisfy

1

S () DuSK (x) = Dy, by = / w(@)pi(@)d,
-1

where

(Sn(x))jk =pr—1(z;), 1<j, k<N.
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Therefore D' = S5 (x)Sy(x), that is,

Nl
— = Zpi(mj)z, 1<j<N.
wj —

=0
In other words, the reciprocal of w; is equal to the sum of the squares of
the entries of the eigenvector of Jy corresponding to eigenvalue x;, where
the first entry of the eigenvector is scaled to have the value of 1.

3.4. Computing Gauss quadrature rules associated with classical
orthogonal polynomials

The most important examples of Gauss quadrature rules are those asso-
ciated with classical OPs. By now, there are hundreds of publications on
the subject of computing classical Gauss quadrature rules, and the most
efficient algorithms are tailor-made for each quadrature rule. In Table 3.1
we have surveyed the literature on computing Gauss—Legendre quadrat-
ure to observe the continuing progression to larger and larger quadrature
rules (Townsend 2015). Also, see Figure 3.1. The surprise is that the
Golub—Welsch algorithm is not, and never was, the fastest or most accurate
algorithm for computing Gauss—Legendre quadrature rules. However, its
generality and ease of implementation makes it one of the most widely used
algorithms for computing Gauss—Legendre quadrature to this day.

There are now spectacularly fast algorithms for computing Gauss quad-
rature rules associated with classical OPs. The fastest methods are based
on high-order asymptotic formulas for the quadrature nodes (the zeros of
the classical OPs) and weights. For example, Bogaert derived asymptotic
formulas for the n-point Gauss—Legendre nodes, which are accurate to about
16 digits of precision for any N > 20 (Bogaert 2014). Let zx 1 = cos(On k)
be the kth node in the N-point Gauss quadrature rule. Then

1
 N+1/2
(3.7)

where an i = vnJjor and jo i is the kth positive zero of the Bessel function
Jo(z). Here, the functions Fi,...,F5 are known explicitly. For example,
luz—1 1 62*(1+u?) +25 —u(31u” 4 33)2®

Fl(x7u):§ x F2($au): 384 3 )

where the remaining formulas for F3, Fy and Fy along with an asymptotic
formula for the quadrature weights can be found in Bogaert (2014). For all
practical purposes, (3.7) are essentially explicit formulas for the nodes and
weights as they can be used for any N > 20 (in double precision) and the cost
to evaluate them involves basic arithmetic and trigonometric evaluations.

5
COS(O N k
0N,k =an,k+ Z F, <aN7k,,()>U]2Vm+O(U]1V2), UN

el SlIl(OéN,k)
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Table 3.1. A brief survey of computing Gauss—Legendre quadrature. Originally,
small Gauss—Legendre quadrature rules were calculated by brute-force hand cal-
culations; today, a billion quadrature nodes and weights can be computed in a
fraction of second on a standard laptop. The value N is the largest reported
Gauss—Legendre quadrature rule in the publication.

N Algorithm Reference
by hand Gauss (1815)
by hand Tallgvist (1905)
10 by hand Moors (1905)
7 by hand Nystrom (1930)
12 by hand Bayly (1938)
16 by hand Lowan, Davids and Levenson (1942)
16 Newton-Raphson Davis and Rabinowitz (1956)
64 Newton-Raphson Gawlik (1958)
96 Newton—Raphson Davis and Rabinowitz (1958)
10 QD algorithm Rutishauer (1962)
200 Newton—-Raphson Love (1966)
512 Newton-Raphson Stroud and Secrest (1966)
50 Golub—Welsch Golub and Welsch (1969)
256 Newton-Raphson Lether (1978)
48 asymptotics for nodes Gatteschi (1979)
640 Golub—Welsch Gautschi (1982)
32 asymptotics Forster and Petras (1990)
32 asymptotics for nodes Forster and Petras (1993)
8000 higher-order Newton-Raphson Yakimiw (1996)
8000 optimized Golub-Welsch Yakimiw (1996)
200 Newton—Raphson Petras (1999)
2048 Golub—Welsch Swarztrauber (2003)
16384 variant of Newton—Raphson Swarztrauber (2003)
12288 Newton-Raphson Bailey, Jeyabalan and Li (2004)
10° GLR algorithm Glaser, Liu and Rokhlin (2007)

108 Newton-Raphson with asymptotics Bogaert, Michiels and Fostier (2012)
10° Newton-Raphson with asymptotics Hale and Townsend (2013)
108 asymptotics formulas for the nodes Bogaert (2014)
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Figure 3.1. The history of computing high-order Gauss-Legendre quadrature. A
dot represents published work, located at the publication year and the largest
Gauss—Legendre rule reported therein. A large red dot is a paper based on variants
of the Golub-Welsch algorithm, and the circled red dot is the original paper by
Golub and Welsch. GLR represents the Glaser, Liu and Rokhlin (2007) algorithm.
Figure reproduced from Townsend (2015) with permission. Copyright (©) 2015
Society for Industrial and Applied Mathematics.

If one wants to compute the nodes to more than 16 digits of precision, then
one recommends using 6y x in (3.7) as an initial guess for Newton’s method
on the rootfinding problem Py(cosf)) =0 (Bogaert et al. 2012, Hale and
Townsend 2013).

Other asymptotic formulas have been derived for Gauss—Jacobi quadrat-
ure (Gil, Segura and Temme 20190) as well as Gauss-Laguerre (Gil, Segura
and Temme 2019a) and Gauss-Hermite (Gil, Segura and Temme 2018).
Again, for high-precision calculations, one can take these asymptotic formu-
las as initial guesses in Newton’s method (Hale and Townsend 2013, Town-
send, Trogdon and Olver 2016).

3.5. Computing non-classical Gauss quadrature rules

The previous section shows that having control over the asymptotic beha-
viour of the zeros of classical OPs can lead to fast iterative-free algorithms
for computing Gauss quadrature rules associated with classical weights.
Going beyond classical weights, one can build on the recent advances in
deriving the asymptotics of general OPs using the Riemann-Hilbert ap-
proach (Deift 1999) to determine the asymptotic behaviour of the zeros for
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general weights on the real line. One can alternatively use the numerical
solution of the underlying Riemann-Hilbert problem (Olver 2012) to cal-
culate numerical asymptotic approximations to OPs and thereby calculate
associated Gauss quadrature nodes for relatively general weights (Townsend
et al. 2016).

4. Orthogonal polynomial transforms

Orthogonal polynomial transforms involve computing expansion coefficients
in one basis either from function samples or from coefficients in another
basis. There are two main types.

(1) Synthesis and analysis. The infinite-dimensional synthesis operator
is the map that takes OP expansion coefficients to the corresponding
function by summing up the expansion. The natural finite-dimensional
analogue of the synthesis operator is the map from expansion coeffi-
cients to values of the expansion at a specified grid. The infinite-
dimensional analysis operator takes a function to its expansion coeffi-
cients, and the finite-dimensional counterpart takes function samples to
expansion coefficients.

(2) Connection problems. It is possible to represent a polynomial in different
OP bases. The connection problem is the change-of-basis transform from
one OP basis to another.

Our general strategy for synthesis, that is, sampling a polynomial represen-
ted in a given OP expansion, is to first represent the polynomial in an OP
expansion in which a fast evaluation scheme can be derived based on the
FFT. Therefore, we tackle synthesis in two steps: (1) convert one OP basis
into another, and (2) evaluate the polynomial in its new OP basis using the
FFT. Our strategy for analysis is, therefore, to reverse the process: (1) com-
pute the coefficients in a new OP basis using the FFT, and (2) convert from
the new basis into the desired basis.

4.1. Synthesis and analysis based on the fast Fourier transform

The synthesis and analysis transforms that are closely connected to FFTs
are the ones related to the four types of Chebyshev expansions and the
associated four types of Gauss quadrature nodes (Mason 1993). That is,
consider the four kinds of Chebyshev nodes,

k—1/2 k
x}ﬁ:—cos( N 7'(‘), l‘}cI:—COS<N+17T>, lngN,

(4.1)
N—k+1/2 k+1/2
LU}!I — COS(WW)’ :p}ﬁv = COS<J\H—]_/27T>7 1 S k S Na
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Table 4.1. Connection between the discrete cosine and sine transforms of various
types and the evaluation of the four types of Chebyshev series at the four kinds of
Chebyshev nodes. Equivalence of these transforms holds up to a diagonal scaling.

Transform OP Nodes Inverse Transform OP Nodes Inverse
DCT-I T, 2nd DCT-I DST-I U, 2nd DST-I
DCT-II V., 2nd DCT-III DST-II W, 2nd DST-III
DCT-III T, 1st DCT-II DST-III U, 1st DST-II
DCT-IV V., 1st DCT-IV DST-1V W, 1st DST-IV
DCT-V T, 4th DCT-V DST-V U, 4th DST-V
DCT-VI V, 4th DCT-VII DST-VI W, 4th DST-VII
DCT-VII T, 3rd DCT-VI DST-VII U, 3rd DST-VI
DCT-VIII V, 3rd DCT-VIII DST-VIII W,, 3rd DST-VIII

which are the zeros of T (), Un(x), Vy(x) and Wi (x), respectively. There
are 16 types of Chebyshev transforms, corresponding to the four choices of
nodes in (4.1) and the four choices of Chebyshev polynomials (Piischel and
Moura 2003).

For example, if Ty (z) is selected and we are given coefficients f € CV so
that

f(z) =Tn(2)f,
where T'y = (Tp,...,Tn—1), then the four synthesis transforms are

Ty f, TnEYf, Tn@E"™f, TyE™Y)f,

or, equivalently,
N-1 N-1 N—-1 N-1
Z fnTn(x}g)y Z fnTn(x}gI)a Z fnTn(w}gH): Z fnTn(m}gV)
n=0 n=0 n=0 n=0

Since T, (z) = cos(ncos™'z) for z € [~1,1], these transformations can all
be related to discrete cosine transforms (DCTs), which can be computed
using an FFT. Table 4.1 enumerates all the different discrete sine and cosine
transforms and their relations with the four kinds of Chebyshev polynomials
and their respective Gauss—Chebyshev nodes. More precise details on the
connections can be found in Piischel and Moura (2003). When combined
with non-uniform fast Fourier transforms (Dutt and Rokhlin 1993, Potts and
Steidl 2003, Greengard and Lee 2004, Ruiz-Antolin and Townsend 2018),
fast algorithms for synthesis and analysis at sample locations that deviate
from Gauss—Chebyshev points are also possible.
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More generally, given the three-term recurrence relationships for OPs,
there are fast algorithms for synthesis and analysis at the associated Gauss
quadrature nodes (Tygert 2010b). However, the direct connection to FFTs
is no longer present. Instead, our general strategy is to convert (using the
connection problem) into one of the Chebyshev bases. The fast algorithms
in Tygert (20100) are only possible when the recurrence relationships for the
OPs are either known explicitly or fast to compute. For several multivariate
orthogonal polynomials and semiclassical orthogonal polynomials, the recur-
rence relationships can be costly to compute (Snowball and Olver 2020).

4.2. The connection problem

The connection problem concerns the question of how to change between
different basis expansions, and in particular how to do so fast. We can state
this in terms of connection coefficients.

Definition 4.1. Let {¢,(2)}52, be a family of orthogonal functions with
respect to a measure p and let {1, (z)}>2, be another family of orthogonal
functions with respect to a measure ji. Assuming that {1, (7)}32, C L?[f],
we have

_ - _ (¢K7¢n>dﬂ
(bn(-x) = Ez:%cf,nwﬁ(x)v Con = <¢£,¢Z>du7 (42)

where {c;,,} are referred to as the connection coefficients.

In quasimatrix notation, (4.2) can be conveniently expressed as

€0,0 Co,1
_ C C e
d=w|cLo c11 ,

~~
v
Cq)

where ® := (¢g | 1 |--+) and W:= (¢g | 91 | ---). This means that connection
coeflicients are the entries of a basis conversion matrix. In particular, given
a polynomial expansion u(z) = ®(z)u, we have that u(z) = ¥(z)Cyu =
¥ (x)v, where v = Cg u are the expansion coefficients in .

We call connection problems where ® and W are orthogonal with respect
to the same measure measure-preserving. If ® and ¥ are orthogonal with
respect to different measures, then we call the connection problem measure-
perturbing. There is an interesting connection between measure-perturbing
connection problems and sparse recurrence relationships (Narayan and
Hesthaven 2012). In the measure-perturbing case, we wish to apply N x N
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truncations of C§y to vectors in O(Npolylog(N))) operations.® As we shall
see later, the measure-preserving case requires the application of rectangular
truncations of C’(%’ , though both dimensions are still asymptotically governed
by N.

In the special case of connection problems between two complete degree-
graded orthogonal polynomial bases, the connection coefficient matrix is
upper-triangular. To emphasize this we use the notation

Ry :=Cy.

If & and W are orthonormal with respect to the same measure, we use the
notation

Qs =Cy

to emphasize that it is a matrix with orthonormal columns. Moreover, if
deg(¢r) = deg(vy) for k >0, then QF is a diagonal matrix with &1 on the
diagonal due to the uniqueness of univariate OPs. Therefore, we focus on the
cases (1) deg(¢y) = deg(1n) +1, (2) deg(¢y) = deg(1,) +2 with a certain
symmetry in the domain and weight function, and (3) deg(¢y,) > deg(v¢y,).

Univariate OP transforms are an essential building block in the multivari-
ate setting. For tensor product multivariable OPs (see Section 2.6.1), the
transforms are Kronecker products of univariate transforms. For OPs from
non-degenerate versions of Koornwinder’s construction (see Section 2.6.2),
both the measure-preserving and measure-perturbing transforms are re-

quired. We illustrate this via spherical harmonics, due to their prevalence
in applications.

4.3. Chebyshev polynomials

There are sparse relationships between the four types of Chebyshev polyno-
mials, coming from trigonometric identities, which lead to sparse connection
problems. For example, we have (Proposition A.13)

1 0 -1/2 112
12 0 - 1/2 1/2
e 1/2 1/2

3 The term polylog(N) refers to any polynomial (usually of low degree) in terms of
log(N).
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For a polynomial of degree < N, one can efficiently convert between Cheby-
shev bases in O(IN) operations by multiplying or inverting via back-sub-
stitution with these connection coefficient matrices. This is useful if one
already has access to Chebyshev coefficients of a particular type, especially
if the coefficients are known to a good relative accuracy, which is preserved
under these conversions provided they decay reasonably quickly, or as an
alternative to implementing all 16 types of DCTs and DSTs.

4.4. Ultraspherical polynomials
For any A > 0, we have (Proposition A.9)

c™ A42 — cO+D A0 A

which can also be written as

cW = c@“)REi)“).
For a polynomial of degree < IV, one can convert between C™ and cO+™)
bases, where m is an integer, by applying or inverting m banded operators
in O(mN) operations. Moreover, one can also efficiently convert between
Jacobi bases P(@% and P@+5049) where i and j are integers, using the
bidiagonal conversion operators in Proposition A.3.

4.5. The Chebyshev—Legendre transform and its inverse

Many different algorithms accelerate the Chebyshev-Legendre transform
and its inverse, that is, applying the conversions RTP and RE = (R;)*l,
where

T =PRY, P=TRE.

These include an adaptation of the fast multipole method (Alpert and
Rokhlin 1991), algorithms based on semi-separable matrices (Keiner 2008,
Keiner 2009, Keiner 2011) and analysis of the Toeplitz—Hankel structure of
the connection coefficients (Townsend, Webb and Olver 2018). There are
also methods for direct synthesis and analysis using the asymptotics of Le-
gendre polynomials (Orszag 1986, Mori, Suda and Sugihara 1999, Hale and
Townsend 2014, Slevinsky 2018b) as well as ideas related to non-oscillatory
phase functions (Bremer and Yang 2019).

The Chebyshev-Legendre transform has the beneficial feature that the
conversion matrices are known explicitly, albeit they are not banded.
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Lemma 4.2 (Alpert and Rokhlin 1991). The connection operators for
Chebyshev—Legendre are given by

A(0)? 0 A(1)? 0 A(2)?

o 2A(0)A(1) 0 2A(1)A(2) 0

T 2A(0)A(2) 0 2A(1)A(3) ’
L _A0AGs) . AMAG/)
/T D oMAG)
RE — 2A(1) 20
r N . SA)AB2) |
2A(2) 7

where A(k) =T'(k+1/2)/I'(k+1). More explicitly, for 0 <i < j and i+
even, we have (RL);; = M(i,5) and (RL);; = L(4,5), where

- ((5)
cen =g (e M)

Proof. There are a number of ways to prove this, but we introduce a non-
standard way based on expressing R]:C, as the solution to a Sylvester equation
of the form

AV = BVA, (4.3)

where A and B are upper-triangular banded matrices and A is diagonal.
This version of the proof will lead to generalization of the construction in
a way that can be exploited for other families of OPs via the algorithm in
Section 4.6.4. As the columns of V are discrete eigenvectors, the solution
is unique up to diagonal column scaling. Thus, if we specify the diagonal
entries of V, then we can recover the remaining entries by back-substitution.
The differential equation satisfied by the Legendre quasimatrix, P, is

[(z* —1)D? 4-22D]P = PA,

where A is a diagonal matrix satisfying A, , = n(n+1). Substituting in
P =TRY, we find that the Sylvester equation is

ARY = BREA.
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Here, we used the relationship

(2~ 1)D*+22DIT =U [~ LY, DY +2XyDY], T=U RY,
” ~—
A B
where D% is given in Proposition A.15, Dg? ) is given in Proposition A.11,
LEJQ) is given in Proposition A.10, and X is the multiplication-by-z operator

for U. Direct inspection shows that the proposed formula for RE satisfies
this (banded) Sylvester equation, and it is the unique solution due to the
normalizations of the polynomial families. O

The existing methods for computing the Chebyshev—Legendre transform
build on having an explicit formula for the entries. Here we outline various
approaches.

4.5.1. The low-rank approzimation approach

Alpert and Rokhlin (1991) exploit the fact that the entries of RY and RL can
be written in terms of the bivariate smooth functions M and L. Then the
conversion matrices are hierarchically subdivided using bivariate Chebyshev
approximations of M and L.

Definition 4.3 (Keiner 2009). A square [zg,20 + ] X [yo,y0 + ¢] C R?
with ¢ > 0 is said to be well-separated if yg— zg > 2c.

Alpert and Rokhlin (1991) prove rigorous error bounds for bivariate Cheb-
yshev approximations to M and £ on well-separated squares. The error
bounds are derived by keeping one of the variables of M and L fixed and
letting the other variable freely range over the possible values it may take
in S. For example, keeping y fixed, error bounds are derived for Chebyshev
interpolants to M(x(t),y) on well-separated squares, where

z(t) =zo+c(t+1)/2, tel[-1,1].

Theorem 4.4 (Keiner 2009). Let M), denote the Chebyshev interpolant
at k points to M(z(t),y). Then, for ¢ > 1, we have

sup [M(z(t),y) — My(z(t),y)| < 1
te[—1,1] p—

where M = (2v/2exp(5/3))/m and p = 3+ /8.

Thus a Chebyshev polynomial interpolant of degree at most

{log <m> / log(3+ \/§)1
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0

Figure 4.1. An illustration of the hierarchical decomposition of the Chebyshev—
Legendre connection coefficients. The opacity illustrates the data-sparsity in the
hierarchical decomposition.

is sufficient to approximate M (z(t),y) to within £ > 0 on any well-separated
square. This naturally leads to a hierarchical partitioning of the connection
coefficient matrix, as depicted in Figure 4.1. The matrix £ has a similar
structure.

This approximation to M can be applied to a vector in O(Nlog N) op-
erations. If the function M is interpolated in both variables, and just the
right information is translated up and down the hierarchy, then the fast
multipole method (FMM) (Greengard and Rokhlin 1987, Martinsson and
Rokhlin 2007) accelerates the same matrix—vector product in O(N) opera-
tions. This approach has a relatively large pre-computation cost, where by
pre-computation we mean any computation that can be completed before
knowing the vector. Still, once the data structure is created, it is the fast-
est approach for computing the Chebyshev-Legendre transform, making it
ideal for applications in which the repeated action of a Chebyshev—Legendre
transform is required.

4.5.2. The Toeplitz—Hankel approach

The method of Townsend et al. (2018) takes an alternative approach with
a lower pre-computational cost. Observe that R; can be expressed as the
upper-triangular component of a diagonally scaled Hadamard (entry-wise)
product of a Toeplitz matrix and a Hankel matrix. That is,

RE = D[T o H],
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where D = diag(1/m,2/m,2/m,...),
AO) 0 A1) 0 A2 O

. AO) 0 A1) 0 AQ)

a AO) 0 A1) O ’
AO)  A1/2) A1)
A2 A1) AG/2)

=1 A asp ae |

and ‘o’ denotes the Hadamard product, i.e. (Ao B)y; = Ap;jBy;. Now,
Townsend et al. (2018) prove that H is a positive definite matrix and can
be well-approximated by a low-rank matrix. In particular, it can be well-
approximated as H ~ >_"_, aslsl), where r = O(log N), using a pivoted

Cholesky algorithm. It then follows that

R~ a,Ddiag(£,)T diag (£s).

s=1

Since applying an N x N Toeplitz matrix to a vector costs O(NlogN)
operations, we can compute R5v in O(rNlog N) = O(Nlog® N) operations.
This extends naturally to applying R; and some Jacobi-Jacobi transforms,
where the explicit representation is also known.

4.6. The measure-perturbing connection problem

The algorithms mentioned above for Chebyshev—Legendre transforms are
based on the explicit formula for the connection coefficients as the ratio of
gamma functions. Beyond classical orthogonal polynomials, we cannot ex-
pect to have such precise information on the connection coefficients.* Here
we generalize the above construction based on the following observation:
it suffices to know that the conversion matrix satisfies a triangular ban-
ded Sylvester equation (4.3) to apply it fast using a divide-and-conquer
algorithm. The approach is formally equivalent to Keiner’s divide-and-
conquer algorithms for eigenvectors of semi-separable matrices but expresses
the problems in the more natural format of triangular-banded generalized
eigenvalue problems (GEPs). The GEP form can be deduced via recurrence

4 Even the general Jacob—Jacobi connection coefficients are difficult to analyse, as they
are proportional to the generalized hypergeometric functions 3 F> (Andrews, Askey and
Roy 1999, Lemma7.1.1).
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relationships and differential equations in an analogous way to the proof of
Lemma 4.2.

Many classes of orthogonal polynomials satisfy a linear homogeneous dif-
ferential equation. For example, classical orthogonal polynomials are the
polynomial eigenfunctions of the second-order differential operators of the
form

O‘p;{ + Tp/n = A\nDn, (4-4)

where o is a polynomial of degree at most two, 7 is a polynomial of degree
one, and A, = (n/2)[(n—1)c” +27']. This can be extended beyond classical
orthogonal polynomials; see Appendix C. Upon closer inspection, both
sides of (4.4) are degree-preserving. Since o and 7 are also polynomial, it
follows that identities for differentiation of classical orthogonal polynomials
allow one to obtain an upper-triangular and banded discretization of the
differential equation. We now demonstrate this for connection problems
involving Jacobi, Laguerre and ultraspherical polynomials.

4.6.1. The Jacobi—Jacobi connection problem
The Jacobi-Jacobi connection problem relates two families of Jacobi poly-
nomials. We have

(,8) _ p(,8) p(7,0)
P = pY R(aﬁ)

for some «,3,7,0 > —1. By considering the differential operator in (4.4) and
using the recurrences from Appendix A.1, we find that

(2% = 1)D? + (a— B+ (a+ B+ 2)z)D| PO = pO+LI+) 4
where

1,6+1 2,642 1,6+1
A= LT DI 4 (0= B+ (a+ B+2)X (rp1,541) D5 Y,

while the right-hand side is
(1,0) _ p(y+1,6+1) p(y+1,6+1)
pri=p R -
B

Thus we have the following generalized eigenvalue equation:

(7,0) _ (7,0)
AR, 5= BR, g,

where A is the diagonal eigenvalue matrix with A, , =n(n+a+8+1).

A normalization of the generalized eigenvectors is necessary since (4.4)
determines the eigenvectors only up to a scaling. This can obtained by
examining the leading coefficients of both families. For Jacobi polynomials,
these are a ratio of Pochhammer symbols:

(nt+a+pB+1),

(7,9)
R nn: )
( Jn. (n+~y+d5+1),

(. 8)
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which may be evaluated recursively.

4.6.2. The Laguerre—Laguerre connection problem
The Laguerre-Laguerre connection problem relates two families of Laguerre
polynomials, that is,

L@ — L(B)Rgﬁg7
for some «,8 > —1. We have
[—2D*+ (z —a—1)D]LP)

_ LB [_FBH) 5B+ (% HY
— [(B+D) [—L(ﬂ+2)D(5) + (X(g1) = (a+1DI)D g J,

A
while the right-hand side is

B) _ 7(8+1) BB+
L™ = L7 R,

B
and A, , = n. For Laguerre polynomials, the normalization of the connection

coefficients is trivial as (Rgfé;)nn =1

4.6.3. The ultraspherical-ultraspherical connection problem
For the ultraspherical-ultraspherical connection problem, that is,

oW — C(M)R(N)

(\)? for )\,,U, > _1/27 )\,,U, 7é 07

we note that (4.4) becomes
[(2® —1)D?+ (2A +1)2D]C™
— C(M‘f’l) [_L(H‘H)D( +2) + (2)\+ 1)X(u+1)D(H+1)]

o
(1+2)"" (1) (1)

_ (pt1) plptl)
=CYTURLy A,

where A, , =n(n+2\). For ultraspherical polynomials, the normalization
of the connection coefficients is given by the ratio of Pochhammer symbols:

(RE))nn = N/ ()

which again may be evaluated recursively.

4.6.4. The triangular-banded divide-and-conquer scheme
We consider a divide-and-conquer scheme to obtain a structured form of the
generalized eigenvectors of a banded upper-triangular Sylvester equation

AV = BVA.
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Since A and B are upper-triangular matrices, it is clear that the generalized
eigenvalues are the ratios of the diagonal entries of the matrices. That is,
Am‘ = Am/Bm‘ for 1 > 1.

In what follows, we consider the N x N truncation of this system. That is,
we consider A,B € RV*N_ Let s = |N/2| and let b be the upper bandwidth
of both A and B. We suppose that V has the form

(Vi I Vi
v=(" ) ()

where Vi1 € R®*5, V; 5 € R®*(N=5) and V5 5 € RIV=3)X(N=5) are all roughly
the same size. Block-dividing A, B and A, we have

Air Ag) (Vin ViaVie) _ (Bin Biz) (VipAr ViaVieds
Az o Va2 By o VoolAo )7
This decomposes into three subproblems A 1V11 = B1,1Vi,1A1, A22Va o =
32’2‘/2721&2 and

A11Vi,1Vig+A12Ve o = B11V1,1Vi2A2 4+ By 2V2 2A0.

This last equation is a Sylvester matrix equation for the block V7 ».
Supposing that VfllBﬁAl,lVl,l = A1, the matrix equation can be cast
into the following form:

A Vio—=VigAo = ‘/'1,_1131_7%(31,2‘/2,2/\2 —A12Va2).

Since A and B are banded with an upper bandwidth of b, it follows that
A12 and By are matrices with only a small number of non-zero entries,
arranged in a lower-triangular fashion in their bottom left corners. Thus
the matrix-matrix product A; V52 results in a rank-b matrix with non-
zero entries only in the last b rows. Similarly, due to the zero pattern in the
matrix Aq Vo9 — B12V22A2, only the last b columns of B1 1 are needed,
which are calculated with back-substitution using the last b columns of
the s x s identity. We represent this block as the outer product of an s x b
matrix X and a bx (N —s) matrix Y,

Vl,_llBl_,%(ALQV?,Q — BiaVoolo) = XY .
To conquer this problem, we examine the solution component-wise,
(=XY )i
(AI)“ (A2)j,j

If we use the following notation to denote a Cauchy matrix generated by
two vectors z,y € RV,

<Vl2> 4 =
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then Vi o is the Hadamard product of a finite-rank matrix —X YT and a
Cauchy matrix C(diag (A1), diag(A2)). This can be expressed as a sum of

diagonal scalings of the same Cauchy matrix,
b

Vig=—> diag(X,s)C(diag (A1), diag (As)) diag (Y;x).
k=1
Due to the separation of eigenvalues, the Cauchy matrices can be approx-
imated, to within 0 < € < 1, by a matrix of rank O(blog(s™1)).
The structured form of the generalized eigenvectors permits inversion and
transposition with the same computational complexity. We have

1 (I Vi Vljll
v _( I Vaz)'
V= ) (™ )
Vily I Vol )’
Vi I
-7 _ (Vi1
v _< Vz,_zT> (_VLTz I)‘

Tables 4.2 and 4.3 show the timings and memory usage in single and double
precision using the general-purpose algorithm introduced above. The tim-
ings demonstrate the quasi-linear complexity of the algorithm as well as its
high accuracy.

4.6.5. Words of caution

Not every measure-perturbing connection problem is well-conditioned. The
structured form of the upper-triangular generalized eigenvectors allows for
the following lower bound on the 2-norm condition number:

conda (V) := [VI[2[V™H ]y > p(V)p(VTH),

where p(V') is the spectral radius of V. This lower bound is equal to the
ratio of largest to smallest absolute diagonal entries. An upper bound of the
condition number can be given in terms of the Frobenius norm:

Vil < [IVlF < \/(HVl,leer Va2l ) (N + [ Vaelz).

There are analogous upper and lower bounds for ||V 1],.

Keiner (2008) uses the lower bound on the condition number to determ-
ine when to subdivide the ultraspherical-ultraspherical connection problem
into integer substeps between ultraspherical parameters A and p and the
fractional remainder. This analysis also translates to analogous results for
Jacobi—Jacobi and Laguerre-Laguerre connection problems (Keiner 2011).
In all cases, it is best to use the banded connection problems for integer
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Table 4.2. Calculation times, memory requirements and error of the Chebyshev—
Legendre transform (and back), the archetype of the measure-perturbing connec-
tion problem, in single precision. s4 stands for the memory requirements of a dense
N x N matrix, s, stands for the memory requirements of the pre-computations,
t, stands for the pre-computation time, ¢, stands for the execution time, averaged
over ten trials, and ez stands for the 2-norm relative error in transforming the
coefficients uy = ((+1)7!, for £=0,...,N — 1, forward and backward over the ten
trials.

N sq (bytes) sp (bytes) tp (seconds) te (seconds) €2

512 1.05e4+06  4.10e+05 0.00069 0.000048 2.50e —07

2048  1.68e+07  2.39e+06 0.0059 0.00045 2.44e—-07
8192  2.68e+08  1.26e+07 0.035 0.0026 2.32e—-07
32768  4.29e+09  6.23e+07 0.23 0.015 2.27e—-07
131072 6.87e+10  2.98e+08 1.36 0.071 3.18e —07
524288  1.10e+12  1.39e+-09 7.48 0.34 3.64e —07
2097152  1.76e4+13  6.35e+09 38.55 1.61 3.95e —07
8388608  2.81e+14  2.85e+10  201.26 7.51 3.89e —07

Table 4.3. Calculation times, memory requirements and error of the Chebyshev—
Legendre transform (and back), the archetype of the measure-perturbing connec-
tion problem, in double precision. s4 stands for the memory requirements of a dense
N x N matrix, s, stands for the memory requirements of the pre-computations,
t, stands for the pre-computation time, ¢, stands for the execution time, averaged
over ten trials, and €2 stands for the 2-norm relative error in transforming the
coefficients ug =1/(¢+1), for £=0,...,N —1, forward and backward over the ten
trials.

N sq (bytes) sp (bytes) tp (seconds) te (seconds) €

512 2.10e+06  1.12e+06 0.00073 0.000057  2.60e —16

2048  3.36e+07  7.58e+06 0.0068 0.00065 4.54e —16
8192  5.37e+08  4.26e+07 0.059 0.0057 3.70e—16
32768  8.59¢+09  2.18e+08 0.48 0.035 5.21e—16
131072 1.37e+11  1.07e+09 3.04 0.19 5.05e—16
524288  2.20e+12  5.06e4-09 18.13 0.89 4.73e—16
2097152 3.52e+13  2.34e+10 94.52 4.02 5.60e —16
8388608  5.63e+14  1.06e+11  507.21 19.03 5.60e —16
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increments/decrements in the parameters until the remaining difference in
any parameter is less than 1.

For semiclassical orthogonal polynomials, the degree dependence in the
variable coefficients in the differential equations enters into the linear al-
gebra as diagonal scalings of the columns of the matrices of generalized
eigenvectors. For example, it can be shown that the associated Jacobi—
Jacobi connection coefficients satisfy

AV +BVA=CVQ,

where [[Alls, 22 = O(NY), [|Blla.|Allz = O(N?) and [[C]|; = O(1). Thus
each member of this three-term matrix equation is equally as important
as the others as N — oo. While numerical experiments suggest the off-
diagonal blocks in the resulting matrix equations remain low-rank, further
analysis is required to show that they can be rapidly approximated.

4.7. The measure-preserving connection problem

Measure-preserving connection problems are those between different bases
that are orthogonal with respect to the same measure p. We focus
our attention on weighted orthogonal polynomial expansions. For example,

the weighted orthonormal Jacobi polynomials 15(2’2) =(1- $2)P(2’2)M&12/)2

are orthonormal with respect to w(x) =1 on [—1,1], as are the normalized
Legendre polynomials p.= PM;I/Q. That is,

PP =M MpM =1,

(2,2) _ )
= M(2712/)2(P(2,2))T(1 o x2)2P(272)M(2,12/)2 _

5(2:2)

(P)'P

Thus we aim to understand the connection problem

p(?,?

) _ BAP
= PQ),

where we use the notation () in place of C' to emphasize that it is an ortho-
gonal transformation. Therefore, a measure-preserving transform is equival-
ent to a matrix—vector product involving an orthogonal matrix. It is natural
to view Qég) (and other measure-preserving transforms) as a product of
Givens rotations.

The measure-preserving connection problem is an important pathway to
spherical harmonic synthesis and analysis as spherical harmonics involve the
associated Legendre polynomials

_ | .
Y7 (6.0) = \/ BRI by cost) e,

27 (L+m)!
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Over the past twenty years, there has been substantial progress in the
construction and implementation of a fast spherical harmonic transform.
Driscoll, Healy Jr and Rockmore (1997) introduced a procedure based on
the so-called split-Legendre functions for constructing fast transforms for
synthesis and analysis of spherical harmonics. In infinite-precision arith-
metic, their algorithm is exact. However, their floating-point error analysis
of the apparatus suggests the possibility of exponential growth in the error
as m increases.

A few years after Driscoll et al. (1997), several groups including Potts,
Steidl and Tasche (1998), Suda and Takami (2002), Healy Jr, Rockmore,
Kostelec and Moore (2003) and Kunis and Potts (2003) sought more stable
strategies and efficiency improvements on the original scheme.

In an approach that generalizes the use of asymptotic formulas to acceler-
ate the synthesis and analysis of Legendre polynomials, Mohlenkamp (1999)
used WKBJ asymptotic expansions of associated Legendre functions to ac-
celerate the spherical harmonic transform. In addition to an asymptotically
fast algorithm with predicted complexity O(N?log? N), Mohlenkamp also
develops an intermediate transform with complexity O(N°/2log N).

In the same spirit as the measure-perturbing problems of Section 4.6,
asymptotically fast algorithms with O(N2log N) complexity have been de-
veloped by Rokhlin and Tygert (2006) based on a divide-and-conquer ap-
proach applied to a discretization of the differential equation satisfied by the
associated Legendre functions. This is then accelerated further by the FMM.
While this was the first asymptotically fast algorithm with asymptotically
low pre-computation, it is only predicted to outperform other algorithms
for absurdly large degrees.

Tygert continued to develop alternative spherical harmonic transforms
by accelerating the direct synthesis and analysis (Tygert 2008) via divide-
and-conquer of the Jacobi operators combined with a re-interpolation from
Gauss—Jacobi nodes to the Gauss—Legendre grid for every associated Le-
gendre order. He also developed an alternative approach based on com-
pressing synthesis and analysis by the butterfly algorithm (Tygert 2010a).

Notwithstanding this impressive body of literature, there are still im-
provements to be made. As a testament to this, some of the best software
currently available for spherical harmonics is based on direct synthesis and
analysis at Gaussian or equiangular grids (Schaeffer 2013, Reinecke and
Seljebotn 2013, Ishioka 2018) with O(N?3) complexity. One main bottleneck
in making asymptotically fast transforms practical is the significant memory
requirements in the storage of pre-computed data structures.

In light of these difficulties, Slevinsky (2019) shows that (1) the neighbour-
ing associated Legendre connection problem may be factored as a product of
Givens rotations, and (2) the butterfly algorithm may also be applied to the
connection problem. These two features offer improved backward stability
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of the connection problem, enable skeletonization of the pre-computation
and provide insight on a rank property by relating connection coefficients
to Fourier integral operators. A more vigorous skeletonization procedure is
proposed in Slevinsky (2017), which offers the complexity of O(N3/?log N)
as a pre-computation cost in exchange for a modest increase in the execution
complexity over the Rokhlin and Tygert (2006) scheme. With these results
in hand, the question of making asymptotically fast transforms accessible at
reasonably low degrees is no longer mathematical, but rather one of software.
Our current progress in this endeavour is an open-source implementation,
freely available in C (Slevinsky 2018a) and Julia (Slevinsky 2016).

Remark 4.5. If an orthogonal polynomial appears with a tilde on top,
then this implies standard orthonormalization with respect to its Hilbert
space. The so-called neighbouring connection problems are based on a data-
sparse factorization of connection coefficients. That is, rather than using
recurrence relations to evaluate orthogonal polynomials, we convert their
expansions using sequences of Givens rotations. Heuristically speaking, this
procedure is more accurate because Givens rotations preserve Euclidean
lengths, while recurrence relations do not.

Let I,,xn denote the m x n rectangular identity matrix with ones on the
main diagonal and zeros everywhere else.

4.7.1. The neighbouring connection problem

For any zp € R, let (x —x0)pn(x) and ¢, (x) be two families of orthonor-
mal polynomials with respect to . The connection coefficients allow us to
compute the expansion

n+1

(z—20)pn(®) = Y qrnte(x).
=0

As columns of the connection coefficients are mutually orthonormal, we may
factor the principal rectangular finite sections as a product of n+1 Givens
rotations, the proof of which is by the QR factorization of a rectangular
matrix with zeros below the first sub-diagonal.

Let G,, denote the real Givens rotation:

1 -~ 0 0 --- 0

0 Cn  Sn 0
Gn = 0 —Sn  Cp 0l

0 0 0 1
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where s, = siné,, and ¢, = cosf,, for some 6,, € [0,27), are in the intersec-
tions of the nth and (n+ 1)st rows and columns, embedded in the identity
of a conformable size.

Theorem 4.6. The principal rectangular section of connection coefficients
Q € RO2Dx(n+1) hetween (z — 0)@n(z) and y(z) may be represented via
the product of n+1 Givens rotations,

Q = GO T Gnl(n+2)><(n+l)7

where the sines and cosines for the Givens rotations are given by

Sn=—Gnt1n and cp,=4/1 —qu_Ln.

By relating the sines and the cosines to the highest connection coeffi-
cient of each column, they may be readily determined by comparing the
coefficients of the highest powers of z.

For Jacobi polynomials, two special values of x¢ are £1, as both families
may be identified as Jacobi polynomials with different but related paramet-
ers.

Corollary 4.7. The matrix of connection coefficients Q(®5) ¢ R(n+2)x(n+1)

between (1 — a:)]57§a+2’6 ) (z) and Pe(a’ﬁ ) () may be represented via the
product of n+1 Givens rotations where the sines and cosines for the Givens
rotations are given by

"V (nta+2)(nta+B+2)

o) (a+1)2n+a+F+3)
"o\ (n+a+2)(ntat+p+2)’

Since P\ )( x)=(-1)" n p{fe) (x), the connection coefficients between

(1 —|—x)P(a e )( ) and P( )( ) are easily obtained by reversing the roles
of a and 8 above and negatlng the sines.
For Laguerre polynomials, a special value of xg is 0, for the same reason.

Corollary 4.8. The matrix of connection coefficients Q(® e R(n+2)x(n+1)

between 2L () and Eéa) (z) may be represented via the product of n+1

Givens rotations where the sines and cosines for the Givens rotations are

given by
1 1
sy = f ML ey A
n+a+2 n+aoa+2

If ;1 admits families of orthogonal polynomials that have even—odd sym-
metry, i.e. Yp(—z) = (—1)"n(z), then the connection coefficients between
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(2% — 223)pn(x) and 1y(x) respect this symmetry through a chessboard pat-
tern of zeros which is also observed in the Givens rotations.
Let G, denote the real Givens rotation

1 - 0 0 0 --- 0
0 cn 0 s, 0
G,=10 0O 1 0 01,
0 —sn 0 ¢, 0
o --- 0 0 0 -- 1

where the sines s,, = sin#,, and the cosines ¢,, = cos#b,, for some 0,, € [0, 27),
are now in the intersections of the nth and (n+ 2)nd rows and columns,
embedded in the identity of a conformable size.

Theorem 4.9. The principal rectangular section of connection coefficients
Q € RO3)x(n+1) hetween (22 —22)wn(2) and ¥y (x) may be represented via
the product of n+1 Givens rotations,

Q=Go Gnl(ny3)x(nt1)s

where the sines and cosines for the Givens rotations are given by

Sp = —Qnt2,n and c,=,/1— quz+27n'

For Jacobi polynomials with equal parameters, a special value of xg is 1.

Corollary 4.10. The matrix of connection coefficients Q(®) ¢ R(n+3)x(n+1)
between (1 — :CQ)]quaH’aH) (z) and Pg(a’a) (z) may be represented via the
product of n+ 1 Givens rotations, where the sines and cosines for the Givens

rotations are given by

s<a>:\/ (n+1)(n+2)

" (n+2a+3)(n+2a+4)’

"\ (nd+2a+3)(n+2a+4)

The representations for the Givens rotations of the neighbouring connec-
tion problems along with the representations of the sines and cosines as
square roots of rationals ipso facto enables the design and implementation
of backward stable direct algorithms (Slevinsky 2019, Algorithm 2.5).
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Table 4.4. The 2-norm and oco-norm relative errors in a full spherical harmonic
synthesis and analysis on an equiangular grid with pseudo-random expansion coef-
ficients drawn from U(—1,1).

SHTns ISPACK FastTransforms

N+1 €2 €00 €2 €00 €2 €co

1024 54e—-14 79e—-13 4.6e—14 68e—13 2.0e—15 8.2e—15
2048 1.3e—13 3.4e—12 9.4e—14 1.2e—12 28e—-15 1.2e—-14
4096 2.6e—13 9.4e—12 2.0e—13 5.5e—12 4.0e—15 2.0e—14
8192 7.0e—13 5.5e—11 4.5e—13 1.6e—11 5.9e—15 4.2e—14
16384 1.0e—12 6.4e—11 83e—13 3.9e—11 7.9e—15 6.7e—14

Table 4.4 shows a full spherical harmonic synthesis and analysis compared
with SHTns and ISPACK, two high-performance spherical harmonic librar-
ies based on direct synthesis and analysis. Compare with Ishioka (2018,
Table 2).

4.7.2. Associated Legendre functions and symmetric definite and banded
generalized eigenvalue problems

For asymptotically fast transforms, we must consider more than the neigh-
bouring connection problem. In this case, we would again like to exploit the
differential eigenvalue problems satisfied by weighted orthonormal polyno-
mials. A hat on top of a symbol denotes that the orthonormal polynomials
are weighted by the square root of the orthonormality weight. For example,
the weighted Jacobi polynomials satisfy

PB) (1) = (1— )2 (14 2)72 PP (z).

If 8 =a=m € Ny, then it is well known that these weighted Jacobi
polynomials are proportional to associated Legendre functions, which are
the latitudinal component of spherical harmonics.

Normalized associated Legendre functions of degree ¢ and order m are
eigenfunctions of the following linear differential equation:

(1—2?)(=D)[(1 —2®)DP" (2)] +m* P () =L(L+ 1) (1 —2®) " (), |m| <,
(4.5)
which we write in quasimatrix notation as
(1—2*)(=D)(1—2*)DP™ + m*P™ = P™(I — X2) A,
M

for X, defined in (A.1). This means that M is a pentadiagonal, symmetric
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and positive definite matrix. If we write P = P™(Q)}}, then we find that

(1—2?)(~D)(1—a?)DP" = (1—22)(~D)(1 -2 DP"Q}’

)
P[4+ (I - X2A,)) = P [—m?T + (I — X2)A,,]

)

PP —12Q) + (I = X7)QU A = P [=m?I + (I = X3 ) An]Qy
)

MQUA, = [(v* —m?*) ] + MA,]QL.

That is, we have
[M A, + (V2 —mA) QT = MQ™A,.

Unfortunately, the symmetry in M is destroyed by the column scaling
in A. Rokhlin and Tygert (2006) realized that the generalized eigenvalue
problem is symmetrized when multiplied by M ~! from the left, resulting in

[Am +(v? =m*) M Q) = Q) Ay

This symmetric diagonal-plus-semiseparable regular eigenvalue problem is
the starting point for their fast spherical harmonic transform (Rokhlin and
Tygert 2006). The FMM accelerates the divide-and-conquer algorithm for
symmetric diagonal-plus-semiseparable eigenvalue problems developed by
Chandrasekaran and Gu (2004).

An alternative to multiplication by M ™! is to use the Cholesky factor-
ization and a change of bases. If we take the Cholesky factorization of
M = R R, consider new generalized eigenvectors V = R~ T Q" and multiply
by R~ from the left, then we transform the problem into the following:

[RALR" 4+ (2 —=m*)IIV = RRTVA,,.

This generalized eigenvalue problem is symmetric definite and pentadiag-
onal,” allowing for a fast spectral decomposition (Borges and Gragg 1993,
Gu and Eisenstat 1995). Furthermore, the generalized eigenvectors V are
(RR")-orthogonal, in the sense that

VIRR'V =1.

In Appendix A of Slevinsky (2017), explicit formulas are given for the
Cholesky factor R and the products RR" and RA,,R".

In this case, the problem is pentadiagonal, but the zero pattern ensures
that it may be decoupled into two symmetric definite and tridiagonal prob-
lems.

5 It is in fact tridiagonal if the even—odd symmetry is highlighted by a perfect shuffle.
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4.7.8. Weighted normalized Jacobi polynomials

The construction for associated Legendre polynomials is also possible for
other weighted Jacobi transforms, arising in fast transforms for OPs. The
weighted normalized Jacobi polynomials ]57(106"3 ) (z) are eigenfunctions of the

following linear differential equation:

(1—=2*)(=D)[(1 —2*)DB*P) (x)]
2 2
4 (3‘ (1+2)°+ g) (1—x)2—(0‘5+20‘+ﬁ)(1— 2)) 5(0:9) (1)
=n(n+a+B+1)(1—22) Pl (). (4.6)

This Sturm-Liouville problem is the two-parameter generalization of (4.5)
for associated Legendre functions. When we view multiplication by 1+« as
an operator acting on the basis of weighted normalized Jacobi polynomials,
we can identify that certain terms in (4.6) are symmetric positive definite
and pentadiagonal matrices.

If we expand the weighted normalized Jacobi polynomials of parameters ~y
and J in the basis of weighted normalized Jacobi polynomials of parameters
a and B, that is,

then we may rewrite the Sturm-Liouville problem in (4.6) symbolically as

{ran[(3) - (5) e+ [(3) - (5) ]

Yo+y+d—af—a—p (a,8) (a,)
_ ( . >M}Q(%5) = MQ A (A7)

Here we have M =1~ X7 5, Mt = (I+X(sp)* M~ =~ X))
and A, ) is the diagonal scaling of the basis by n(n+a++1) for n > 0.

Due to the orthonormal polynomial recurrence relation, all the multi-
plication operators may be derived analytically, and algorithms for their
component-wise computation to high relative accuracy are described in Ap-
pendix B in Slevinsky (2017).

If we let S denote the weighted sum of symmetric positive definite multi-
plication operators on the left-hand side of (4.7), then we have

(.8) _ (a,B)
(MA,p)+5)Q 5 = MQ 5 My,0)

where M is a symmetric positive definite and banded matrix, A, ) is di-
agonal and § is symmetric and banded. If we use the same strategy as
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for spherical harmonics, then we would take the Cholesky factorization of
M = RTR and rearrange to obtain

(RA(pR"+R"TSR")V =RR"VA(, ). (4.8)

As before, RA(,, B)RT is symmetric and banded and RR' is symmetric
positive definite and banded, but the new term R~TSR' is no longer a
scalar multiple of the identity matrix (as for spherical harmonics). In fact,
not much of its structure is apparent by this formulation.

To reveal the structure of R~TSR', we make use of another property
of our eigenproblem. Since M and S are multiplication operators with
the same separable Hilbert spaces attached to the domain and range, they
commute. That is, MS = SM, or in terms of the commutator [M,S] = 0.
We use the commutator and the (formal) invertibility of M to write S =
MSM~!, leading to the equivalent representation

(RA(a,ﬁ)RT +RSR_1)V = RRTVA(%(;).

By the Cholesky factorization, R is an upper-triangular and banded mat-
rix. Thus R~"SR" has non-zero entries up to and including the second
superdiagonal. Furthermore

RSR'=(R TSTR)Y" =R TSR"T =R TSR".

It turns out that R~ TSR in (4.8) is in fact a symmetric and banded matrix.

4.7.4. Weighted Laguerre polynomials
The weighted normalized Laguerre polynomials I:Sf‘) (z) are eigenfunctions

of the linear differential equation

2(~D)[@DL (z)] + i(a — )’ L{M () = <n+ ;) wLi ().

We may view M as multiplication by z, and A as a diagonal scaling. When

i (z) = IA,(ﬂ)QEi;, we again arrive at

(MA+9)Q) = MQIA,

where [M,S] = 0. Since M is a symmetric and positive definite matrix, this
equation is symmetrizable by the same technique as above.
4.8. Symmetric definite and banded divide-and-conquer

We have shown that measure-preserving connection problems for weighted
and orthonormalized classical orthogonal polynomials result in the symmet-
ric definite and banded generalized eigenproblem of the form

AV =BVA, V'BV=1I. (4.9)
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There are several significant contributions to the literature on divide-and-
conquer for special types of eigenproblems, with special attention to rank-
one symmetric modifications of known eigenproblems in the conquer step.
This includes the seminal works of Bunch, Nielsen and Sorensen (1978) and
Cuppen (1981) and improvements to stability in Gu and Eisenstat (1994).
For the related symmetric arrowhead conquer step, this is also described in
Gu and Eisenstat (1995) and includes the observation that the FMM may
accelerate an eigenmatrix—vector product. For the generalized eigenprob-
lem, the tridiagonal case was described in Borges and Gragg (1993) with
arrowhead divide-and-conquer and Elsner, Fasse and Langmann (1997)
with a symmetric rank-one modification. These algorithms have been ad-
apted quite recently to the hierarchical semi-separable format (Vogel,
Xia, Cauley and Balakrishnan 2016). Here, we extend divide-and-conquer
to the symmetric definite and banded generalized eigenvalue problem
in (4.9).

Let A,B € RV*N and let s = |[N/2] and b € N be the (symmetric)
bandwidth of both A and B. We divide A and B conformably,

(A A] (B B
A_(A3 A2>’ B_(B3 By )’

where
A1, By €R¥, Ay By e RNV=9XIN=9) and Ay By e RW=9)%s,

Since A and B are banded, A3 and B3 have the canonical decompositions

b
.
A3 =Y (A3)is bijis_pis

j=14i=1

b
.
By= > (B3)isb+€iCs_py;-

j=1i=1

Thus we may represent A and B as finite-rank perturbations of two divided
problems of nearly half the original size. While there are a few choices to the
finite-rank perturbations, in the context of an eigensolver, it is important to
choose perturbations that are symmetric and favourable to the root-finder.
We will now show that this is always possible.

If we define

N — 1 x>0,
Wi j = €its+ 580 [(Bs)i,s—bijles—brj,  Sg0(x) = {_1 £<0
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then A and B may be decomposed as

- b
A __
A= (M 1)+ S Bl (010)

j=1i=1
B:<B1 R )+zb:zj:‘(33)- b [ wi o (4.11)
By) " e g TR T |
where
b J
Ay = A1 =) 0 g0 [(Bs)is—bi](A3)is—b€s—bi€a b
j=1i=1
boj
AQ = A2 — ZZ@/[(B?))i,sflﬂrj}(A3)’i,5*b+jeiel—'r’
j=1i=1
b
By =By — ZZ ’(B3)i,sfb+j’esberje;rberj’
j=1i=1
b J
By =By — ZZ |(B3)i,s—b+jleie; -
j=1i=1

Next, assume that the two subproblems have been solved, so that
V" (A; —AB;)Vi=D; — M\ for i=1,2.

Then (4.10) and (4.11) are congruent to the b(b+ 1)/2-rank symmetric
perturbation of the diagonal generalized eigenvalue problem. That is, there

exist vectors
-
2

(F w)aom (™ )

b J
D
- < 1 D2> *)‘I+ZZ(PM = A0 j)zi3%0 (4.12)

j=1i=1

so that

where p; ; = 5gn [(B3)i,s—b+j](A3)is—b+; and 055 = [(B3)is—b+5| > 0.

In the conquer step, we must now solve the finite-rank symmetric per-
turbation of the diagonal generalized eigenvalue problem. This leads us to
consider, in turn, the rank-one symmetric perturbation of the diagonal gen-
eralized eigenvalue problem, as the finite-rank case may be broken into a
sequence of rank-one updates.
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Based on (4.12), we consider the following generalized eigenvalue problem:

(D+pzz"w=AI+02z")v, (4.13)

where ¢ > 0. The generalized eigenvalue problem may be deflated in the
following three cases.

(1) If z; =0, then \; =d; is an eigenvalue with the corresponding eigen-
vector v = e;.

(2) If d; = d; for some pair of indices i # j, then a Givens rotation in the
(4,7)-plane may be elected to introduce a zero in either z; or z;, while
leaving the entries of D unchanged. Thus A; = d; and we deflate as
above.

(3) If 7:= p/o =d; for some index i, then v = ¢; is also an eigenvector with
eigenvalue \; = 7.

Therefore, by elementary deflation and permutation, we assume that the
diagonal entries of D are increasing, i.e. di < --- <dp, 2; # 0, T # d;, and
that 2"z = 1. The scaling of z may be absorbed by the constants p and o.

The following theorem was proved substantially by Elsner et al. (1997),
although they did not present the case where o > 0, which allows for an
exact localization of all N eigenvalues.

Theorem 4.11. With all aforementioned assumptions, the generalized
eigenvalues of (4.13) are roots of the secular equation

1 N 22
A) = i
ey p—a)\+;di—)\

Let dyp = —oo and dyy1 = 4o00. Let dj < 7(= p/o) < dj41 for some
j=0,...,N. Then there exists an eigenvalue in each interval (d;,d;y1)
for 1 <i < j, one in the interval (d;,7), another in the interval (7,d;11)
and one more in each interval (d;,d;y1) for j < i < N. Furthermore, the
corresponding generalized eigenvector v; to A; is given by

:
Z1 Z9 ZN
= . 4.14
K (dl—Aj’dg—Aj’ ’dN—AJ) (4.14)

The proof of this theorem relies on the observation that f is monotonically
increasing, given that ¢ > 0. In our choice of the finite-rank decomposition
of A and B in (4.10) and (4.11), this is always true and we need never
consider the monotonicity-breaking case of o < 0.

By inspecting the equation

N Z2 N 22 2
T TV, — i i
v; (I +ozz )Uj_z(di—)\j)2+g<;di_)\j> )

=1
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Table 4.5.

Calculation times, memory requirements and error of the associated

Legendre transform P37 (x) to P9, (z) (and back), in single precision. s4 stands
for the memory requirements of a dense n X n matrix, s, stands for the memory
requirements of the pre-computations, ¢, stands for the pre-computation time, t.
stands for the execution time, averaged over ten trials, and e, stands for the 2-norm
relative error in transforming the coefficient ug = 1 forward and backward over the

ten trials.
n sq (bytes) sp (bytes) tp (seconds) te (seconds) €2
256 2.62e+05 3.91e+05 0.0044 0.000048 1.46e —07
1024 4.19e+06 5.93e+4-06 0.056 0.00088 3.00e —07
4096 6.71e4+07 6.24e4-07 0.72 0.0089 1.09e —05
16384 1.07e+09 4.79e+4-08 8.67 0.069 2.31e—04
65536 1.72e+10 3.17e+09 106.23 0.45 1.39e —03

Table 4.6. Calculation times, memory requirements and error of the associated
Legendre transform P37 (z) to P9 (x) (and back), in double precision. sq stands
for the memory requirements of a dense n X n matrix, s, stands for the memory
requirements of the pre-computations, ¢, stands for the pre-computation time, t.
stands for the execution time, averaged over ten trials, and e stands for the 2-norm
relative error in transforming the coefficient ug =1 forward and backward over the

ten trials.
n sd (bytes) sp (bytes) tp (seconds) te (seconds) €2

256 5.24e405 7.95e4-05 0.011 0.000047 5.78e—16
1024 8.39e+06 1.26e+4-07 0.11 0.0011 7.98¢ —16
4096 1.34e4-08 1.66e+08 1.42 0.016 1.49e—14
16384 2.15e4-09 1.47e+4-09 17.64 0.14 2.16e—13
65536 3.44e+10 1.05e+10 211.40 1.02 2.38e —12

we are provided with a natural choice for the normalization
’5'_1)'/\/UT(I+O'ZZT)U' (4.15)

=Y fi J :

Both (4.14) and (4.15) show the connection to diagonally scaled Cauchy
and Coulomb matrices whose matrix—vector products may be accelerated

by the FMM.
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4.8.1. Computational issues

To find the roots of the secular equations, we use the cubically convergent
algorithm described by Borges and Gragg (1993). This uses inverse rational
interpolation for the function

¢
di— X dig1— N

CI)Z()\) ::p+

with suitable modifications for the eigenvalues in (d;,7) and (7,dj4+1). The
constants p, ¢ and r are found by equating @EV)(A(’C)) = fO(AF), for
v =0,1,2, and for every approximate eigenvalue \*), for k = 0,1,.... The
one root of ®; in the interval (d;,d;+1) is a solution of a quadratic equation.

It may occur that \; is near one of the poles, d; or d;y1. In this case, it

is advantageous to simulate an extended precision by representing \; as the
sum of )\]Zf”, defined by

d; for f < 5

d;y1 otherwise,

d; +d;
i ditdit1 +1> >0,

and )\i", defined by the difference \; — )\?i, though the difference is not
explicitly computed. Instead, there is a shift of origin in the secular equa-
tion where difference is transferred to the diagonal entries d;. The numerical
instability as the result of dividing by the difference of two nearly equal
numbers is thereby eliminated.

Tables 4.5 and 4.6 show the timings and memory usage in single and
double precision using the general-purpose algorithm introduced above. The
timings help to demonstrate the quasi-linear complexity. The symmetric
definite and banded divide-and-conquer approaches have a much higher pre-
computation than the upper-triangular and banded divide-and-conquer for
the measure-perturbing connection problem.

5. Ordinary differential equations

Orthogonal polynomials have been used in the numerical solution of ordin-
ary differential equations for a long time, going back to Lanczos (1938). A
key contribution was the integral reformulation method of Clenshaw (1957),
which observed that general linear differential equations with polynomial
coeflicients could be reduced to a banded, infinite-dimensional linear system
using recurrence relationships of Chebyshev polynomials, via reformulation
as an integral equation. Since then integral reformulation using Cheby-
shev polynomials has been rediscovered in a variety of contexts (Coutsias,
Hagstrom and Torres 1996, Greengard 1991, Zebib 1984, Viswanath 2015).
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A related scheme from the finite element method (FEM) community is the
p-FEM of Shen (1994), which uses a similar basis as Heinrichs (1989) applied
to the weak formulation. These approaches lead naturally to the p-FEM
on tetrahedra of Beuchler and Schoberl (2006) and Li and Shen (2010)
discussed in Section 6.6. There are two major benefits of this approach due
to it being applied to the weak formulation of a differential equation: (1) the
discretizations are automatically symmetric if the differential equation is
self-adjoint, and (2) only continuity (as opposed to continuity of the deriv-
ative) is required if an interval is subdivided into multiple elements (though
this is less relevant for ODEs than for PDEs). However, p-FEMs are less
versatile for higher-order equations and general boundary conditions, and
they also require a problem to be posed in weak formulation before being
discretized.

The idea of using recurrence relationships to represent differential operat-
ors using banded linear systems is a continuing theme in the ultraspherical
spectral method of Olver and Townsend (2013), where sparse recurrence
relationships between ultraspherical polynomials are employed. The ultra-
spherical spectral method is similar in spirit to Clenshaw’s integral refor-
mulation and p-FEMs, with the benefit of increased versatility. It auto-
matically produces banded discretizations for general differential operators,
including operators with both differentiation and multiplication, leading to
optimal O(NN) complexity computations. In particular, it is applicable for
Sturm—Liouville equations and high-order equations and is extensible to
partial differential equations and singular integral equations, as discussed
in Sections 6 and 7.

Each of the aforementioned methods produces a banded infinite-dimen-
sional system which can be solved in multiple ways, as noted originally by
Clenshaw (1957):

The relations between the coefficients, obtained by application of the fundamental
equations, constitute an infinite set of linear algebraic equations in the unknowns a,.
and ags), which can be solved to any required accuracy by recurrence or iteration.

We shall usually use the former method ...

In particular, there are various approaches.

(1) Shooting method. Guess the tail coefficients and do back-substitution
(Clenshaw 1957).

(2) Finite section method. Truncate the operator and solve the resulting
finite linear system.

(3) T-method. Perform a rectangular truncation that captures the oper-
ators exactly with extra columns added to make the problem square
(Lanczos 1938).
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(4) (F. W. J.) Olver’s algorithm. Perform adaptive Gaussian elimination
until a convergence criterion is achieved, at which point perform back-
substitution (Olver 1967, Lozier 1980).

(5) Adaptive QR method. Perform adaptive Givens rotations or House-
holder reflections until a convergence criterion is achieved, at which
point perform back-substitution (Olver and Townsend 2013).

A detailed description of the benefits and trade-offs of these techniques is
outside the scope of this paper. Still, we will advocate for Olver’s algorithm
for diagonally dominant discretizations and the adaptive QR algorithm
otherwise, as they achieve adaptive error control and stability, which leads
to faster algorithms as the same equation need not be solved multiple times.

Clenshaw’s integral reformulation, ultraspherical spectral methods and
p-finite element methods are fast in the sense that they achieve O(N)
complexity for N degrees of freedom, due to the sparsity of the discret-
ization, provided any variable coefficients are smooth and therefore well-
approximated by polynomials. There are a slew of non-fast methods based
on collocation, Galerkin approximations and the Chebyshev-tau method
that represent differentiation with a dense matrix. We will not discuss
these methods further.

We also do not discuss in detail the convergence proofs of the various
methods. For non-singular differential equations, Clenshaw’s integral re-
formulation, ultraspherical spectral methods and p-finite element methods
represent them as operators that can be pre- or post-conditioned to be a
compact perturbation of the identity. This gives us the machinery of second-
kind Fredholm operators to rely on (Olver and Townsend 2013).

5.1. Clenshaw’s integral reformulation

The idea behind Chebyshev-based integral reformulation is to multiply the
differential equation by indefinite integration operators on either the left or
right and use the relationship given in Proposition A.17. Clenshaw (1957)
applied the relationship in Proposition A.17 on the right. For the
Airy equation we find that

u=Q*Tv = TQQ'v,

where @Q is the indefinite integration operator so that the zeroth Cheby-
shev coefficient is zero and @) = Q1 is the associated matrix from Proposi-
tion A.17.5 For the Airy example we have

(D? —ac)/ Tv=T(I-XQ*)v=Tf.

6 In reality, it is not clear what Clenshaw used, as the relationship (2.4) in Clenshaw
(1957) divides by zero for the integral of T4 (z).
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Cancelling out the (formally invertible) quasimatrix T" we get an infinite-
dimensional linear system:

(I-XQ*v=f.

Note that this system is a compact perturbation of the identity, and so is
readily solvable via, say, finite section.

A missing component so far is boundary conditions: we can find a partic-
ular solution using the above linear system, but not necessarily the solution
we were after, and indeed with the standard Airy equation where f =0,
we recover the rather uninteresting solution v = 0. Clenshaw, therefore,
proposed a shooting method: initiate the recurrence from a large N using
two different final conditions and iterate backwards, then combine with the
constants of integration to match the prescribed boundary conditions.

In linear algebra terms, this is equivalent to appending additional un-
knowns corresponding to the low-order Chebyshev coefficients, and addi-
tional rows that impose the boundary conditions. That is, we write

u(z) = (Ty | T1 | TQ?)v.

So the Airy equation with boundary conditions becomes

1 -1 (1,-1,1,..00Q% /e a
1 1 (1,1,1,...)Q? al=|[b],
-X.0 —X.1 I-XQ@? v f

where X ; is the jth column of the multiplication operator X.

Integral reformulation is straightforward to construct and leads to sparse,
almost banded systems; see Figure 5.1 for the sparsity structure for the
Airy equation (which is the same as the ultraspherical spectral method).
This system can be efficiently solved, using either shooting techniques, as
in Clenshaw (1957), or linear algebra techniques such as adaptive QR of
Olver and Townsend (2013). It is generalizable to higher-order differential
equations. However, it will not immediately work with Sturm-Liouville-
type equations: in an operator like Da(x)D we cannot remove the leftmost
derivative by multiplying on the right by integration operators without re-
formulating using integration by parts. Finally, it is not easily generalizable
to higher-dimensional domains such as triangles.

Remark 5.1. Note that Clenshaw did not truncate X and Q? and then
multiply: because both are banded operators, it is possible to deduce the
entries directly. We follow this approach: we have access to the true infinite-
dimensional operators, which limits the source of errors.
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5.2. Ultraspherical spectral method

The ultraspherical spectral method of Olver and Townsend (2013) is an
alternative approach for arriving at sparse discretizations, building on the
observation that the domain and range of the equation need not be in the
same basis. This gives more flexibility, and indeed enabled extensions to
singular integral equations and partial differential equations outlined below.

We expand in Chebyshev basis © = T'u. By changing continuous operators
to discrete ones we arrive at

(D? —2)T =DUDY +TX
—cPpPpY —URY X,
= (DY - RY Xr).

Thus the Airy equation becomes

T(-1) a
c(D¥ - R x) CcORPf

We can then cancel out the (formally invertible) quasimatrix C'®) to arrive
at a discrete system:

T(-1) a
DY+ RPX RYf

Note that X is tridiagonal, Rg? ) has bandwidths (0,4) and Dg? ) has band-
widths (—2,2), and as the product of banded matrices adds the bandwidths,
the operator is banded with bandwidths (1,5). Thus the resulting system
with the boundary is an almost banded linear system: it can be written as

banded + trin(UV "),

where UV T is a rank-2 matrix and the banded part has bandwidth (3,3).
A spy plot is shown in Figure 5.1. This structure is preserved under linear
algebra operations such as Householder reflections, with the bandwidth of
the banded part uniformly bounded. Thus it is amenable to fast linear
algebra.

What makes the ultraspherical spectral method is its versatility. We
can handle arbitrary functional constraints: Neumann conditions, Robin
conditions, integral constraints, etc. For example, one can convert any
linear ordinary differential operator with variable coefficients such as

dv d?

d
o7 —I—'--—I—az(m)@—l—aﬂx)@%—ao(aj)

a,(x)
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Ultraspherical spectral method p-FEM
o N
HEE B
[ [
H_EEE B
H_EEE B
H_EEE B
H_EEE B
H_EEE B
H_EEE B
H_EEE B
H_EEE B
H_EEE B
I.I=I [
n Ain"n
H_EER
H_EEN
[ |
(b)

Figure 5.1. A spy plot of the sparsity structure for Clenshaw’s integral reformula-
tion and the ultraspherical spectral method (a) compared to the p-finite element
method (b), for a 20 x 20 discretization for the Airy operator D? — .

to an (infinite) banded matrix,

au(X(y))Dg/) +"'+RE;))C‘2(X(2))D§?) +RY a1 (Xy) DY+ RY.
We do not require the equation to be given in reduced form: for example,
a Sturm—Liouville operator

() < b(a) - tela)

also leads to a banded matrix
a(X(2)) DY b(X0) DY + RY e(X7)

without having to use the product rule to simplify the differential equations.
This is a fairly minor issue for second-order equations but can become sig-
nificant for higher-order differential equations.

We can also handle general boundary conditions. For example, an arbit-
rary differential condition at a point xg of the form

Buul™ (o) + -+ + B1u/ (o) + Bou(ao)
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is represented by the row-vector

CW) (o) [B,DF + -+ B Ry DY + Bo Ryt

and an integral constraint like fil u(z)dz is represented by

(T(1)-T(-1)Qr-

5.2.1. Example: Airy equation
As a simple example, we consider the Airy equation

' =2u u(—1)=1u(l) =0,
which is discretized as
T(-1) 1
D —RY X 0

In Figure 5.2(a) we plot the computed coefficients for four choices of e,
highlighting the need for fast algorithms. Note that the calculated coef-
ficients converge well below machine precision. The fact that the tail is
below machine precision is a consequence of the diagonal dominance of the
discretization (it can be shown to converge in any space of algebraically de-
caying coefficients (Olver and Townsend 2013)). This makes the approach
particularly appealing for adaptivity, as we can robustly choose the conver-
gence criteria. Here we calculated the coefficients until they underflowed. In
Figure 5.2(b) we show the timing for various e using the adaptive criteria.
This demonstrates the O(N) complexity, as the N required to resolve the

solution scales linearly with e~

5.2.2. Example: catastrophes and integrals with coalescing saddles
Integrals with coalescing saddles arise in a number applications such as
modelling tsunamis (Berry 2007), and are defined by (Olver et al. 2010,
36.2.4)

K

[e.e]

Ug(x):= / expi® (t;z)dt, Pp(t;x) :=t5T24 Z Tt

> m=1

We focus our discussion on K = 2, which is an integral due to Pearcey (1946),
and given by

oo

\If(w,y)=\lfz(x,y)=/ expi(tt + yt? + xt)dt.

—00
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Figure 5.2. The computed coefficients for the Airy equation (a) and the time
taken to solve the Airy equation using the ultraspherical spectral methods with
the adaptive QR method (b). The degrees of freedom needed to resolve the solution
are proportional to e L.
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-10
-20 -10 0 10 20

Figure 5.3. A depiction of the Pearcey integral, computed using the ultraspherical
spectral method applied to a third-order differential equation in z for each y value.

Catastrophic integrals satisfy differential equations with respect to x1 =«
of order K +1; in the case of the Pearcey integral we have (Olver et al. 2010,
32.10.4)

The ultraspherical spectral method gives a convenient way of discretizing
this equation: if we write

V(z,y) =T (z)u(y),

we have for each choice of y
<D§E”) — SR DY ;RQXT) u(y) = 0.

This is a third-order equation; however, we can evaluate ¥(0,y) using a
convergent series expansion (Olver et al. 2010, 36.8.1) and asymptotically
accurate expansions for W(+b,y) where b is large, using Olver et al. (2010,
36.11.2), thereby imposing three conditions. Thus each slice of y can be
computed in O(NV) operations. Putting everything together, we display the
solution in Figure 5.3.

5.8. p-finite element methods

Finite element methods (FEM) have the attractive feature that they pre-
serve self-adjointness of problems, and require only a weak formulation of
a differential equation. The idea behind p-FEM as used by Beuchler and
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Schoberl (2006) is to use orthogonal polynomials to enable high polynomial
order approximations for the test-and-trial space, maintaining sparsity in
the process. This is readily explained in quasimatrix notation. Take for ex-
ample the weak formulation of the Airy equation with Dirichlet conditions:

—(v' ) = (v,zu) = (v, f).
Write v and v in weighted Jacobi expansions and f in Legendre expansion:
u=(1-2?)COPu, v=(1-22)C%Pv, f=PFf.
Then we have
(,zu) =o' (CCNT(1—2?)z(1—22)CCPu
= v (L{3/9)  PTPXpL{3pu
and similarly
W'y =v (D1 —-22)CCNTD(1 - 22)CBPy
= vT(W£/2))TPTPW(§/2)u.
Thus the differential equation becomes

(=W ) " MpW (s 9y = (L3 )P Mp XpL{; 3 yu = (L{3 ) T M,

where Mp = PT P is the diagonal mass matrix.
The system is symmetric: since Q := PM, /2 are the orthonormalized
Legendre polynomials, we have

PM,'"? = PXpM,'? = PM,'?X = QX

so that MpXp =M 113/ XM 113/ % s symmetric. Thus square truncations are
banded symmetric matrices. For positive definite problems we can therefore
reliably use Cholesky decompositions, as implemented in LAPACK.

5.8.1. Example: a stochastic Airy equation
We consider a stochastic Airy equation’ with Dirichlet conditions
dW
"
€U —TU= —— 5.1
. (5.1
where W (x) is a Wiener process. The weak formulation of this equation is

—e(v' ) — (v,zu) = — (W, W),

7 This should not be confused with the stochastic Airy operator e’ — zu+ (AW /dz)u,
which has recently seen significant interest in the random matrix community
(Krishnapur, Rider and Virdg 2016, Edelman and Sutton 2007).
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which results in a banded discretization as above. This problem requires
very large N to solve: as € becomes small it becomes increasingly oscillatory,
and we also need large N to approximate the Wiener process. We use the
QR factorization (as opposed to the Cholesky factorization) as the Airy
operator is not positive definite.

In Figure 5.4 we compute the solutions to this equation. We include the
timings, which consist of (1) calculating the Legendre coefficients of W using
transforms, (2) building the operator, (3) computing the QR factorization,
and (4) solving the equation using the factorization. This results in a quasi-
optimal complexity algorithm.

5.8.2. Example: beam equation
We now consider the clamped beam equation

Utt = Ugzxx,
u(0,2) = up(x),u (0,2) = vo(x),
u(t, —1) = ug(t, — 1) = u(t,1) = ugy(t,1) =0,

where we use the p-FEM to discretize in space. We solve the weak formu-
lation

(v,ur) = (Av, Au)
using the space u(t,z) = (1 —22)P??u(t) to arrive at the discretization
(L) TMp Ly u = (W) T MpW ) u

(2,2) ( (2,2) (22) ™
M A

This is a standard ODE with a mass matrix, where M is symmetric with
bandwidths (4,4) while A is diagonal.

In Figure 5.5 we demonstrate the solution of the beam equation. Since
M and A are banded, we can perform implicit time-steps in O(N) opera-
tions, where we truncate the discretization to the first N = 1000 terms in z.
We use the Rodas 5 time-stepping routine with time-step 0.01. As M is
symmetric positive definite, we can use the banded Cholesky factorization.

5.4. Domain decomposition

The p-finite element method naturally extends to multiple elements. For
example, suppose we have a mesh =1 < 29 < --- < xps. Within each element
we can use the bubble functions

(1=m;(2)))CE D (m;(x)) x5 <z <mjp1,
0 otherwise,
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Figure 5.4. (a) Solutions to the stochastic Airy equation (5.1) with three choices of
¢, computed using the p-FEM. (b) The timings in seconds for building, computing
the QR factorization, and inverting using the pre-computed QR factorization.
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Figure 5.5. A solution of the beam equation using the p-finite element method.
We use N = 1000 spatial discretization with a time-step of 0.01 with Rodas 5.

where m;j: [zj,xj41] = [—1,1] is the affine map. This is then combined
with the low-order finite element basis

T—Tj-1

— zj 1 <z <ux,
Tj— X -
J Jj—1

Lj41 —

' S r;<x<xip.
T J J
Tj+1— L)

As both the bubble functions and the additional low-order bases can both
be transformed to piecewise Legendre polynomials, we can systematically
deduce the resulting discretization using recurrence relationships. This dis-
cretization is extremely sparse, with low-rank communication between ele-
ments, due to the low-order terms. Interlacing the coefficients reduces this
to a banded linear system whose bandwidth is dictated by the number of
elements.

Ultraspherical spectral methods can also be incorporated into domain de-
composition methods, where continuity conditions are enforced as bound-
ary conditions. Alternatively, one may use integral reformulation, which
Lee and Greengard (1997) used to construct a very effective adaptive mesh
refinement strategy.

5.5. Figenvalue problems

The p-FEM and ultraspherical spectral method can be used to reduce differ-
ential eigenvalue problems to generalized eigenvalue problems. We demon-
strate this on the Schrodinger equation:

—u" +|zlu=Au, —20<z<20
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Figure 5.6. The first 50 eigenstates of the Schrodinger equation with potential
V(z) = |z| computed using the p-FEM, with two elements.

with Dirichlet conditions. The eigenstates are plotted in Figure 5.6. Since
the potential is piecewise polynomial, the discretization is symmetric and
banded, and the eigenvalues can be calculated in O(N?) complexity using a
specialized solver (Schwarz 1968, Crawford 1973, Kaufman 1993, Kaufman
2000). Here we decompose the interval into two elements.

As an alternative to the Beucher—Schoberl p-FEM, Aurentz and Slevin-
sky (2020) describe how basis recombination (Shen 1994, Doha and Abd-
Elhameed 2002, Julien and Watson 2009, Livermore 2010) can be leveraged
to symmetrize the ultraspherical spectral method for self-adjoint problems
while preserving the banded property that we have come to expect from
spectral discretizations of linear problems. This method allows for more
general self-adjoint boundary conditions, does not require the problem to
be posed in the weak or self-adjoint form for the symmetry to transcend
from problem to discretization, and may solve weakly defined problems by
specifying relative discontinuity conditions in the basis.

In the self-adjoint setting, a (2v)th-order linear differential eigenvalue
problem with self-adjoint boundary conditions takes the form

Lu=[(-D)"(a,D") +(=D)" (ay-1D" )+ +aolu=Iwu,  (5.2)
Bu =0, (5.3)

where the usual conditions on the coefficients a; and w are required for
a sensible solution; at the very least, a, # 0, and w >0 and w =10
only on a set of Lebesgue measure zero. In this form, £ is a self-adjoint
linear differential operator on a domain D C R in the Hilbert space H =
L?(D,w(zx)dz) provided it is accompanied by B: H — C?, a set of 2v
self-adjoint boundary conditions. We will also assume that all the variable

https://doi.org/10.1017/50962492920000045 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492920000045

FAST ALGORITHMS USING ORTHOGONAL POLYNOMIALS 639

coefficients are at most degree-m polynomials, that is, for general smooth
variable coefficients we initially approximate them by polynomials.

Given the quotient Hilbert space Hg := {u € H: Bu =0}, a classical ap-
proach calls for a Ritz—Galerkin discretization for the trial and test functions
taken from an n-dimensional subspace V,, C Hg. Indeed, when V,, = P,,_1
and an orthonormal polynomial basis satisfying the boundary conditions
is utilized, the discrete realization of (u,Lv) is automatically symmetric
(Hermitian). Unfortunately, the resulting discretizations are dense. Thus
data-sparsity in problem formulations, such as (5.2) with finite-degree poly-
nomial coefficients, is ignored when transformed into a computational prob-
lem, resulting in O(n3) complexity algorithms (Golub and Loan 2013) for
approximate eigenvalues and eigenfunctions.

Let {¢,}5°, be an orthonormal polynomial basis for H with deg(¢,) =n.
For linearly independent boundary conditions in B, let {p,}>>, be the re-
combinations of the orthonormal basis {¢y}2, that annihilate B, guar-
anteeing Bp, = 0. This assumption suggests the existence of an infinite-
dimensional lower-triangular and banded conversion such that

p = PA. (5.4)

For a problem on [—1,1] with Dirichlet boundary conditions, the recombin-
ations are the same basis used in Section 5.3, up to normalization. With
the conversion in hand, a banded QR factorization reveals the unitary op-
erator mapping the orthonormal polynomial basis for H to the orthonormal
polynomial basis {1, }7°, for the quotient Hilbert space Hp, ¥ = ¢@Q, and
the auxiliary resulting conversion, p = 1 R. Finally, define the polynomials

{on}nzo by

oR* =1). (5.5)
Since we have ¥YQ* = ¢, we can gather all three adjoint conversions together
to obtain

ocA*=¢. (5.6)

Aurentz and Slevinsky (2020) used these four bases to prove that the
Petrov—Galerkin scheme for (5.2) is symmetric definite and banded, where
the solution is formally represented by u(x) = pv = Rv = pu = pAv = pw
and the residuals are estimated by o .

5.5.1. The Petrov—Galerkin scheme is self-adjoint
It follows by classical arguments that the Ritz—Galerkin scheme is self-
adjoint:

LYu =1 Lu = wypu = \pMu,

where L = L* € C*°**° and M = M* € C*®** is positive definite. If we
use u = Rv and (5.5) to represent % in terms of o, the symmetry may be
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imported into the Petrov—Galerkin scheme
ocR*LRv = Ao R*M Rv.

Both R*LR and R*M R are self-adjoint and the latter is also positive def-
inite.

5.5.2. The Petrov—Galerkin scheme is banded
Considering the Petrov—Galerkin scheme

Lpv = wpv,

the combination of (5.4) and (5.6) informs us that wp = w¢pA = pMpA =
o A*MpA, where Mp = My, is also positive definite and banded by ex-
ecuting the Clenshaw—Smith algorithm with the orthonormal polynomials’
Jacobi operator. Similarly, Lp = LpA, and by the ultraspherical spectral
method (Olver and Townsend 2013), there exists a banded discretization
of £, namely Lp, mapping normalized Legendre polynomials to normalized
Jacobi polynomials with integer parameters in proportion to the highest
derivatives. Applying the inverse banded conversion operator, and further
utilizing ¢ = o A*, we arrive at

ocA*C ' LgAv = Ao A* MpAv. (5.7)

At first glance, this formula does not appear to guarantee a banded discret-
ization, due to the appearance of the inverse of a banded matrix. To show
that the discretization is indeed banded, we note that the conversion mat-
rix C' is upper-triangular and banded, which means that its inverse will not
extend the bandwidth of LpA any lower. Since A* is also upper-triangular
and since the Petrov—Galerkin scheme is self-adjoint, we conclude that it
must be banded above as well.

5.5.8. A sixth-order generalized eigenvalue problem
Aurentz and Slevinsky (2020) show through several numerical and theoret-
ical applications that the method is general, versatile and easy to use. They
show that piecewise defined problems on bounded and unbounded domains
may be stitched together with continuity conditions. They also show that
the method applies to higher-order problems with ease.

The following sixth-order generalized eigenvalue problem of Gutierrez and
Laura (1995) models the vibration of non-uniform rings:

{(=D)*[gD% — (~D)*[2x*¢D?) + (—D)[(x"g +¢")D]}u
— M(=D)[x* D]+ fhu, (5.8)

where f(z) = 1+4(1 —7)[(x —1/2)2 —1/4], r € (0,00) is a thickness
parameter, g = f3, and the boundary conditions are v = u' = u"” =0 at

https://doi.org/10.1017/50962492920000045 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492920000045

FAST ALGORITHMS USING ORTHOGONAL POLYNOMIALS 641

Table 5.1. The first four computed eigenvalues of (5.8) with » =1 in 256-bit
extended precision, computed using the method of Aurentz and Slevinsky (2020)
and rounded to fit this page.

n )\n

0 5.138 119 642 550 555 649 415 412 286 723 460 005 700 131 ...
1 47.932 044 726 525 070 683 741 246 754 121 353 113 209 603 ...
2 195.375 225 987 311 298 618 562 101 588 390 534 216 626 466 ...
3 520.732 437 610 822 993 012 167 361 990 447 367 561 584 024 ...

104 4 —— Computed eigenvalues
—-—- 0o(r)

102 4

100 4

1072 4

107 103 102 10! 100
r
Figure 5.7. The first ten generalized eigenvalues of (5.8) as functions of the thick-

ness parameter 7. Figure reproduced from Aurentz and Slevinsky (2020) with
permission. Copyright (C) 2020 Elsevier.

both x =0 and = = 1. Due to the third-order derivatives in the bound-
ary conditions, they may not be implemented by multiplying an orthogonal
polynomial expansion by a polynomial weight, and thus require basis re-
combination.

With sixth-order derivatives in the first operator in (5.8), this is by all
accounts an ill-conditioned generalized eigenvalue problem. And as r — 0,
this ill-conditioning is compounded by the fact that both linear operators
become singular as the smallest generalized eigenvalue tends to zero.

Using the general Rayleigh quotient iteration (Rayleigh 1937, Parlett
1974) in 256-bit extended precision, the first four computed eigenvalues are
tabulated in Table 5.1. Figure 5.7 tracks the first ten eigenvalues as r — 0.
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6. Partial differential equations

Multivariate OPs on rectangles/hypercubes and triangles/tetrahedra have
played a central role in spectral element methods for partial differential
equations. For triangles, see Dubiner (1991) and Karniadakis and Sher-
win (2013) for a comprehensive overview. These methods result in dense
matrices for large p.

Recently, approaches for sparse discretizations for large p have been intro-
duced in the p-finite element method on triangles (Beuchler and
Schoberl 2006, Li and Shen 2010) and the ultraspherical spectral method on
rectangles (Townsend and Olver 2015), disks (Vasil et al. 2016) and triangles
(Olver et al. 2019).

Our model problem is the multivariate analogue of the Airy equation: a
variable coefficient inhomogeneous Helmholtz equation

Au+Ezy*u= f(z,y).
We will consider both squares and triangles in two dimensions. The type of
boundary conditions allowed depends on the method under discussion.
6.1. Ultraspherical spectral methods on rectangles

On rectangular domains it is natural to use tensor product bases, and thus
we consider the expansion of the form

u(z,y) = T*(z,y)U = T(x)UT(y) ",

where U is an infinite matrix of coefficients and T? = T'® T'. The separable
nature of the decomposition makes it straightforward to construct partial
differential operators from ordinary differential operators, for example

gz =U(2)DPUT(y)" = (U T)(zy)(Df @ 1)U.

Thus we can immediately construct the partial derivatives
P2T? = (CO Do T = (P o T) (DY o 1) = ¢ (DY @ RY),
2T = (T C?)(1o DY) = c?)(RY « DY),
where C®? = C® @ C®) . Thus we have
AT? =2 DY 9 RY + RY © DY).

2,2
AT

Similarly, we have
2T =C?)(RPXr) @I and yT =C®? 1o (RPX7).

~—_——— —_———
X Y
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Putting everything together, we have
A+ T? = CPD AT + REP XY,

where Rg ’7%) = ngz ) ®R§? ). This is a sparse discretization.

We can similarly specify boundary conditions which are particularly nice
for separable boundary conditions. For example, a Neumann condition on
the top of an interval can be written as

uy(z,1) = (ToU1))(I®DY)U =T(z)U(DY) 'U(1)".
Putting everything together, if we write the right-hand side as
flzy)=C*IF

and the boundary data given in Chebyshev expansions as

u(z,—1) =g-1(z) =Tg_,
u(z,1) = g1(z) =Ty,
u(—Ly) =h_1(y) =Th_y,
u(1,y) = h1(y) = Thy,

then we can express the variable coefficient Helmholtz problem with Dirich-
let conditions as

(T(-1)e@ DU =g,
(T(1)@NU = g4,
(I®T(-1))U =h_y,
I@T1))U =hy,
(AZD 4+ RED XY U = F

T(_l)U =g,
T(l)U = gla
UT(-1)" =h',,

DPURD)T + RPUDY)T + RP XU (X3)T(RP)T = F.

This can be converted into a sparse linear system by choosing an ordering
for the coefficients of U.
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5

0
-05 3 o5 o

Figure 6.1. The solution to the screened Poisson equation using the ultraspherical
spectral method.

6.2. Sylvester equations

Townsend and Olver (2015) observed that the boundary conditions in the
matrix formulation of the problem can be used to eliminate degrees of free-
dom in the differential equation, thereby reducing the equation to a gen-
eralized Sylvester equation, that is, we wish to solve an equation of the
form

AUB) 4---+AUB] =F,
where all A; and Bj are sparse matrices, and r is known as the separability
rank of the partial differential operator. For the special case of r = 2 this
can be accomplished using a Schur factorization: find ¢) and Z orthogonal
so that A1 = QR1Z and Ay = QR2Z, thus reducing the problem to
R\VB] +RyVB) =Q'F

so that V' = ZU. This can be solved via back-substitutions as a sequence of
sparse linear solves in O(N3/2) complexity for N degrees of freedom.

As an example, consider the ‘good’ Helmholtz equation with Neumann
conditions:

Au—Ku=0, u(+ly)=uy(r,+£1)=1.
We can write this in rank-2 form as
(Df — ks U (s) "+ 57U (DF)T =o.

The solution appears in Figure 6.1.
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0.3. Fast Poisson solvers

In the particular situation of Poisson’s equation with zero homogeneous
Dirichlet conditions, that is,

Ugy + Uyy = fs (:an) € [_1a1]2> u(ila') = u('v + 1) =0, (6'1)

Fortunato and Townsend (2019) take the idea a step further and develop an
O(Nlog Nlog(1/€)) complexity solver. First, it is noted that since (6.1) has
homogeneous Dirichlet conditions, the solution can be written as u(z,y) =
(1—22)(1 —y?)v(z,y) for some function v(z,y). So the function u(x,y) is
expanded in a carefully selected ultraspherical polynomial basis

u(zy) = (1-2CP @UEPP )T, (y) e[-112 (6.2)

where 6’(3/2) are the orthonormalized ultraspherical polynomials. These
OPs are selected because C](-g/ 2) () is an eigenfunction of the differential

operator
TS 2 [(1—2x%)ul,

that is,

gooe
-/

~~

A

This means that (6.1) can be discretized as a generalized Sylvester matrix
equation of the form

AU(I =Xl g)) + (I = X3 )9 ) UNT = F, (6.3)

where U is the matrix of expansion coefficients in (6.2), F' is the matrix of
bivariate C'3/2) expansion coefficients for f, that is,

fy) =P @ )T,

and X (3/2) 1s the N X N matrix that represents multiplication by 1— 22 in
the C3/2) basis (which is symmetric). The Sylvester equation in (6.3) is re-
arranged and solved by an alternating direction implicit method (Fortunato
and Townsend 2019).

6.4. Ultraspherical spectral methods on disks

There are fundamentally two approaches to spectral methods on disks: treat
them as separable geometries using polar coordinates, or use non-separable
bases. It is possible to construct ultraspherical spectral methods using either
approach, with various trade-offs between the techniques. For separable
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Figure 6.2. Navier—Stokes simulation using spectral methods at time slices t =
0,30,60,90,120,150.

L)

techniques, see Wilber, Townsend and Wright (2017). Figure 6.2 repeats
a simulation from Torres and Coutsias (1999) showing the successful use of
spectral methods in solving Navier—Stokes in a disk.

Alternatively, we can use orthogonal polynomials on a disk as in Vasil
et al. (2016), using generalized Zernike polynomials, which have the benefit
of not having any (weak) singularities at the origin: they are polynomials in
Cartesian coordinates z and y. Consider a function decomposed into Fourier
modes, that is,

0
u(r,0) = Z ™0, (7).
m=—o0
We define two linear operators D+ via their action on each Fourier mode:

. . m . _
D, e‘mgum(r) = el™? {87« — ] Uy = €MOP Oy
T

. . m . _
D_ elmeum(r) = ™! {87 + r] Uy, = €707,
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For the generalized Zernike polynomials these operators are diagonal with
an appropriate change of basis, and hence can be combined to construct
the Laplacian and other differential operators arising in applications. Fast
transforms between Zernike polynomials and tensor product bases exist
(Slevinsky 2017).

6.5. Ultraspherical spectral methods on triangles

Olver et al. (2019) introduced the ultraspherical spectral method using
orthogonal polynomials on the triangle. As in the disk, we no longer have a
tensor product structure without a change of coordinates, but the sparsity of
discretizations is preserved. For Jacobi polynomials on the triangle plabo)
there exist sparse matrices

(a+1,b,c+1) and D(a,b+1,c+1)
z,(a,b,c) v, (a,b,c)

satisfying (Corollary B.2)

(a,b,¢) _ platlbetl) platlbetl)
=P =P z,(a,b,c)
9, Pabo) _ plabtletl) plabtletl)
Y v, (a,bc)
Likewise, we have sparse conversion matrices satisfying

(a,b,¢) __ platib+j,c+k) platib+jctk)

for any integers i,j,k > 0. We can therefore compose these to construct
sparse partial derivatives of the form

(a,b,¢) __ platitl,bt+j,c+k+1) platitlb+j,c+k+1) y(a+1,b,c+1)
0P =P Riai1bet1) (@b

platitlbtj ekl
z,(a,b,c)

In particular, we can construct a sparse representation of the Laplacian via

0,0,0) _ p(2,2,2 (2,2,2) (2,2,2)
APO00) — pl )(Dx,(0,0,0)+Dy,(O,O,O))'

(2,2,2)
A(0,0,0)

The sparsity structure is depicted in Figure 6.3(a).

6.5.1. Dirichlet boundary conditions

Boundary conditions are more complicated, so let us consider the case of zero
Dirichlet conditions by incorporating it into the basis. That is, we use the
bubble functions J:sz(l’l’l), where z:=1—x —y as in the p-FEM discussed
below. Using the weighted differentiation recurrences (Corollary B.3), we
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Figure 6.3. The sparsity pattern of the Laplacian Agg’ﬁ’ﬁg (a), the weighted

Laplacian Ay (b) and the weighted variable coefficient Helmholtz operator

Ay +S((é:é:é))v(X,Y)LE%%2§ with V(z,y) = zy? (c). The weak Laplacian in p-
FEM has the same sparsity structure as (b) and (c), with the added benefit of
symmetry in the coeflicients. Figure reproduced from Olver et al. (2019) with per-
mission. Copyright (©) 2019 Society for Industrial and Applied Mathematics.

All rights reserved.

arrive at

1,1,1) _ p(1,1,1 (1,1,1) (0,0,0) (1,1,1) (0,0,0)
AzyzpPhY = P )(Dz,(o,o,o)Wx,(l,l,l)+Dy,(0,o,o)Wy,(1,1,1))'

Aw

Thus we arrive at a discretization of the variable coefficient Helmholtz equa-
tion:

(L,1,1) yy-27(0,0,0)y
(AW—FR(O,O’O)XY L(l,l,l))u_ f,

where X = X(0,0,0), ¥ = Y(0,0,0) and

fzy) = PO (2,9) £,

The sparsity structure of Ay and the variable coefficient Helmholtz equa-
tion is depicted in Figure 6.3(a).

To handle non-zero Dirichlet conditions we use the basis Q(l’l’l) defined
in Appendix B.2, which supplement :csz(l’l’l) to include the missing poly-
nomials. We have weighted partial derivatives

1,1,1) _ p(0,0,0)777(0,0,0)
DmQ( ) — p( )Wx7(1,1,1)’

1,1,1) _ p(0,0,0)75,(0,0,0)
pr( ) — p! )Wy,(l,l,l)’
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and thus we have

1L,1,1) _ p(L11 (1,1,1) 7,(0,0,0) (1,1,1) +5,(0,0,0)
AQ( )= P )(D:v,(O,O,O)Wm,(l,l,l)+Dy,(O,O,O)Wy,(l,1,1))'

Ay
The basis also has a sparse block-banded restriction to a Legendre expansion
along each edge (Proposition B.9) and is given by

Q(l’Ll)(an) =P(2x— 1)Rgﬁ,:1())’

Q(LLl) (ij) = P(2y - 1)R5317,y1,:1())7

Thus we arrive at the following discretization:

P,x=0
R 1,1,1)
,y=0
o .
,2=0 -
R

(1,1,1) 9 5(0,0,0)
AW + R(o,o,O)XY R(1,1,1)

e

Neumann and Robin conditions can be incorporated by writing the PDE as
a system of first-order PDEs, reducing these conditions to Dirichlet.

6.6. p-finite element methods

The Beuchler and Schéberl (2006) p-FEM on a triangle was originally con-
structed directly using Jacobi polynomial relationships to evaluate the cor-
responding inner products. Instead, as in Section 5.3, we use the quasi-
matrix notation to manipulate recurrence relationships and thereby con-
struct the p-FEM discretization. While we present the construction on a
triangle, it is straightforward to derive a similar method on rectangles and
disks.

Following the one-dimensional construction in Section 5.3, we write u and
v in terms of weighted OPs on the right-angled triangle as

(L1104  and v::csz(l’l’l)v,

u=axyzP
where z =1—x —y. Then we have
(Vo,Vu) = v (VwPOID)) T vz POL Dy,

But we also have

0,0,0 (0,0,0)
VayzPLLY — <8xﬂcsz(17L1)> _ (P( )Wz,(17171)> |

8yxyzp(1,1,1) P<07070)W;%373)1)
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0.00 0.25 0.50 0.75 1.00

Figure 6.4. The ‘good’ with k = —50? (a), Poisson with k=0 (b) and ‘bad’ with
k =502 (c) solutions to the inhomogeneous Helmholtz equation (6.4).

Lowering down to P(:0.0)

Laplacian:

, we arrive at a sparse discretization of the weak

(VayzPOU )T gy pLLY

L (0,0,0) T (0,0,0) (0,0,0) \T (0,0,0)
=W, iany) MW, i+ W, ) MW, s

where
M = M(O,O,O) — (P(0,0,0))TP(0,0,0)

is the diagonal mass matrix corresponding to Legendre polynomials on the
triangle; see Proposition B.1. This discretization is symmetric and banded-
block-banded with the same sparsity structure as the ultraspherical spectral
method, as depicted in Figure 6.3.

6.6.1. Example: ‘good’ and ‘bad’ Helmholtz equations

A nice feature of p-FEM is that it preserves symmetry and positive def-
initeness, with the latter allowing for efficient Cholesky factorizations. To
demonstrate this, we consider the inhomogeneous, variable coefficient Helm-
holtz equation

'+ k(14 2y u=1 (6.4)

with zero Dirichlet conditions. When k£ < 0, we call this the ‘good’ Helmholtz
equation as it is symmetric positive definite (SPD) and forms boundary
layers. In contrast, for £ > 0, the solution is highly oscillatory, and the
operator is not positive definite but is still self-adjoint. For £ =0, this reduces
to the Poisson equation.

In Figure 6.4 we depict solutions for k = —502,0,50? showing the trans-
ition from boundary layers to oscillations. In Figure 6.5 we show the coeffi-
cients for k = —200%,0,200%, which show that the corner singularities drive
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Figure 6.5. The coefficients for the ‘good’ with k = —200% (a), Poisson with
k=0 (b) and ‘good’ with k = 200% (c) solutions to the inhomogeneous Helmholtz
equation (6.4).

10
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algebraic decay. At the same time, the boundary layers and oscillations gen-
erate slow decay of a different nature. Thus, for moderate k, it is the corner
singularities that dictate convergence. In Figure 6.6 we show the timings
in building, factorizing and inverting the system. For k£ < 0 the operator is
symmetric negative definite, and a Cholesky factorization is used, while for
k > 0 the operator is only symmetric and an LDLT factorization is used.
We use SuiteSparse to compute the factorizations, which demonstrates an
apparent better complexity for Cholesky factorizations, though this may be
lost for higher N.

6.7. Domain decomposition

The tools developed lead naturally to a method for solving PDEs on triangle
meshes. For the ultraspherical spectral method, this is achieved by imposing
continuity in value and derivative over the boundary and reformulating
the problem to a system of first-order PDEs. We refer the reader to Olver
et al. (2019) for further details. Figure 6.7 demonstrates these techniques
on a Helmholtz equation on a polygon, by subdividing into triangles and
imposing continuity up to normal derivatives between each element.

For the p-FEM, this is achieved by using the basis xsz(l’l’l) in each ele-
ment as the bubble functions. Face bubble functions are then added between
adjoining elements: for example, if we have two triangles, one on top of the
other with adjoining edge from (0,0) to (1,0), on the interface we have

z(1—z)PLY),

which can be extended to the triangles as Qg’lo’l)@,y), which vanishes on

the other two edges. This extension can then be differentiated and converted
as appropriate. We refer the reader to Beuchler and Schéberl (2006) for
more details.
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Figure 6.6. The timings for the ‘good’ with k = —200? (a), Poisson with k=0 (b)
and ‘bad’ with k = 2002 (c) solutions to build, factorize and invert the inhomo-
geneous Helmholtz equation (6.4). For k < 0 the operator is symmetric negative
definite and a Cholesky factorization is used, while for k > 0 the operator is only
symmetric and an LDLT factorization is used.
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Figure 6.7. A solution to the Helmholtz equation on a polygon. Figure reproduced
from Olver et al. (2019) with permission. Copyright (©) 2019 Society for Industrial
and Applied Mathematics. All rights reserved.

7. Singular integral equations

Singular integral equations arise in potential theory, boundary integral re-
formulations of partial differential equations, and elsewhere. Conventional
numerical methods typically involve discretization of the geometry using
either quadrature rules (d la Nystrom method) or collocation points, though
these methods must deal with singularities in the integrals. A recent suc-
cess story along these lines is the quadrature-by-expansion (QBX) method
of Kloéckner, Barnett, Greengard and O’Neil (2013).

As an alternative in two dimensions (i.e. one-dimensional singular integ-
ral equations corresponding to two-dimensional PDEs), we advocate using
weighted OPs to calculate the singular integrals ezactly via recurrence rela-
tionships. Cauchy transforms of weighted OPs satisfy the same recurrence
relationship as the OPs themselves, which has been used successfully in
numerical computing going back to Elliott (1982) and Gautschi and Wimp
(1987). Less well known is that this is applicable for logarithmic singularities
as well. Slevinsky and Olver (2017) used these relationships, which show that
singular integral operators are banded on a single interval, to construct
an ultraspherical spectral method for solving singular integral equations.
Multiple scattered plates can also be tackled using low-rank techniques, and
more complicated smooth arcs using suitable change-of-variables formulas.

7.1. Cauchy and Hilbert transforms

The Cauchy transform over a contour I' is denoted by

Crf(z) = L[S0

S 2miJpt—=z

dt, (7.1)
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which is analytic for z ¢ I'. Provided it has well-defined left and right limits
(which is the case for reasonable functions f, e.g. smooth functions times
Jacobi weights on [—1,1]), we use the notation

Cif@ = lm  Crf(2)

from the left

Cifm)= lim  Crf(2).
from the right
We omit the subscript I' when it is implied by the context.
Since Cauchy transforms are themselves just integrals, they can be dis-
cretized via a quadrature rule. That is,

Crf(z) = ;mzwjt{(iji (7.2)
j=1

where {t;} and {w;} are quadrature nodes and weights for the contour I.
However, this is not a good idea for Cauchy transforms as they are singular
integrals. In particular, the quantity on the left-hand side of (7.2) has a
branch cut while the right-hand side of (7.2) has poles. We may need to
evaluate the singular integral on or near I'; where the quadrature rule is not
accurate. We visualize this using a phase portrait® in the style of Wegert
(2012) in Figure 7.1. The true Cauchy transform has a branch cut on the
interval, whereas Gauss quadrature results in poles along the branch cut.

As an alternative, we propose first expanding the integrand f in (7.1)
in a weighted OP basis. Once an expansion is known, we have a natural
approximation to the Cauchy transform:

N—1
Clanf(2) ~ D faClap[wpnl(@).

n=0
The approximation on the right has a jump on the interval of orthogonality
[a,b] matching the true Cauchy transform. In fact, in a certain sense, we
achieve uniform convergence (though we omit details), and therefore we can
approximate the Cauchy transform up to and on the jump.

The calculation of a general Cauchy transform is reduced to one involving

the generation of weighted OPs. Fortunately, Cauchy transforms satisfy a
recurrence relationship that makes them straightforward to evaluate. Let

Cn(2) = Cqp) [Pnw](2).

8 A phase portrait of a complex-analytical function plots only the phase of the function.
Here red corresponds to 8 = 0, blue corresponds to 6 = 27 /3 and green corresponds to
0 =—27/3.
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Cauchy transform

Cauchy transform via quadrature

-2
-3 -2 -1 0 1 2

(b)

Figure 7.1. The Cauchy transform of e* over [—1,1] computed using Legendre
polynomials (a) compared to Gauss—Legendre quadrature (b). The Legendre poly-
nomial-based approximation is uniformly accurate to roughly machine precision up
to and on the interval. In contrast, the quadrature-based approach is not accurate
on the contour itself, and has introduced artificial poles.

w
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Then we have

27
2Cn(2) = cnCr-1(2) + anCp(2) + b,Cry1(2), n>1.

b
2Co(z) = apCo(z) +boC1(2) — 1/ w(z)de,

This well-known formula (see e.g. Gautschi 19810) is derived by the follow-
ing simple calculation:

2Cn(2) = 1./b (2= 2)pn(@)w(z) daz+/b de

27 r—z xr—z
1 b
=5 pn(z)w(z)de + ¢, Cp_1(2) + anCpn(z) + by Cry1(2).

Note that the integral term is zero when n > 0.

The key feature of this recurrence is that if we know Cy(z) = Cw(z) and
f;w(x)dx, then we can determine C),(z) by solving the following lower-
triangular system using forward substitution:

Co(2)
1 ; Co(z) 1 b
ao— = 0 C1(2) — [ w(z)dx
a al—z by Co(2) 2mi J,
g az—z by Cs(2) | = 0
c3 az—=z Cy(2) 8

This recurrence-based approach also extends to the Hilbert transform’
given by

L[ f)
=— [ —=dt. 7.3
Honf) =1 [ 10 (7.3
By the Plemelj theorem, the Hilbert and Cauchy transforms are related by
(Muskhelishvili 1953, Trogdon and Olver 2016)
Ct—Cc =1, C"+C =iH.

Therefore, the recurrence relationships for Cauchy transforms of OPs im-
mediately imply one for Hilbert transforms of OPs. Let

H,(2) := H[phw](2).

9 The Hilbert transform is sometimes defined as minus that given in (7.3) (see e.g.
Olver 2011, Trogdon and Olver 2016, Slevinsky and Olver 2017). Here, we prefer (7.3)
as it has the convenient property that the Hilbert transform is the derivative of the log
transform.
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Then we have

b
PHo(+) = aoto(a) + b Hi (@) + - [ w(e)d,

a

xHy(z)=cnHp—1(x)+anHy(x) + by Hpp1(x), n>1.

7.1.1. Example: Hilbert transforms of Chebyshev polynomials
Consider the Hilbert transform of the Chebyshev polynomial T},, that is,

1t T (t)
H”(x)_wlﬁl(x—wmdt

The recurrence relationship satisfied by H,(x) is

H, 1(z) Hy(z)
21 + 2

In this case we have Ho(z) = H[(1—2)"1/?](x) = 0. Therefore we have
Hi(z)=-1, Ha(x)=-2z, Hp41(x)=2xH,(x)— Hy_1(x).

xHo(z) = Hi(x)+1, zH,(z)= , n>1.

This is precisely the three-term recurrence relationship satisfied by the
Chebyshev polynomials (of the second kind). Due to the values for Hy and
H;y, we find that H,(x) = —U,—1(x) for n > 1. In quasimatrix notation, we
have

where ¢ denotes the ‘dummy’ variable.

A related formula holds for the Hilbert transform of Chebyshev polyno-
mials of the second kind, where the fact that H[v/1—¢?](xz) =1 leads to
H[V1—0%U,] = Thi1(z) for n > 0. In quasimatrix notation, we have

0
1

HV1-02U =T 1
Hp

7.2. Inverting shifted Jacobi operators and Cauchy transforms

While forward recurrence is an effective approach for calculating Cauchy
transforms, it can run into numerical stability issues if the evaluation point
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is far from [a,b]: Cauchy transforms and OPs satisfy the same recurrence
relationship (they are the minimal and mazimal solutions, respectively)
apart from the initial conditions. Any small perturbation to the initial
condition for the minimal solution will pick up the maximal solution, which
blows up as n — oo. On the other hand, C,(z) — 0 as n — oo for z off the
support of w.

There are effective methods for calculating minimal solutions to recur-
rence relationships. We have

b
c a1 — =z b Ci(=) 2mi Ja
L ' Ca(2) | = 0 . (74)
C2 ag — =z 03(2) 0

J—zI

The operator J — zI is invertible in ¢? (assuming J is bounded) when z
is not on the spectrum of J, which is precisely the support of the weight,
the interval [a,b]. This means that the Cauchy transform is the unique
solution to (7.4). As discussed in Section 5, there are multiple ways of solving
an infinite-dimensional linear system such as (7.4), with Olver’s algorithm
being particularly attractive as it is fast, stable and adaptive.

There is a remaining question of when to use forward recurrence or
directly inverting J — zI. As z approaches [a,b], the decay rate of C),(z)
degenerates, which requires computing an increasing number of terms to
achieve convergence. In lockstep, the forward recurrence becomes increas-
ingly stable to use. In practice we find that the following heuristic works
well: if one requires the first Cy(z),...,Cn(z) for a specified value N, use
forward recurrence if N is in a Bernstein ellipse with radii proportional to
1/N; otherwise, invert J — zI.

7.8. Log transforms

From the Green’s function of the Laplacian, it is natural to consider integrals
with a logarithmic kernel. If I = [a,b], then the log transform is defined by

b
i) =~ / F(t)log|z —¢|dt,

where now we assume f is real-valued. It turns out that logarithmic singu-
lar integrals satisfy a simple recurrence relationship for weighted classical
orthogonal polynomials, which we show by relating them to Cauchy trans-
forms.
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For z ¢ (—00,1], we use the following formula:

b
v(z):Re% / F(t)log(z — t)dL.

(Note that the integrand avoids the branch cut of logz.) To extend this to
z € (—o0o, — 1] (or more generally, z ¢ [—1,00)), we can use the alternative
expression given by

b
v(z) =Re 71r/ f(t)log(t — z)dt = Re Lf(2),

b
Lu(z):= 71r/ u(t)log(z —t)dt,

which follows from the fact that log|z —t| = log|t — z|.
To evaluate Lu(z) in the complex plane we use the following expression’
in terms of Cauchy transforms:

0

5 _log(z—a

b b
Lu(z) )/ u(x)dz +2iCU(z), U(a:):/ u(t)dt. (7.5)

As the indefinite integral of classical orthogonal polynomials is also ortho-
gonal, we arrive at a closed-form expression in terms of Cauchy transforms
of orthogonal polynomials.

™

7.3.1. Example: log kernel of Legendre, Chebyshev and Jacobi polynomials
Consider LP,(z). For n =0 we have

~ 2log(z+1)

™

L£1(z) +2iClx —1)(2).

For n > 0 the definite integral is zero due to orthogonality and we have an
explicit expression for the indefinite integral from Proposition A.6, which
gives us

LP(z) = —%C[(l —) P, n>1.

Taking the real part of £P,(z) gives LP,(z) for all n.
For Chebyshev polynomials, we have for n > 0, using Proposition A.16,

V), Unoi(a) -
/x mdt——in V1—a2

so that

c[\/%] () = 2 C[VI= 20 1] (2),

10 This follows from Liouville’s theorem. Since the right-hand side of (7.5) matches the
asymptotics and jumps of Lu(z), they must be equal.
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We are left with the n =0 case, but this can be calculated explicitly as
£](1—0?)72)(2) = ~log|J7}(2)| — log?
using the fact that

Z 1
—_—d —logJi! ,
/ Vz—1vz+1 z 08 (Z)

where J;l(z) =2z—+/z—1y/2z+1is a pre-image of the Joukowsky transform
= (z4+271)/2.
A nice consequence of this is the following beautiful formula for evaluating
on the interval [—1,1]:

L[ In ](:C):—nC++C )[V1—02Upi](x

V1—02
—%H[\/ 1—- <>2Un_1] (x)

T, (x) .

For the n =0 case we have
L[(1—6*)7Y?)(x) = —log2.
Putting everything together, we arrive at'!

—log?2

LOA-)V2r=T ~1/2

Finally, we find that the relationship DL = H translates to
HLA -} V2T =DL(1—o?) V2T =DTLr =UDY Ly =UHY.

Extension to other Jacobi polynomials is straightforward, though the n =
0 case often involves hypergeometric functions:

20tBH1B (41,84 1) {log(z )

T
a+1 2 1.1.aa+2 2
J3 s Ly .
+a+ﬁ+2<z1)3 2( 2,a+[+3 ’12)}’

which comes from integrating the Cauchy transforms of the Jacobi weight,

Liw(®P)(2) = (7.6)

I Note that Ly should not be confused with the lowering operators, e.g. LY, used before.
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and where B is the Beta function (Olver et al. 2010, §5.12). This integration
essentially follows from

e T b

1,1,b+1
2.ct1 7))

b
zlogz—l—C~|—023Fg<

where the constant is determined by the asymptotic behaviour at infinity.

Since generalized hypergeometric functions are challenging to compute
near the branch cut, we identify this particular one with a partial derivative
with respect to a parameter of a Gaussian hypergeometric function. To-
gether with forward-mode automatic differentiation, this avoids numerical
difficulties near the branch cut:

20T IB(a+1,8+1
= (at1,8+ ){log(z—l)
0 via+l 2

T
_auzFI< a+pB+2 ’1—z> VO}'

This formula is the result of taking the limit as a — 0 below and using
Olver et al. (2010, §15.5.3) and 'Hopital’s rule:

lim za12F1< a—l—cl,b ;z> dz

a—0

1
= lim{z“2F1< a,b ;z) —1}+C
a—0a C
0

+C

£Hw(“’6) (2)

+C.

7.4. Ultraspherical spectral methods for singular integral operators

There is a natural way of discretizing singular integral operators using sparse
matrices (Slevinsky and Olver 2017). On a single interval this involves using
the following quasimatrix relationships:

H(1—o) V2T =UHY and L(1—0*) V2T =TLy.

Note that this also gives a way of calculating hyper-singular integrals. For
example,

DH(1—o*) 2T =CcPDP HY.
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7.4.1. Example: the potential field of a metal sheet
As a simple example, consider the solution of the following Laplace equation,
where z = x +iy:

(1) vgg +vyy =0 for z ¢ [—1,1]U {ie},

(2) v(z,y) =log|z —ie| + O(1) as z — e,

(3) v(x,y) =0(1) as z — oo, and

(4) v(z,0) =k for —1 <z < 1, where & is an unknown constant.

This equation models the potential field of a unit charge located at ie with
a metal sheet that has no net charge placed on [—1,1]. As an ansatz for v,
we write

v(2z) = Lu(z) +1og |z —iel,

which reduces the problem to one involving the following singular integral
equation:

b
v(x,0) = Lu(z) =k —loglz—ie], —1l<z<]1, / u(z) =0.

By writing v = T'u, this becomes an almost diagonal linear system

<—(‘)30 ‘2(1) <Z> - (}1)’ (7.7)

where —log|z —ie| = T'(x)f.. Analyticity ensures that f, has N =
O(1/¢) coefficients above a prescribed tolerance, which can be calculated in
O(NlogN) time, using the Chebyshev transform described in Section 4.1.
The coefficients u are then determined by solving (7.7), which costs O(N)
operations. Finally, we can evaluate v(x,y) pointwise using the expressions
involving the Cauchy transform, which in turn is achieved via the recurrence
relationship. We demonstrate this example in Figure 7.2, which depicts the
solution with e = 0.1 and shows the number of coefficients needed to resolve
the solution for different choices of ¢, demonstrating the necessity of fast
algorithms.

7.4.2. Other kernels

This framework also supports more general kernels such as those arising
in elliptic PDEs, with the Helmholtz equation being the canonical case.
In this setting, we are guaranteed that the kernel can be written as

(z,y)
y

K
Ky(zy)logla —y|+ === + Ks(x,y),

where integration against this kernel is understood in the principal value
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Figure 7.2. The solution to the Laplace equation with a single point source at
0.21 as described in Section 7.4.1 (a), and the coefficients of the solution for e =

0.1,0.01,0.001 (b). This figure demonstrates the benefits of an O(N) algorithm
when the forcing term is challenging to resolve.
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sense. At this point, we approximate K, by a low-rank function approxim-
ation

.
vy) =Y al (@b (y), m=1,23,
j=1

where, for simplicity, we assume that the rank, r, does not depend on m.
A low-rank approximation of K,, can be computed using a singular value
decomposition or other low-rank techniques for functions (Townsend and
Trefethen 2013). Setting u = T'u, we have the following expression for Kj:

[ blT

ﬁdy Za @

=T(z)> aj(Xr)Lrbj(X7),
j=1

where Xr is again the multiplication-by-z operator corresponding to the
Chebyshev polynomials T'. The other kernels are handled similarly, leading
to the discretization

UZ [REaj(X1)Lrbj(Xr) + a3 (Xy)HE by (X1) + 0l (Xp)eo Srbi (Xr)).

The bandwidth of the discretization depends on the polynomial degree of
aj" and b3 for m=1,2,3. If '™ and by for m = 1,2,3 are all of degree <d,
then the number of sub/super-diagonals is precisely d.

7.4.3. Example: Helmholtz on an interval

In Figure 7.3(a) we demonstrate an acoustic scattering analogue of the ex-
ample presented in Section 7.4.1, now with a large number of point scatterers
on a Bernstein ellipse surrounding [—1,1]. That is, we wish to solve

Vg +0yy + K20 =0 for z ¢ [-1,1JUT,

where I'c consists of the set of point sources on the Bernstein ellipse. An
increasing number of coefficients are needed to resolve the solution as the
point sources approach the interval, but the resulting banded system can be
solved in O(N) complexity. This example originally appeared in Slevinsky
and Olver (2017), which also includes timings showing the O(N) complexity,
where N is the total degrees of freedom needed to resolve the solution.

7.5. Multiple segments

So far we have described a systematic approach to solving singular integral
equations on [—1,1] with a similar construction being viable on the unit
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Figure 7.3. Acoustic scattering off an interval with many nearby point scatterers
(a) and off a metal sheet model of Great Britain (b). Figure reproduced from
Slevinsky and Olver (2017) with permission. Copyright (C) 2017 Elsevier.
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circle with Laurent series. Similarly, any affine transformation of a line-
segment embedded in R? (or equivalently in C) is straightforward. To solve
SIEs posed on multiple intervals/circles, we discretize them in a block-wise

manner.
As a simple example, suppose we want to solve Laplace’s equation on the
complement of two intervals I'_j := [-2, — 1] and T'; := [1,2] and determine

an expansion of the solution in the form
@ S ur(1— (22 +3)2) "1 (22 +3) —1<a< -2
w(x) =
S (1= (20 —3)%) 12T (22 -3) 1<az<2.

Define T_j(z) := T(2x +3) and Ti(x) := T(2x —3) to be the
mapped Chebyshev polynomials with corresponding weights w_j(x) =
(1—(22+3)%)~Y2 and wy(x) = (1 — (22 — 3)?)~/2. Using a block-wise ver-
sion of the quasimatrix notation, we want to solve

Lry  Lrr_,) (waT u1) _ (Taf
‘Cl—‘,l |F1 EFl wlTl ui Tlfl '

As log|z —y| is a Hilbert—Schmidt operator when y € I'_1 and = € I'y, it is
clear we have

T
Lr_|rywaT-1=T1Ly" ,

where L?_l is a compact operator in appropriate spaces (in fact, any al-
gebraically decaying space). Thus we can effectively approximate it by a
finite-dimensional matrix Lgl_l’ m- Lhe entries can be calculated via a variety
of means such as a tensor product constructors or exploiting the recurrence
relationship. Here we use the following approximation:

Lr .  Lrr,\ [w=1T-y

Lr_,lr,  Lr, w1 T

_ (T Ly, Ly
Ti)\L}, Lp

~ T, Ly 1 L%_,in
Tl L;i 1,mM LTI '

The resulting approximation is a finite-dimensional perturbation of a block-
diagonal system, and therefore requires only O(N) operations to solve if the
right-hand side has N non-zero entries.

The extension to many intervals is also possible. As an example, Fig-
ure 7.3(b) shows the acoustic scattering off many metal wires. Note that
the complexity does depend on the geometry: the closer the intervals are to
each other the larger m must be, and the total perturbation from diagonal
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typically grows with the number of intervals. Hierarchical matrix methods
may provide an attractive way around this issue.

7.6. Other geometries

It is also possible to calculate Cauchy transforms over smooth arcs by ap-
proximating them using a degree d polynomial map p: [—1,1] — I, which is
one-to-one. By using an explicit change-of-variable formula found in Olver
(2012) and Trogdon and Olver (2016), we have

Crf(z ZC[ Llfopl(p;H(2)),

where pl_l(z),...,pgl(z) are the d pre-images of p. That is, p(pj_l(z)) =z.
This leads to an expression

Hrf(s) =H—1,y[f oDl (p~"(s)) + compact,

where p~!: T' — [~1,1]. This shows that the ultraspherical spectral method
for SIEs extends naturally to the mapped basis T op~!:

Hr(Top™ )= (Uop 1 [HY 4 compact).

The log kernel can be handled similarly using the expression'?

rf(s Zﬁ[lu{fop)!p!}(pj )+logM/Ffds,

where p(z) = M2¢+ O(2%1). What remains unclear is how to handle
geometries with corners.

7.7. Fractional differential equations

Orthogonal polynomials have nice recurrence relationships for fractional de-
rivatives, which have been used in the construction of collocation schemes
(Zayernouri and Karniadakis 2014, Chen, Shen and Wang 2016), achiev-
ing spectral accuracy when the solution is smooth. Hale and Olver (2018)
considered equations involving one-sided fractional integral operators and
fractional differential equations of Riemann-Liouville or Caputo type of

12 This expression has not appeared before, but follows from Plemelj’s theorem on a
related expression for Lr. The subject of branch cuts is delicate, however, so we
present the formula without the proof.
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rational order. This has the interesting feature of considering an expansion
in multiple types of singularities at the same time; for example, the solution
looks like

u(z) = f(z)+ Vrg(w),

where f and g are smooth, and the approximation is achieved using suitably
chosen orthogonal expansion bases. Extensions to fractional Laplacians
also appear to be feasible. For brevity we refer the readers to the existing
publications, but please stay tuned to new publications as this is evolving
rapidly.

On the sphere, fractional differential operators have representations in
terms of spherical harmonic expansions, which have been successfully used in
combination with fast spherical harmonic transforms (Slevinsky, Montanelli
and Du 2018) to compute solutions to fractional evolution equations.

8. Conclusions

Despite over a hundred years of research, there are many directions for
future work on OPs.

(1) Semiclassical orthogonal polynomials. These are becoming increasingly
of interest in applications to frames (Huybrechs 2010), computations
on geometries defined by quadratic curves (Olver and Xu 20195, Olver
and Xu 20200, Olver and Xu 2020¢) including solving PDEs on light
cones (Olver and Xu 2019a) and disk slices and trapeziums (Snowball
and Olver 2020). We anticipate that semiclassical OPs will become
increasingly important in applications involving non-standard geomet-
ries.

(2) Multivariate orthogonal polynomials that are not constructed by tensor-
ization or by Koornwinder’s method (which implies they are separable
in some coordinate system). This makes transforms much more ex-
pensive as even direct non-separable transforms in d dimensions cost
O(N?%) for N? degrees of freedom. With separability in all d dimen-
sions, the direct cost is only O(N¥+1).

(3) Full hp-adaptivity in spectral element methods. For small p, effective h
adaptivity is prevalent and effective (Karniadakis and Sherwin 2013).
In this review we have focused on large p, where sparsity in the dis-
cretization lends itself to effective p-adaptive schemes. What remains
open is how to synthesize the two regimes effectively.

(4) FEigenproblems with continuous spectra. Orthogonal polynomials sim-
ultaneously solve differential eigenvalue problems with discrete spectra
and are eigenfunctions of Jacobi operators with continuous spectra.
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This hints at the possibility of their use in solving differential equa-
tions with continuous spectra without discretizing the spectrum itself.
Promising work along this avenue includes that of Webb (2017).

(5) Spectral methods for non-local analogues of calculus operators (Du,
Gunzburger, Lehoucq and Zhou 2012, Du, Gunzburger, Lehoucq and
Zhou 2013).

A. Classical orthogonal polynomial recurrencerelationships
A.1. Jacobi

The results in this appendix hold when a,8 > —1. Throughout this ap-
pendix, ‘DLMEF’ refers to the NIST Handbook of Mathematical Functions
(Olver, Lozier, Boisvert and Clark 2010).

Proposition A.1 (mass matrix (DLMF, Table 18.3.1)). We have
(PO (1—2)*(1+2) PP = M, ),
where M, g) is the diagonal matrix satisfying

Fn+a+1)I(n+p+1)
2n+a+ B8+ (n+a+B+1)n!

(M(a,5))mn = 20F0F1

Proposition A.2 (reflection). For the reflection operator

Rf(x):= f(=x),

we have

RPB) — p(Ba) )

P

Proposition A.3 (conversion (DLMF, 18.9.5)). For Jacobi polynomi-
als the conversion is given by

1 14+

a+p+3
at+pB+2 24a
plap) — plap+l) a+B+3  a+B+5

at+B+3 3+o
a+B+5  at+p+T

(@, B+1)
L)
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We also have

(,8) _ plat+1,8) (a,B+1)
P =P EIQ%B) >,

(0t 1,8)
Ria,p)

(atk, B+7)
, R
for integers k,j > 0 can be defined by composing conversions together; for

example,

where ¥ was defined in Proposition A.2. The conversion operator

(a+k,B+j) . platk,B+)) (a+k,B+1) p(a+k,B) (a+1,8)
Riapy = Rarkpriony  Rlaths) Lath-1,8" s -

Proposition A.4 (weighted conversion (DLMF, 18.9.5)). For Jacobi
polynomials the weighted conversion is given by

2842
a+p+2
2 4428
a+B+2  a+B+4
B+ _ pla, 1 6428
(1+z) P> = plf) atBFd  atpB+6

6 8423
at+pB+6  a+p+8

(@ 5)
Liarg+1)

We also have

(0, 8+1)

(@)
Lia't1,p)

(1—z)Pletlh) — plebppef) 5
————

(a,b)
(a+k,b+j
defined by composing weighted conversions together; for example,

The weighted conversion operator L ) for integers k,7 > 0 can be

(CM,B) P (O‘)B) (a—"_k_l)ﬁ) (Ot—'rk,ﬁ) (Oé+k,ﬁ+_]—1)
Liarpry) = Lahig Lotk Llathsr) " Liatk sy

Proposition A.5 (differentiation (DLMF, 18.9.15)). For the derivat-
ive operator
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we have
atf+2
0 2

a+pB+3
2

pp@h) — platl,f+l)
a+p+4
2

(a+1,8+1)
D(a,8)

Proposition A.6 (weighted differentiation (DLMF, 18.9.16)). The
weighted differentiation operator is given by

0
—2
D(l . x)a+1(1 +$)5+1P(O{+1,ﬁ+1) — P(Oé,ﬁ) 4

o
L
Proposition A.7 (one-sided weighted differentiation.). The one-
sided weighted differentiation operators are given by

a+1

o+2
D(1— x)a+1p(0¢+1w3) =(1— x)ap(a,ﬁ—&-l) at3 ,

(@, B+1)
WR,(a+1,8)

f+1

B+2
D(1+ )T PAH) = (1 4 2)f pleB+D) B+3

(a+1,8)
WL,(a,B«l»l)

Proof. Equivalent to (DLMF, 15.5.4, 15.5.6), as outlined in Olver, Town-
send and Vasil (2020). O

A.2. Ultraspherical
The results in this section hold when A > 0.

Proposition A.8 (mass matrix (DLMF, Table 18.3.1)). We have
(C()\))T(l —$2)>\_1/20(>\) — M()\),
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where My is the diagonal matrix satisfying

(M) 217221 (n 4 2))
A /nn =

(n+MT'(N)2n!
Proposition A.9 (conversion (DLMF, 18.9.7)). We have
A
A _ oO+1 + +
C =i I O
2+ 5+
ROHD)

N
for the conversion between ultraspherical polynomials. By composing con-

. Mm) _ p(A+m)  p(A+1)
versions, we have R(A) = R()\eril) R()\) .

Proposition A.10 (weighted conversion (DLMF, 18.9.8)). We have

A1) _ )N
(1-2?)CMD = cVL Y,

for the weighted conversion between ultraspherical polynomials, where the
(M)

(1) A€ determined by the recurrence

entries of L

AIAn+A+1)(1—22) O (z)
— —(n+D)(n+2)CY, (@) + (n+2)) (n+ 22+ 1)CW (2).

N g Oeme)

By composing weighted conversions, we have L( m) = LOGny  Logm)

Proposition A.11 (differentiation (DLMF, 18.9.19)). For the deriv-
ative operator D, we have

0 2X\
2\
DCN = o+ 2\
O
(A+m) _ ~(A+m) (A+1)
We also use D(A) = D(,\er,l) . "D()\) .

A.83. Chebyshev
Proposition A.12 (mass matrix (DLMF, Table 18.3.1)). We have

T (1-2?)"V2T =My, U'T(1-2%)"Y2U = My,
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where M7 and My are diagonal matrices satisfying

(Mr)oo=m, (Mr)pn=1/2, n>0,

(My)pn=m/2, n>0.

Combining the conversion between Jacobi and Chebyshev /ultraspherical
polynomials, we have the following.
Proposition A.13 (conversion (DLMF, 18.9.9, 18.9.11)). We have
1 0 -1/2
12 0 -1/2

T=vU /2 0 —1/2
RY
1 1/2
1/2 1/2
- 1/2 1/2
Ry

We also use R((J’\) = Rgi)) and Rgr/\) = R%}\)R%.

Proposition A.14 (weighted conversion (DLMF, 18.9.10)). For the
weighted conversion between Chebyshev polynomials we have

1/2
1-a)U =T —f/z 1(/)2 1/2
L
We also have LEJ)\) = Lg)) and L(TA) = LEL%\).

Proposition A.15 (differentiation (DLMF, 18.9.21)). The differenti-
ation operator between Chebyshev polynomials is given by

01

DT =U
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We also have Dg‘) = Dgi‘)) and D(T)‘) = D(U/\)DTQ.

Proposition A.16 (weighted differentiation (DLMF, 18.9.22)).
The weighted differentiation operator for Chebyshev polynomials is given by

0
-1

1
DV1—22U = T -2
V1—2a2 _3

T
WU

We also have Wg) = W((;)) and Wg\) = W{}F Wg).

Proposition A.17 (integration). Let Q denote the indefinite integra-
tion operator normalized so that the zeroth Chebyshev coefficient vanishes.

That is,
1
_ (Qf) () .
DQ =1, /1 mdx—o.

Then we have

1 0 —1/2

/T:T /4 0 —1/4
1/6 0 —1/6

Qr
Proof. This follows from the relation
QT Qr =UDYQr,
and observing that Dg Qr= R%. U

A.4. Laguerre

We use a tilde above operators for Laguerre polynomials to avoid confu-
sion with ultraspherical polynomials. The results in this section hold when
a>—1.

Proposition A.18 (mass matrix (DLMF, Table 18.3.1)). We have
(L) Tz e @ [(@) = M(

a)s
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where M(a) is the diagonal matrix satisfying

~ IF'n4+a+1)
(W = 2FOHL),

Proposition A.19 (conversion). We have

~(at1)
Biay

for the conversion operator between Laguerre polynomials. We also have
Rplatm) _ platm) - platl)

() 7 Hatm-1) (o)~
Proposition A.20 (weighted conversion). For the weighted conversion
operator we have

a+1
1 a+2
(a+1) _ ()
zL =L -2 a-+3
ngll)
7 () _ (@) 7 (at+m—1)
We also have L(a+m) = L(a+1) .- -L(a+m)

Proposition A.21 (differentiation (DLMF, 18.9.23)). The differenti-
ation operator for Laguerre is given by

= (a+1)
Diay
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Proposition A.22 (weighted differentiation (DLMF, 18.9.24)).
The weighted differentiation operator for Laguerre is given by
0
1
Dypatl esz(oz+1) — %% L(a) 2

A.5. Hermite

Proposition A.23 (mass matrix (DLMF, Table 18.3.1)). We have
HT e ™ H = My,

where M is the diagonal matrix satisfying (Mp)n,n = /72" nl.

Proposition A.24 (differentiation (DLMF, 18.9.25)). The differenti-
ation operator for Hermite is given by

0 2

DH=H

Dy

Proposition A.25 (weighted differentiation (DLMF, 18.9.26)).
The weighted differentiation operator for Hermite is given by

0

A.6. Associated Legendre polynomials

The associated Legendre polynomials satisfy the relationship
Bl (@) = (1/2)m(-2)" (1 = 2*)" 2O ) (@)

or, in quasimatrix notation, we have

P — (1/2)m(_2)m(1 _x2)m/2c(m+1/2)‘
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We thus inherit the recurrence relationships from the ultraspherical poly-
nomials; for example,

(P™)TP™ = (1/2)7,(=2)*" M(p1/2),

M
zP™ :PmX(m+1/2). (Al)

B. Multivariate orthogonal polynomial and their recurrence
relationships

B.1. Jacobi polynomials on the triangle
Here, we outline the recurrence relationships for
b, 2k4btet 1, b [ 2y
P4 (g,y) = PR (95 1)(1 - 2)P Pl <1_x - 1>,

which are derived by Xu (2017) and Olver et al. (2020). Here, a,b,c > —1
and 0 <k <n. We define z:=1—x—y and

9. _0 9
dz " Oy 0Ox’

Proposition B.1 (mass matrix (Dunkl and Xu 2014)). We have
(P(a,b,c))Txaybch(a,b,c) _ M(a b.o)s

where M, ) is a diagonal matrix whose diagonal is a block-vector. The

kth entry of the nth block is given by

1
m(M(2k+b+c+1,a))nfk,nfk(M(g,b))k,k

T(n+k+b+c+2)T(n—k+a+D)D(k+b+1)T(k+c+1)
@Cn+a+b+c+2)(2k+b+c+1)I(n+k+a+b+c+2)T(k+b+c+1)(n—k)k!’

Corollary B.2 (Olver et al. 2020, Corollary 1). The following recur-
rence relations for the partial derivatives hold:

0 (a,b,c)
2k +b 1)—P%"
(2k+btetl)o Py

=n+k+a+tb+c+2)(k+b+c+ 1)PT(L‘1JL1;€b,c+1)
+(k+b)(n+kj+b+c+ 1)P7(Lti411];b_,cl+1)’

0 (a,b,c)

y )

n—1,k—1

https://doi.org/10.1017/50962492920000045 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492920000045

678 S. OLVER, R. M. SLEVINSKY AND A. TOWNSEND

0 (a,b,c)
2k+b+c+1)—P "
( ¢ )82 nk

=—(n+k+at+b+c+2)(k+b+c+1)

n—1,k

a+1,b+1,c
+(k+e)(n+k+b+c+ 1)P7§_L,€_1 ).

They give the entries of sparse matrices satisfying

axP(a,b,c) _ P(a+1,b,c+1)D(a+l,b,c+1)

z,(a,b,c)

9. plabo) _ platlbetl) plabtletl)
y =

y? (a7 b7 C)

9. plabe) — platlbtle) platlbtle)
. =

Z? (a7b7c)

Each matrix is block-super-diagonal with diagonal (

bidiagonal (Dg(ca;; lb’bgﬂ) and Dia;; lb’bgl’c)) blocks.

Corollary B.3 (Olver et al. 2020, Corollary 2).
rence relations for the weighted partial derivatives hold:

8 a. C
—(2k+b+c+ 1)8—36(36‘13/1’26 T(l’,’cb’ ))

:x“_lybzc_l((k+c)(n—k+1)

+(k+1)(n—k+a)Pl2 507D

n+1,k+1

dy

8 a. C
(2k+b+c+ 1)£(xaybzc (,;b’ ))

n,

),

)

)

D(a,b—l—l,c—l—l)

y7 (a7 b? C)

P((H—L b+1,¢)

) or upper-

The following recur-

(a—1,b,c—1)
Pn+1,k

ﬁ(xaybzc (a’,gb,c)) _ —(k‘—l— 1)xayb—lzc—lp(a,b—1vc—1)
n, ’

n+1,k+1

= 2%l (k4 b) (n— k + 1) P )

—(k+1)(n—k+a) P00,

n+1,k+1

They give the entries of sparse matrices satisfying

a+1, b _c+1l plat+lbetl) _ a, b cplabc)prr(abc)
0, x Ty’ 2T P =a%2P W:c,(a+1,b,c+1)’

3yxayb+lzc+lp(a,b+1,c+1) _ xabecP(a,b,c)W(

Y,

a,b,c)

(a,b+1,c+1)

a+1, b+1 _cpla+1,b+1,¢) _ ,.a, b cp(abc)prr(abe)
0,z Yy T P =z’ 2P Wz,(a+1,b+1,c)'

Each matrix is block-sub-diagonal with diagonal (W

bidiagonal (W(a’b’c) and W (%> ) blocks.

z,(a+1,b,c+1) z,(a+1,b+1,c)
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Corollary B.4 (Olver et al. 2020, Corollary 3). The following recur-
rence relations for conversions hold:
(a,b,¢)
(2n+a+b+c+2)P,;
—_— ( +17b7 )
=(n+k+tatbtct2)P "

+(n+k+b+ct1)PL),

2n+a+b+c+2)2k+b+c+ 1)p£fb’;b,0)
=n+k+a+b+c+2)(k+b+c+ 1)P£%b+1,c)
—(n—k+a)(k+b+c+1)PebHhd
+(k+)(n+k+b+ct1)POTY
—(k+e)(n—k+1) PG,
2n+a+b+c+2)2k+b+c+ 1)Pfgjlfcb’0)
= (n+k+a+btct2)(k+b+ct 1RGN
—(n—k+a)(k+b+c+ )P0
— (k+b)(n+k+b+ct1)POY
+(k+b)(n—k+1)PGY.

They give the entries of sparse matrices satisfying

plabe) _ platlbe) platlbe)

(a,b,c)
P(a,b,c) — P(a,b—&—l,c)REa,ZJr)l,c),
plabe) _ P(a,b,c—i—l)REa,Z,C;—l).

Each matrix is block-upper-bidiagonal with diagonal (REZngc)b ’C)) or upper-

bidiagonal (Rgzgt)l ) and REZ’?’SF 1)) blocks.

Corollary B.5 (Olver et al. 2020, Corollary 4). The following recur-
rence relations for lowering operators hold:

(a,b,c)
(2n+a+b+c+2)zP,

= (n—k+a)P ")+ (n—k+1) PN,
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(2k+b+c+1)(2n+a+b+c+2)yPs0

= (k+0)(n+k+b+c+1)PG

—(k+1)(n—k+a) P4

— (k+b)(n—k+1)PY

+(k+ D) (nt+k+atbtetr2)Pe e,
(2k+b+0+1)(2n+a+b+c+2)zp7gakbc)
:(k~|—c)(n—|—k+b+c+1)pr(:tkbc 1)

+ (k+1)(n—k+a) P

(abc 1)
—(k+c)in—k+1)P, 1y
—(k:+1)(n+k+a+b+c+2)P£il{Z+ll).

They give the entries of sparse matrices satisfying

pPatLbe) _ P(a,b,c)ngﬁ,lc)b o
yP@ble) — plab C)ng Zj)l o
L plabetl) _ P(a,b,c)ngzzzil_l).
Each matrix is block-lower-bidiagonal with diagonal (LEZflc,)b,c)) or lower-

bidiagonal (LEZI;J?I o and LEZ’ZELI)) blocks.

B.2. Dirichlet polynomials on the triangle

Imposing Dirichlet conditions requires a special basis, which we denote by

Q;a’kb’c), and forms the quasimatrix Q(®%9. Tt is related to negative para-

meter OPs on the triangle, which are also Sobolev OPs; see Xu (2017). We
define P(x) = P(2x —1) to be the shifted Legendre polynomials (Legendre

polynomials transplanted onto [0,1].)

Definition B.6. The following polynomials vanish at = = 0 apart from
when k£ =n:

QU (z,y) = 2P0V (2yy), 0<k<n—1,
Q(l ,0,0) (a: y) Pn,n(xay)‘

The following polynomials vanish at y = 0 apart from when k& = 0:
0,1,0 5
Qo () = PO ),
QU0 ) 1=y PO (), 1<k
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The following polynomials vanish at z =0 (i.e. y =1 —z) apart from when
k=0:

QY (x,y) = B0 (x),

Qflo’ko’l)(x,y) : Zpéo ? i) [(y), 1<k<n.

The following polynomials vanish at x = 0 and y = 0 apart from when

k=0n:
Qb () =1,
1,1,0 ~ (0.1
QS’Z,O )(l’,y) = xpr,(l_l) (.’L‘),
in,’kl’()) (x,y) = Pé&;:g) 1(1‘,3/), 1<k<n-— 1,

QU (y) =y P ().

The following polynomials vanish at z =0 and z = 0 apart from when

k=0,n:
b0 @) =1,
Quy(ay) =B (@),
Qq(i’ko’l)(a:,y) = szqul_gllﬂ)_l( ), 1<k<n-1,
QU (ay) = =2P20) ().
The following polynomials vanish at y = 0 and z = 0 apart from when
kE=0,1:
Qo (@) =1,
Qs @y) i= (1= 0) Pa-ro(@y) = (1 - 2) P (@),
Qi (@y) = (1 =2 =29 Prcro(ay) = (12— 2) 1Y (@),
Qg’]}cl’l)(:c,y) sz(O’;’llc) o(zyy), 2<k<n.
The following polynomials vanish at © =0, y =0 and z =0 apart from when
k=0,1, and n:
Qi (@) =1,
Qi (@y) =12,
QM (@) =1-z -2,
Quy V(@) = 2(l-2) P (ay) = 2(1—2) Py (o),
Qui () = 2(l—z ) P50 (wy) = 2(1 -z~ 2) P2 (),
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1,11 ,1,1
Q;»k )(ﬁ,y) = xyZPr(L Bk) 2(1'73/), 2§k§n—17

QU () ==y P ) ().

Proposition B.7 (conversion (Olver et al. 2019, Corollary C.1-3)).
The following recurrence relationships hold:

507 (@) = Poo(@y),

(z, )
(n+1)Q Q40 (2.y) = (n— k) [P (2,y) + Pa1i(2.9));
QU (2,y) = Pon(z,y),

2n+1)QC " (z,y) =
@2n+1)Q% (x,y) =

(n+1)Pyo(2,y) —nPo-1,0(2,y),
(n+k+1)Pyi(z,y) — (n—k+1) Py p—1(2,y)
—(n—k)Po1,x(z,y) + (n+k)Po1p-1(z,y),
@2n+1)QY" (2.y) = (n+1) Py o(2,y) — nPa0(z.y),
@n+1)QUM (2,y) = —(n+k+1)Pos(a,y) — (n—k+1)Poj1(z,y)
+ (= k) Pac (@) + (04 B) P 1 (2,),
Q5 (@) = QU (z.),
20Q 0" (2,y) = (n+1)Q\ Y (2,y) —n Q5 (2.y),
Q3 () = (n+ k+1)QUY (2.y) — (n—k)QLEY (2.y)
+(k=n)QL ) (@ y) + (n+ k- 1)QLY (),
200500 () = Q100 () — QL) (1) + QLY (2,y),
2Q (1,1,0) ( (0,1,0)<m y) +Qn0,11,% (:U y)
%@“m% > (n— k) [QV ) (2,) + QL (@),
QL0 (2,y) = QUL (a,y),
SV (@y) = Q" (xy),
20Q' 5 (2,9) = (n+ Q'Y (2,9) —n QG (2.9,
Q0 (x,y) = —(n+k+1)Q ) (@,y) — (n - B)QY) (2,)
+(n—k)Q ) (@) + (n+ k- 1QUGY_ (2y),
20150V (2,y) = QL (2,y) — QU () + QG0 (2.),
2Qn1,’oo’1 (z,y) = Q(O " () + QY 0110 (z,9),
20Q 0 (@,y) = (n— k) [QUY (@) + Q5 ) (2.w)],
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205 (@) = = Q" (w.p) + Q50 (@),

2nQU ) () = —2(n+ 1)QV (2,y) — Q' (2,y)
+2(n—1)QYYY (2,y) +nQP LY (x,y),

2n(2k — 1)Q' Y (2,y)
= (k=) (n+k)QY " (w.y) — (k—1)(n—k+1)Q\ (z.y)
+ (k= 1)(n—k)QL V(@ y) + (k- D(n+k—1)QL) (2y),

205 (2.y) = —QVyV(x, >+Q&%ﬂ ),

2nQN" ) (2,y) = 2(n+ 1D)Q Y (wy) +nQ\ s (2.y)
—ﬂn—nQ;ij< y) = QY% (),

2n(2k —1)QV (z,y)

= (k=) (n+E)QY (@) — (k= 1)(n—k+1)Q (2.y)

1)(n—k)QY ) (@) + (k= 1)(n+k—1)QYYY) (),

( 0,1,1 ( )

( 2@&“<,w So P (),

( Q1011 D (7,y),

DO (@y) = (n—1) QY (@,y) + Q4D (z.w)]

DRV (2,y) = (n— k) [ (x,y) + QL ()],

(2,y) = Q%1 (z,y),

(,y) = Q&£1<,»

(2,y) =

(2,y) =

(1,1,1)

8

9

8

— (k-

0 3/)
Qllo b z,y)
Qlll b Y)
n

0,
(2n —
(2
QL1

1,

1,
, M
1

[E,
i
i
QiLLl
1

8

)

—2Q1" (z,y) + QY (x,),

)
)
) 20 101 ( y) + (101)(w,y)—Q(()160’1)(:c V),

Yy
Yy
z,y
z,y
2n-1)Q{ ) (@ y) (n—1) [~QUy " (@) + Q51 ()],
DR (@) =200+ 1DV (2.y) + (0= 1)QYT (w,y)
—2n—1)Q"% Y () — (n— 1R (@),

(2n—1)(2k - 1)QL" (2,)

= (n+ k) (k- 1)QV Y (2,) — (n— k) (- 1)Q\Y (2,)

— (k) (k= 1)QM% ) (@y) + (n+k—2)(k— QLYY (2.,

(
(2n
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(20~ QM (a.y)

= (n—1)[QLV (2,) — QM) (2,y) + Q1YY (2)],
(111)

(z,y) = Q%" (z,y),
“ Y (2,y) = 2@501 D () + Q5" (a,y),
(“% y) = —2Q15" (@) Q1" (e) + Qo (@),
@2n-1)Q"V (@y) = (n— 1) [-Q\ " (@y) + QLY (2,)].
@2n-1)QM" (x,y) = —2(n+ 1)QY (2y) — (n - QLY (z,y)

(2n—1)(2k—1)Q\ "V (w,y)
= —(n+E)(k—1)QV Y (@y) — (n— k) (k- 1L ()
+(n—k) (k= DML (@) + (n+k—2)(k—1)QL) (x.y),
2n—1)QN (z,y)
= (=) [-QE (@) — QU () + Q) ().

These define the conversion operators

(a,b,¢) __ (0,0,0) 5(0,0,0)
Q =P R(a,b,c) '

Proposition B.8 (derivatives (Olver et al. 2019, Corollary C.4)).
The following recurrence relationships hold:

S0 ) =0

a 0,1,1
87y 7(1 1 )(.T,y) = _2Pn—1,0($7y)7

Q(O’l’l)( y) = (1—Fk)Po_1k-1(z,y),

Q(l 0 1) (x y) = nPn—l,O(x7y)7

Q(“”)( yy="r-n
2

Q(l 0 1)( ) = _nPn—l,n—l(xay)a

Q(l . 0)( ) = _nPnfl,O(xvy)a

[(Pr—1k—1(z,y) + Po1,1(x,9)],
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0 n—k
aQS’}fLO) (z,y) = ?[Pnfl,kfl(xuy) — Po—1,6(z,9)),

0
%QS#’O) (2,y) = nPp_1,n-1(2,y).

These define the derivative operators

1,0,1) _ p(0,0,0) 5(0,0,0)
DxQ( ) — p( )Dx,(1,0,1)7

0,1,1) __ (0,0,0) 5(0,0,0)
D,Q""Y = P! )Dx,(O,l,l)’

1,1,0) _ p(0,0,0) /(0,0,0)
DZQ( ) — pl )Dz,(l,l,O)’

1,1,1) _ p(0,0,0) /5(0,0,0) 75(1,0,1)
D, QMY = P )Da:,(l,O,l)R(l,l,l)’

~ (0,0,0)
D, i,

1,1,1) _ (0,0,0) 15(0,0,0) 5(0,1,1)
D,QUNY = POSO D F VL R,
— ——

7(0,0,0)
Dy,(lyl,l)

1,1,1) __ p(0,0,0) /(0,0,0) 5(1,1,0)
D.Q""Y = P! )Da:,(l,l,O)R(l,l,l)'

~(0,0,0)
Dz,(l,l,l)

Proposition B.9 (restriction (Olver et al. 2019, Proposition B.2)).
The restriction operator to x =0 is given by

QLY (0,9) 1= PLOy),
QP Y0.y) =0, k#n.
The restriction operator to y =0 is given by

Q™ (@.0) 1= BV (a),

n,0
QP (2,0):=0, k0.
The restriction operator to z =0 is given by
QU (w1~ ) = PO (a),
Qg(’]}vo’l)(x,l —x):=0, k#0.

We denote these as
QM) (2,0) = P(20 ~ )RETY,
QU0(0,y) = P(2y— R4,
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These then give

~P =0 5(0,1,0
Q(LLI) <x70) = P(2.’L‘ - 1) R$7)1)0?R51’171; ’
—

P,z=0
LR

111 _ = Py=0 5(1,0,0)
QD (0,y) = P(2y - DRG0 R

—_————
P,y=0
Ry

~ P 2=0 ~(0,0,1
Q(l,l,l) <w71 — "1;‘) = P(2$ — 1) R(PE)’,O’l(;Rgl,l,lg .
—

P,z=0
R

C. Semiclassical orthogonal polynomials

Given a family of classical orthogonal polynomials

pn+1(x) = (Anx+Bn)pn(x) - Cnpn—l(a:)v Po(l’) = 17

the associated orthogonal polynomials are those polynomials with the same
initial conditions that use the classical recurrence coefficients with indices
offset by ¢ € N units:

Pn+1 (l‘; c) = (An—i-cx + Bn+c)pn (x; C) - Cn-i—cpn—l (x; C)'

They too satisfy a linear homogeneous differential equation (Zarzo, Ron-
veaux and Godoy 1993):

_ O_2p$lz‘v) _ 500/});;/

+[r? =210’ = 30" + (2n+4c)or’ — (4+n—n’+4c—2nc—2c*) oo |pl!

3
+ 3 277+ (2n— 2+ 4c)o’t — 270" 4 (n* —n — e+ 2nc+2¢2) o’ o"|pl,

1
= Zn(n#— 2)[(n+2c—3)a” +27'][(n+2c—1)d” + 27 |p,.

Associated orthogonal polynomials have applications through their diag-
onalization of the following Stieltjes transforms (Erdélyi et al. 1953, vol. 2,
p. 162 (6)):

1 pn+1($§0) pn—l—l(t;C)
n\L; 1)= A 7€)
pn(x;c+1) T du(t;c)/ P du(t;c)

(Generalized) co-recursive orthogonal polynomials are related to the as-
sociated orthogonal polynomials. They too satisfy fourth-order linear ho-
mogeneous differential equations, though we refer the interested reader to
Ronveaux and Marcelldn (1989) and in particular to Ronveaux, Zarzo and
Godoy (1995) for their coefficients.
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Konoplev orthogonal polynomials (Konoplev 1961) are another semiclas-
sical case that are orthogonal with respect to L?([—1,1],|z|?(1 — 2?)*dx).
They are the polynomial eigenfunctions of

{(1=a?) 2P (=D) 2" (1 —2*)* "' D]+ 8uy}u = n(n+ 20+ 7+ 1)au,

where §,, = (1—(—1)")/2. Note that there is a sign error in Konoplev (1961).
Konoplev orthogonal polynomials are an example where the weight is a
product of algebraic factors. Other examples arise when the domain is a sub-
set of [—1,1]. Tt is also possible to develop a linear differential equation with
polynomial coefficiesnts for these orthogonal polynomials (Magnus 1995).
Bochner (1929) and Krall (1938) characterized orthogonal polynomial
systems that are solutions of linear differential eigenvalue problems with
polynomial coefficients independent of the degree. Their generalized poly-
nomials are all orthogonal with respect to measures of classical orthogonal
polynomials with added Dirac distributions at the endpoints. They may
satisfy fourth, sixth or infinite-order linear differential eigenvalue problems.

D. Notation

D.1. Continuous operators

= — D = —
oz v oy’

Qu = / u(z)dx with the constant defined in Proposition A.17,

b
Hu:ljﬁ ) gy
T) 4T—1
b
Eu:/ u(t)log |t — z|dt.
™ a

D.2. Univariate
Quasimatrix notation:
plah) — (Péa,ﬁ) |P1(0"ﬂ) | )
where P{®%) () are Jacobi polynomials,
P=R|P|-)

where P, (z) are Legendre polynomials,
W=

where C,(L)‘) (x) are ultraspherical polynomials,
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T:(T0|T1 | )
where T),(z) are Chebyshev polynomials (1st kind),
U:(UO‘Ul | )
where Uy, (z) are Chebyshev polynomials (2nd kind),
P = P
normalized Jacobi polynomials,
P=pPM;?
normalized Legendre polynomials,
S
normalized ultraspherical polynomials,
T=1M;"?
normalized Chebyshev polynomials (1st kind),
U=vMm;'"?
normalized Chebyshev polynomials (1st kind),
P(a’b) =(1 _$)a/2(1 —I—{L‘)b/2P
normalized, weighted Jacobi polynomials,
é(/\) —(1 _xQ)A/2—1/4C()\)

normalized, weighted ultraspherical polynomials.

Multiplication operators:

rP(@h) — P(a’B)X(aﬂ),
zCN =CcWXx ),

xP=PXp,

T =TXrp,
2L = L(Q)X(Q),

*H=HXp.

Conversion operators:

p@B) — P(Oé+mﬁ+V)RgaE')@ﬁ+V),

) _ ~O+k) p(A+r)
c\W=C_ R(A) ,

T =URY,
L@ = glerm glots),

(a)
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Weighted conversion operators:
(1—2)5(1+ ) Pletmbty) = plep) (@b .
(1 _$2)ﬁc()\+n) _ C()‘)LE

(1-2°)U =TLY,

R LetR) — L(a)ig

a)
a+k)’

Differentiation operators:

prplah) — P(a+n,ﬁ+n)DEaEf;,ﬁ+N)7

DO — C(A+H)D8‘)+“),

DEP — C(H+1/2)D§j+1/2) — P(&H)Dgfv"“)

DT =UDY, D"T=cVDY,
DRL = L9 D),

DH = HDy.

Weighted differentiation operators:

DR(1— )™ (1 +2) P TRPLTRE) = (1) (1 +2)  POAWES)

K K K A
D (1 _$2))\+ C()\—l- ) — (1 _$2))\C(/\)W((>\j—n)’
T
Dy1-22U = Wi,
! Vi—z2 Y

K ootk —z T (a+k) _ o —z 1 ()75()
D X e L =T e L W(OH—H)’

De @H=c¢ “HWy.

One-sided weighted differentiation operators:

DF(1—2)* PPt = (1 ) PFHOW G,

D(1+2) " PP = (14a) PP e,

Singular integral operators:

T
H =UHY,
V1—22 r

H\1—22U = TH,

T
L =TLyp.
11—z

2
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D.3. Bivariate orthogonal polynomials
Quasimatrix notation:
plabed _ plab) g pled)
cHh =cWM o),
T?=T®T,
plabe) _ (po(a’bﬁc)| . )
where Pé“’b’c) (x,y) are Jacobi polynomials on the unit simplex.

Multiplication operators:

L Plabed) _ P(a,b,c,d)X(%b’C’d)’ yp(a,b,c,d) = P(a’b’c’d)y(a,b,c,d)7
M) o) ¥ An) — oAy
2CHM) =Xy L, yCHhH = COMY, .
aT? =T X7 1, yT? =T*Yr,r,
wP(a,b,c) _ P(a7bVC)X(a,b,C)7 yP(a,b,C) —_ P(%b’C)Yv(a,b,c)'

Conversion operators:

(a,b,c,d) __ pl(atr,btv,ctn,d+d) platk,b+v,c+n,d+9)
preet=p Riabca) !

M) — A OAFs, ptr) pOFEptv)

chr=c Fow™
A, A,

P(a,b,c) _ P(a—l—n,b—l—u,c—i-n)Rga—gﬁ,)b-&-y,c+q7).

Weighted conversion operators (z =1—x —y):

k, v n platrbtv,c+n) _ plab.c) 1 (abe)
"y 2" P =P L(a+n,b+u,c+77)'

Differentiation operators (D, =Dy, —D,, A= Dg% + DS);
be) +r,btv,c+ (a+K,b+v,ctk)
Dgp(a o) _ P(a K,b+v,c+K) e :

«DnP(a,b,c) _ P(a+u,b+n,c+n)D(a+l«b+H,C+H)
Y y,(a,b,c) ’

fDnP(mb,C) _ P(a-‘rﬁ,b+/§,c+y)D(a+H,b+fi,C+V)
z

Z7(a7b7c) )
Wbe) +2,b42,c+2) A (a+2,6+2,c42)
AP(a ©) —P(a ¢ )A(a,b,c) .
Weighted differentiation operators (2 =1—-2z—y, D, =Dy —D,, A =
Da%—i-D;):
7b7
waﬁyuzﬁp(a+n’b+y’c+ﬁ) = P(a’b’c)ng,a(ajL,b—&—u,c—i-ﬁ)a

/@P(a+u,b+n,c+n) — P(a,b,c) (a,b,¢)

v, K
Dy:p y < y,(a-i—u,b—&-r@,c—i—/i)’
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k, kv platerbtrctr) _ plabe)yr(abe)
D,x"y"2" P =P Wz,(a+m,b+n,c+u)’

AzyzPOLY = pALLD AL
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