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Abstract

Modified Fourier expansions present an alternative to more standard algorithms for the ap-
proximation of nonperiodic functions in bounded domains. This thesis addresses the theory
of such expansions, their effective construction and computation, and their application to the
numerical solution of partial differential equations.

As the name indicates, modified Fourier expansions are closely related to classical Fourier
series. The latter are naturally defined in the d-variate cube, and, in an analogous fashion,
we primarily study modified Fourier expansions in this domain. However, whilst Fourier
coefficients are commonly computed with the Fast Fourier Transform (FFT), we use modern
numerical quadratures instead. In contrast to the FFT, such schemes are adaptive, leading
to great potential savings in computational cost.

Standard algorithms for the approximation of nonperiodic functions in d-variate cubes
exhibit complexities that grow exponentially with dimension. The aforementioned quadra-
tures permit the design of approximations based on modified Fourier expansions that do not
possess this feature. Consequently, such schemes are increasingly effective in higher dimen-
sions. When applied to the numerical solution of boundary value problems, such savings
in computational cost impart benefits over more commonly used polynomial-based methods.
Moreover, regardless of the dimensionality of the problem, modified Fourier methods lead to
well-conditioned matrices and corresponding linear systems that can be solved cheaply with
standard iterative techniques.

The theoretical component of this thesis furnishes modified Fourier expansions with a
convergence analysis in arbitrary dimensions. In particular, we prove uniform convergence of
modified Fourier expansions under rather general conditions. Furthermore, it is known that
the notion of modified Fourier expansions can be effectively generalised, resulting in a family of
approximation bases sharing many of the features of the modified Fourier case. The purpose of
such a generalisation is to obtain both faster rates and higher degrees of convergence. Having
detailed the approximation-theoretic properties of modified Fourier expansions, we extend
this analysis to the general case and thereby verify this improvement.

A central drawback of these expansions is that their convergence rate is both fixed and
typically slow. This makes the construction of effective convergence acceleration techniques
imperative. In the final part of this thesis, we design and analyse a robust method, appli-
cable in arbitrary numbers of dimensions, for accelerating convergence of modified Fourier
expansions. When employed in the approximation of multivariate functions, this culminates
in efficient, high-order approximants comprising relatively small numbers of terms.
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Notation

General
R Set of real numbers
Z Set of integers
N Set of positive integers
No Set of non-negative integers
C Set of complex numbers
|x] Integral part of x € R
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n The quantity max{1,n} for n € Ny
In]o The quantity 71...7g for n € N4

Multivariate Notation

[d] Set of ordered tuples with entries in {1, ...,d}

0 The empty tuple

[d]* The set [d] U {0}

|t] Length (number of elements) in ¢ € [d]

t Ordered tuple with entries in {1, ..,d} and not in ¢
[t] The set of tuples u C ¢

0 For u € [t], the tuple of elements in ¢ but not in u
tNu The tuple of elements in both ¢ and u

tUu The tuple of elements in ¢ or in u

Ty Restriction of the variable x to those entries in ¢
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Chapter 1

Introduction

This thesis concerns a classical problem in numerical analysis: namely, the practical approxi-
mation of smooth, nonperiodic functions defined on bounded domains. This problem lies at
the heart of countless methods in computational mathematics, with applications ranging from
the numerical approximation of partial differential equations to the reconstruction of images
from discrete data.

Ostensibly, the approach we consider is extremely well known. Our approximation scheme
is based on expanding a function in eigenfunctions of a suitable differential operator with
prescribed boundary conditions. In particular, the majority of this thesis deals with one of the
simplest examples of such an approach: expansions in eigenfunctions of the Laplace operator
subject to either homogeneous Dirichlet or Neumann boundary conditions. Nonetheless, as
we henceforth describe, the cornerstone of the new research into this subject involves the
successful development and implementation of a number of novel numerical tools for such
expansions. The ensuing analysis requires both new techniques and generalisations of existing
results.

The expansion of univariate functions defined on compact intervals in eigenfunctions of
general linear differential operators has been the subject of a broad array of literature. There
is a well-developed theory of such expansions, including significant contributions from Birkhoff
[25, 26], who first studied the topic in its general form, and the volumes of Naimark [127] and
Dunford and Schwartz [51]. However, outside of the case of Fourier expansions (which are usu-
ally studied independently, and have spawned their own field, harmonic analysis [103, 107]),
few attempts have been made to date at performing practical computations with such eigen-
functions. The techniques introduced in this thesis, and elsewhere, bridge the gap between
existing theory and practical applications. Moreover, issues arising from practical problems
lead to generalisations in new directions, thereby complementing existing literature.

Fourier series present the most elementary example of such an approach. Their immense
success and widespread use in a myriad of practical applications, including image and signal
processing, electrical engineering and acoustics, can be attributed to several principal ingre-
dients. First, once an analytic and periodic function is expanded in this basis, the expansion
converges exponentially fast in the number of approximation terms. Second, provided N is a
highly composite integer, the first N approximation coefficients can be computed to within
exponentially small error in O (N log N) operations using the Fast Fourier Transform [37].
Third, in the context of discretisations of partial differential equations, the Fourier basis leads
to stable, well-conditioned algorithms, including diagonal matrices for constant coefficient
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problems.!

However, once periodicity is no longer present, Fourier series are far less appealing: the
error committed by the truncated expansion is O (N *1) inside the domain, and there is no
uniform convergence. The presence of O (1) oscillations near the endpoints—the celebrated
Gibbs phenomenon [83]—is a blight in many practical applications of such expansions [96].
For these reasons, the amelioration or, indeed, complete resolution of this phenomenon is an
area of continuing research [156].

In view of these shortfalls, the objective of this thesis is the study of approximation schemes
for nonperiodic functions that share many of the benefits of Fourier series (in particular,
those relating to the approximation of differential equations), whilst offering faster and, in
particular, uniform convergence. It turns out that the Fourier basis is amongst the worst (in
terms of rate of convergence) eigenfunction basis for approximating nonperiodic functions.
A minor modification, replacing the first-order differential operator by the Laplace operator
equipped with homogeneous Neumann boundary conditions, leads to uniformly convergent
eigenfunction expansions. In practice this corresponds to replacing the standard Fourier basis
on [—1, 1], given by

{cosnmz :n € No} U {sinnrz : n € N},

with a basis containing sine functions with shifted arguments:
{cosnrz :n € No} U {sin(n — $)7z : n € N}.

Such a basis, introduced in [94], forms the primary subject of this thesis. To emphasise its
proximity to classical Fourier series, we shall refer to expansions in such Laplace—Neumann
eigenfunctions as modified Fourier expansions (a term coined in [94]).

For modified Fourier expansions to enjoy any of the success of Fourier series, they must be
practical. In other words, expansions must be accompanied by numerical schemes to calculate
coefficients in a manner that mirrors the benefits of the FFT. A central tenet of this thesis is
the use of modern numerical quadratures for this task. These stem from recently developed
numerical techniques for the computation of highly oscillatory integrals. Such a strategy not
only possesses several of the virtues of the FFT, it also offers a number of crucial advantages.
Unlike the FFT, this approach is adaptive: coefficients are calculated one by one, and chang-
ing N does not require recalculation of any existing values. Moreover, any N (not necessarily
contiguous) coefficients can be calculated in O (IN) operations, without the restriction that
N be a highly composite integer. As we describe in due course, in addition to their inher-
ent benefits, such features have important consequences for the design of efficient numerical
schemes based on modified Fourier expansions. In particular, they facilitate the incorporation
of so-called hyperbolic cross indez sets [13, 158], which greatly reduce the computational cost
of constructing and evaluating approximations in multivariate domains.

Regardless of these factors, classical Fourier series are not commonly used to approximate
nonperiodic functions. Given an analytic, nonperiodic function in the unit interval, approx-
imation will more routinely be carried out by expanding in certain orthogonal polynomials.
Since the relevant coefficients can be calculated using the FFT, Chebyshev polynomials are

In fact, the expansion and subsequent truncation of the solution of a periodic partial differential equation
in its Fourier series was the first example of a spectral method for numerical solution of such problems [67]. Its
success has spawned a large area of computational mathematics based on approximating solutions of differential
equations in rapidly convergent orthogonal bases [42, 142, 159].
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most typically utilised [31], although other Jacobi polynomials, including Legendre polynomi-
als, are also employed [42, chapter 2]. Such an approach is efficient, simple to implement and
provides exponentially accurate approximations. For this reason, orthogonal polynomials are
the common starting point for many spectral methods for the discretisation of nonperiodic
partial differential equations [142].2

Rather than judging modified Fourier expansions in comparison with classical Fourier
series, their merits must be viewed in light of polynomial-based methods. However, as we
now detail, there are a number of significant instances where such expansions can be expected
to offer benefits, therefore motivating their continued study.

1.1 Rationale

A common problem in the design of numerical methods for nonperiodic partial differential
equations is as follows. Whilst spectral methods based on orthogonal polynomials possess the
great advantage of rapid convergence, they lack both the generality and adaptability of finite
element methods. Conversely, despite being versatile and adaptable, finite element methods
converge slowly. As we now describe, modified Fourier expansions offer a potential route
towards the design of approximation schemes that incorporate both these features—flexibility
and high accuracy—thus extending the range of spectral methods to a wider class of problems.

Notwithstanding, the techniques of this thesis will not typically confer significant advan-
tages over polynomial-based methods for the straightforward task of approximating nonperi-
odic functions of one variable. In spite of this, we mention in passing that Fourier or Fourier-
like series, despite their slow convergence, are also commonly used in applications lacking
periodicity (in particular, image and signal processing [96]), since Fourier data is more often
available in certain applications. A key component therein is the design of algorithms for
convergence acceleration. This topic, including the significant adaption and generalisation of
certain existing schemes to modified Fourier expansions, also forms an important constituent
of this thesis (see Section 1.2.2).

The simplest setting for modified Fourier expansions is the approximation of functions
defined on the unit interval. The d-variate cube presents the first extension of this topic.
Theoretically speaking, such generalisation is attained relatively easily by means of Cartesian
products. Indeed, multivariate Fourier series and Chebyshev polynomials are well established
in this domain. However, such approximations typically involve O (N d) coeflicients which
can be computed in, at best, O (N dog N ) operations via the FFT. These figures grow ex-
ponentially with dimension, thereby making such schemes impractical for higher-dimensional
problems (even when d = 3,4 significant effort is required to form such approximations).

Many physical problems, when formulated as mathematical models, require the approxi-
mation of higher-dimensional functions or the solution of higher-dimensional differential equa-
tions. Notably, these include applications ranging from fluid dynamics (the Navier-Stokes
equations) to quantum mechanics and computational chemistry (the Schrodinger equation)
[41]. In particular, direct modelling of a system of m interacting particles in R? in theory
involves solving equations in md variables [75].

2The term spectral method here refers to any approximation basis that delivers so-called spectral accuracy:
in other words, convergence faster than any algebraic power. Commonly, once the approximated function is
endowed with sufficient regularity (for example, analyticity), exponential convergence is witnessed [42].
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Amongst the finite elements community, there exist well-developed numerical methods
for higher-dimensional problems—so-called sparse grid finite element methods—which reduce
the aforementioned figure to just O (N (log N )d_l), or even O (N) independently of d, with-
out causing a significant deterioration in approximation quality [40, 41]. Theoretically at
least, spectral methods based on either Fourier series or orthogonal polynomials can also be
designed to reflect this feature [158]. Such approximations exploit a related tool, the aforemen-
tioned hyperbolic cross, to reduce computational cost. However, due to the non-adaptivity
of the FFT, it becomes significantly more difficult to realise such approximations as practical
schemes. Though there exist a number of non-standard variants of FFT to address this situa-
tion [18, 60], such techniques are not typically simple to implement. For these reasons, outside
of so-called sparse grid Fourier methods for periodic partial differential equations [75, 110],
few such spectral methods currently exist.

In contrast to the FFT, however, the numerical quadratures outlined previously are adap-
tive, thus allowing tools such as the hyperbolic cross to be incorporated into modified Fourier
expansions in a straightforward manner. For this reason, modified Fourier approximations
have potential application to higher-dimensional problems. In Chapter 2 we assess the theory
and construction of such approximations in d-variate cubes.

Outside of the approximation of multivariate functions, the numerical solution of boundary
value problems in two or more dimensions using modified Fourier expansions is a primary focus
of this thesis. As mentioned, the Fourier method for periodic problems is endowed with a
number of beneficial features. Due to the similarities between the Fourier and modified Fourier
bases, there is reason to expect that such features are inherited. This turns out to be the case,
making such techniques eminently suitable for these problems. Moreover, the incorporation
of the hyperbolic cross yields a method that possesses a number of advantages over standard
polynomial-based spectral methods, as we consider further in Chapter 4.

Though we shall not address the following topic in this thesis, we mention in passing that
the modified Fourier basis has also found application in another area: namely, the computation
of spectra of highly oscillatory Fredholm operators [38]. Such problems occur naturally in
a number of disciplines, including acoustic scattering, laser engineering (in particular, the
Fox—Li operator [46]) and electromagnetics. Analysis and numerical examples indicate that
the resulting method is both more effective and substantially simpler to implement than
polynomial-based approaches.

Aside from the previously discussed advantages of modified Fourier expansions, there
is at least one other significant motive for their continued study: the construction of ap-
proximation schemes in non-tensor-product domains. Both Fourier series and expansions in
Chebyshev polynomials are limited to d-variate cubes. Though orthogonal polynomials can
be constructed in, for example, triangular domains (via Koornwinder polynomials [106] and
Dubiner’s warped tensor-product construction [50]), this approach is by no means straight-
forward [42]. A particular issue herein is the determination of optimal quadrature nodes. In
recent years, there have been a number of attempts to extend classical Chebyshev polyno-
mials beyond tensor-product domains [125]. However, this results in orthogonal polynomials
defined on a deltoid, not a triangle, which presents a number of practical issues.

Conversely, Laplace eigenfunctions are known explicitly (as sums of plane waves) in a
variety of higher-dimensional simplices, including various triangles and tetrahedra [88, 95,
141]. This raises the possibility of designing multi-domain approximations based on modified
Fourier expansions in simplicial elements, therefore introducing an alternative means to tackle
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problems defined in complex geometries.

We mention this topic as an appealing direction for modified Fourier approximations.
Though a study of such expansions in the equilateral triangle has been initiated in [88], the
method remains in its infancy. In particular, we highlight the absence of a theory of conver-
gence of such expansions and the relatively unexplored generalisation to higher-dimensional
simplices. Conversely, the majority of this thesis is devoted to tensor-product domains: a
proper understanding of this scenario is naturally vital before tackling the aforementioned
case. Nevertheless, we give a more detailed exposition of such topic in Chapter 6.

1.2 Developments and extensions

Having developed modified Fourier expansions in their most basic form in the first segment
of this thesis, we pursue two extensions of this approach.

1.2.1 Birkhoff expansions

Modified Fourier expansions arise from eigenfunctions of the Laplace operator subject to ho-
mogeneous Neumann boundary conditions. It is simple to generalise this notion to Laplace
eigenfunctions corresponding to a variety of other boundary conditions. Indeed, as we detail
in Chapters 2 and 4 respectively, such generalisation is of both theoretical interest and prac-
tical use. However, a significantly more elaborate extension of this approach arises from the
consideration of suitable higher-order operators endowed with particular boundary conditions.
The purpose of such generalisation is to attain faster rates of convergence, whilst retaining
the benefits of the modified Fourier case. It transpires that a judicious choice of operator
and boundary conditions results in a one-parameter family of approximation bases [8]. As we
establish, the rates of convergence of the corresponding expansions scale with this parameter.

Chapter 3 is devoted to this topic. As we demonstrate therein, many features of the modi-
fied Fourier basis scale effectively to this setting. In particular, similar numerical quadratures
are employed to evaluate coefficients, and, in two or more dimensions, a hyperbolic cross may
be exploited to reduce the number of expansion coefficients. Furthermore, though a classi-
cal theory exists for so-called Birkhoff expansions (expansions in eigenfunctions of arbitrary
univariate differential operators) [127], it falls short of describing the case at hand. In our
analysis of convergence of such expansions, we establish a number of new results specific to
these particular approximation bases.

1.2.2 Accelerating convergence

The major shortcoming of Laplace eigenfunction expansions, or their aforementioned gener-
alisation, is that their rate of convergence is both fixed and typically slow. In view of this,
the final component of this thesis deals with the topic of accelerating convergence. It details
the design and analysis of robust methods based on such eigenfunctions possessing arbitrarily
fast rates of convergence.

A variety of techniques, readily adaptable to the modified Fourier case, exist for accelerat-
ing convergence of univariate Fourier series. Far fewer studies have addressed the multivariate
setting. Yet careful analysis of multivariate modified Fourier expansions, carried out in Chap-
ter 2, indicates how faster convergence can be attained. The purpose of Chapter 5 of this
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thesis is the generalisation of several known techniques to the d-variate cube, including pre-
viously lacking analysis. Moreover, we introduce several important improvements of existing
methods, aimed at both increasing numerical stability and lowering computational cost.

The obvious purpose of such study is to render modified Fourier approximations more
widely effective in comparison to polynomial-based methods. In Chapter 6, we give some pre-
liminary insight into the application of such approximations to the discretisation of boundary
value problems.

1.3 Existing literature

The topic of modified Fourier expansions was introduced by Iserles and Ngrsett in [94], in-
cluding quadrature routines to evaluate coefficients. Generalisations to the d-variate cube
and equilateral triangle, along with Huybrechs, were pursued in [95] and [88] respectively. An
extension to Birkhoff expansions was considered in [8] and a study of convergence acceleration
initiated in [87].

Aside from proofs of suitable versions of the Fejér and de la Vallée Poussin theorems for the
univariate modified Fourier basis [94], the aforementioned papers mainly omitted the analysis
of convergence of such expansions. This was carried out by S. Olver in [134] and the author
in [3]. Multivariate expansions in the d-variate cube were studied by the author in [5] and
convergence acceleration was addressed in [4]. As regards applications, the modified Fourier
basis was employed in [38] to discretise highly oscillatory integral operators. In [5, 3] this
basis was applied to the numerical solution of boundary value problems.

Several review papers have also been written on this topic [7, 90].

1.4 Outline of the thesis

The outline of the remainder of this thesis is as follows. In Chapter 2 we develop modified
Fourier expansions in the d-variate cube. Chapter 3 is devoted to the generalisation of this
work to certain Birkhoff expansions. The spectral discretisation of boundary value problems
is studied in Chapter 4, and in Chapter 5 we assess convergence acceleration. Finally, in
Chapter 6 we outline directions for future research.



Chapter 2

Laplace eigenfunction expansions

2.1 Introduction

The subject of this chapter is the expansion of nonperiodic functions defined on d-variate
cubes in eigenfunctions of the Laplace operator equipped with either homogeneous Dirichlet
or Neumann boundary conditions. As described in Chapter 1, Laplace-Neumann expansions
(referred to as modified Fourier expansions) confer an advantage over classical Fourier series
for the approximation of nonperiodic functions. An objective of this chapter is to confirm
such an advantage through providing convergence analysis for these expansions.

However, we shall also study the Laplace—Dirichlet case. There are several reasons for
this. First, Laplace-Neumann and Laplace—Dirichlet expansions are dual to each other in a
certain sense. Analysis of the former is reliant on an understanding of the latter, and vice versa.
Hence, a concurrent study is necessary. Second, much like the modified Fourier basis, Laplace—
Dirichlet eigenfunctions have application to the spectral discretisation of certain boundary
value problems (a topic we address in detail in Chapter 4), thus independently motivating
their study. Finally, the Laplace—Dirichlet case highlights that the analysis pursued in this
chapter is more widely applicable than some classical Fourier analysis techniques. Indeed, it
is possible to analyse a raft of Laplace eigenfunctions corresponding to a variety of different
boundary conditions with only minor modifications of the approach of this chapter. However,
for the sake of clarity, we consider only the Dirichlet and Neumann cases. An indication of
the generality of this approach is given at the end of this chapter.

The key results of this chapter are as follows:

1. Expansions in Laplace eigenfunctions are best studied in certain non-classical Sobolev
spaces: namely, so-called Sobolev spaces of dominating mixed smoothness.

2. The set of Laplace-Neumann eigenfunctions is an orthogonal basis of not just L2(£2), but
also of HL. (9), the first Sobolev space of dominating mixed smoothness. In particular,
the truncated expansion of a function f € H._ () in Laplace-Neumann eigenfunctions
converges uniformly on 2. This result holds for (almost) arbitrary index sets.

3. If the standard full index set is employed, then the pointwise error committed by the
N truncated expansion is O (N*2) in Q and O (Nfl) on 0f).

4. The coefficients fn lie on a hyperbolic cross. Hence, a hyperbolic cross index set can
be incorporated into the truncated expansion. This greatly reduces computational cost
from O (N?) when a full index set is used to just O (N(log N)4~1). Moreover, conver-

7
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gence rates only deteriorate by, at most, a logarithmic factor. A further improvement is
offered by exploiting a so-called optimized hyperbolic cross index set. In this case, the
computational cost is O (N), a figure which no longer grows with dimension. Conver-
gence rates, when measured in an appropriate norm, are not deteriorated.

5. Laplace—-Dirichlet expansions have a virtually identical theory to their Laplace-Neumann
counterparts. However, both the degree and rate of convergence are one order lower. In
particular, much like classical Fourier expansions, the truncated expansion of a function
in LaplaceDirichlet eigenfunctions does not converge uniformly on €, and suffers from
the Gibbs phenomenon.

6. Both the rate and degree of convergence of Laplace—Dirichlet and Laplace-Neumann
expansions are determined by whether the function being approximated satisfies cer-
tain derivative conditions on the boundary 0f2. If a function satisfies the first k& such
conditions then all rates of convergence increase by a factor of N2¥,

7. Both Laplace-Neumann and Laplace—Dirichlet coefficients can be calculated using com-
binations of classical and highly oscillatory quadratures. Unlike the FFT, such schemes
are adaptive (in that coefficients are calculated one by one), therefore permitting the
use of hyperbolic cross index sets.

The material in this chapter is based on the author’s papers [5, 3].

2.2 Definition and basic properties

Let Q = (—1,1) be the unit interval.! On this domain, the eigenfunctions of the Laplace
operator subject to homogeneous Dirichlet and Neumann boundary conditions are given by

Q/J([)O] = w([)l] =0, %)= cos(n— D, Yl(z) = sinnrz, neN, (2.1)

)= L ell@) =0, @) =cosnre, #(z)=sin(n—Lyme, neN, (22)

respectively. Note that, for ease of notation, we define wc[)o], wgl] and qﬁt[)l} in this manner. Aside
from the zero Neumann eigenvalue, both sets of eigenfunctions share the common eigenvalues

Y = (@92 = el = (afl)? = (n— 1)’ neN. (2.3)
Density of both sets of eigenfunctions is immediately confirmed:

Lemma 2.1. The eigenfunctions (2.1) and (2.2) form orthonormal bases of L(£2).

Proof. This is a standard result of spectral theory [2]. O

The corresponding multivariate eigenfunctions in the d-variate cube Q = (—=1,1)%, d € N,
arise precisely from Cartesian products:

!We define € in this manner for the purpose of symmetry, at the expense of having two types of eigenfunc-
tions (even and odd respectively).
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Lemma 2.2. The Laplace-Dirichlet and Laplace-Neumann eigenfunctions on = (—1,1)%
are precisely Cartesian products of univariate eigenfunctions (2.1) and (2.2) respectively.
Moreover, they form orthonormal bases of L2(Q).

Proof. Asin Lemma 2.1 it is readily verified that the sets of multivariate Laplace—Dirichlet and
Laplace-Neumann eigenfunctions form orthonormal bases of L2(Q2). Trivially, any Cartesian
product of univariate eigenfunctions is a multivariate eigenfunction. By standard arguments
(see [153, p.193]), the set of Cartesian products of eigenfunctions also forms an orthonormal
basis of L2(Q). By density and orthogonality, no other eigenfunctions are permissible. O

Ifz = (21,...,7q4) € [-1,1]%, n=(ny1,...,nqg) € NS and i = (i1, ...,iq) € {0,1}¢ we write
' . [i5] ' . [i5]
i) =[] v (@), o) =[] ons' (x;),
i=1 i=1

[ _

for the multivariate eigenfunctions. The corresponding eigenvalues are pn, = 2?21 ME;].
Suppose now that f € L2(Q2) and N € N. We define the truncated expansion of f in Laplace—
Neumann eigenfunctions by

Fnlfl(z) = Z Z fr[zl](bw(x)v z € [-1, 1]d7 (2.4)

ic{0,1}4 n€ly

where fif] is the coefficient of f corresponding to the eigenfunction ¢>5},
ﬁ=@wm:/7mﬁ%Mmiemu%neW7 (2.5)
Q

and (-, -) is the standard L2(Q2) inner product. Here Iy C N¢ is some finite index set. Usually,
Iy ={0,..., N} in the univariate setting, so that

1

N
ﬁféo] + Zfr[bo] cosnmz + fl sin(n — Dz, xe[-1,1].

n=1

Fnlfl(x)

For multivariate expansions various different choices of Iy are possible. We consider this
further in Sections 2.9 and 2.10. Suppose now that we define the finite dimensional space

Sy = span{qsz] .nely,ie {0, 1}d} . (2.6)

Then the operator Fy, as defined in (2.4), is the the orthogonal projection L%(Q2) — Sy with
respect to (+,-). Similarly, the truncated expansion of f in Laplace-Dirichlet eigenfunctions

Falfl@) = > > filfl@), zel-1,1]% (2.7)

ic{0,1}4 neln

where ﬁ[f] = (f, wlf]), is the orthogonal projection onto the space Sy spanned by the functions
" with n € Iy, i € {0,1}°.
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A I S B

Figure 2.1: Even periodic extensions of the functions f(x) = e* (left) and f(z) = ¢® — xcosh1 —
1,2
5o sinh 1.

The focus of the first part of this chapter is the convergence of Fx[f] to f in various norms.
The results we prove are essentially independent of the choice of index set I, however we
will impose the following mild conditions

LChLC..CNj, |JIv=N{ (2.8)
NeN

With this assumption to hand, we may now prove a version of Parseval’s theorem [107] for
these bases:

Theorem 2.3 (Parseval). Suppose that Sy, Fn are defined for either Laplace~Neumann or
Laplace-Dirichlet eigenfunctions. Suppose further that f € L2(Q) and that Iy satisfies (2.8).
Then, in both cases, Fn|f] is the best approximation to f from Sy in the L2(Q) norm and
lf — Fn[f]ll = 0 as N — co. Moreover, we have the characterisations

A= DO A= Y YO IR (2.9)

i€{0,1}4 neNg i€{0,1}4 neNd
Proof. Since f — Fn|[f] is orthogonal to Sy, we have

1f = &l = I1f = FnIAIP + 1PN = ¢lI* > I f = FnLAIP,

for any ¢ € Sy. Hence, Fn|[f] is the best approximation to f from the set Sy. Using Lemmas
2.1 and 2.2 we immediately deduce that ||f — Fn[f]|| = 0 as N — oo. To establish (2.9) we
first note that the result holds for any f € Sy. For f € L2(Q) we write f = Fn[f]+(f—Fn[f])
and use orthogonality and the previous result. O

2.3 Comparison to Fourier series

Both Laplace—Dirichlet and Laplace-Neumann expansions exhibit a close relation to classical
Fourier series. For example, if a univariate function f defined on [—1,1] is extended evenly
to the real line (see Figure 2.1), then its expansion in Laplace-Neumann eigenfunctions on
[—1,1] is precisely the Fourier series of the periodic extension on [—2,2] [90]. Similarly, the
Laplace—Dirichlet expansion relates to the odd extension of f.
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Despite this interpretation, an accurate study of modified Fourier expansions is best
achieved without applying known results from Fourier analysis. Moreover, the techniques
we develop in this chapter are readily transferrable to a variety of other eigenfunction expan-
sions, most of which do not share this connection to the Fourier basis (see Chapter 3 and
Section 2.11).

It is well known that the convergence rate of the Fourier expansion Fy[f] of a periodic
function f is completely governed by its smoothness. In fact, ||f—Fn[f]]|» < e¢N"~%| f]|s for all
r,s € Ny [42], where || - ||, is the r*! classical Sobolev norm. The interpretation of the Laplace—
Dirichlet and Laplace-Neumann expansions in this manner demonstrates the barrier to fast
convergence. The even extension of f suffers from ‘jumps’ in its odd derivatives at © = +1,
whereas the odd extension possesses such jumps in its even derivatives. These derivative
conditions completely determine the convergence rate of such expansions. As demonstrated
in Figure 2.1, if f has no jump in its first derivative, its even periodic extension has higher
regularity, thus guaranteeing faster convergence. We explore this issue in greater detail in the
forthcoming sections.

2.4 Derivative conditions

Unlike their Fourier counterpart, the bases of Laplace-Dirichlet or Laplace-Neumann eigen-
functions are not closed under differentiation. However, the derivative of a univariate Laplace—
Neumann eigenfunction is proportional to a Laplace—Dirichlet eigenfunction and vice-versa:

(Y = (=) il =l (Y = (1) allpll =l e {0,1}, neNy,.  (2.10)

Suppose that we write I' = 9 for the boundary of 2 and define the subset I'; of I by
={r el :xz; = %1}, j = 1,...,d. We may now generalise this observation to the
d-variate cube:

Lemma 2.4. Suppose that B = (B1,...,84) € Nd and Q = (=1,1)4. Then, if we apply the
operator DF = 8 ...853 to the set of Laplace-Neumann eigenfunctions on  we obtain,
up to scalar multzples, the set of Laplace eigenfunctions that satisfy homogeneous Neumann
boundary conditions on the faces I'; where [3; is even, and homogeneous Dirichlet boundary
conditions elsewhere. Such eigenfunctions are orthogonal and dense in L?(12).

Proof. From (2.10) it follows that

d d d
Dol = [] o) en)' = [T 1W@W@W:II D% (ans) | 8],
=1 =1 =1
where ng} is a univariate Laplace-Neumann (respectively Laplace—Dirichlet) eigenfunction
if B; is even (odd). Using identical arguments to those given in Section 2.2, we deduce

orthogonality and density of the eigenfunctions Hf[f]. O

This duality is essential to establishing the convergence of such eigenseries. It also under-
scores why a concurrent study of both sets of eigenfunctions is necessary. Moreover, as we
demonstrate in Chapter 5, such duality also has a practical usage.
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Though convergence of Fy[f] to f in the L2(2) norm is guaranteed, the rate of convergence
may be arbitrarily slow. In the sequel, we verify that this rate improves if the truncated
expansion Fy|[f] converges to f in higher-order Sobolev norms. Our goal now is to derive
conditions on the function f that ensure such convergence.

At this point, we remark that the primary consideration of this chapter will be the con-
vergence of such expansions in the uniform norm as well as various Sobolev norms with index
p = 2, i.e. the spaces H"(€2). Convergence of classical Fourier series in a variety of other
norms is the subject of a vast array of literature. We cannot hope to obtain analogous results
for modified Fourier expansions within the confines of one chapter. Needless to say, a study
of convergence in the spaces H"(2) is a natural choice in view of the primary application,
boundary value problems, addressed in this thesis.

Returning to derivative conditions, consider a univariate function f € C*°[—1,1]. Since

d)w is an eigenfunction of the univariate Laplace operator, we have

; 1 i 1 ! I\
1] :/_lf(x)@b](m) dz = _;ﬂ,ﬁ/qf(x)(%]) (x)dz, neN.

Integrating this expression by parts and applying the boundary conditions for Qﬁ%] we obtain

( )2+1 v[l 1]

el - A7)
Ja [l] I
Integrating by parts once more and iterating the result gives
; ; L i
7 = Ly 4 -y -
Hn

k— r+n+z ) _1\k ——[i]
Z { FerH (1) 4 (—1)Z+1f<2T+1>(—1)} + Qﬂ%)n , k,nmeN. (2.11)
= [Z] r+1 (/ﬁ%})k

We immediately observe that the coefficients f,[f] are O (n‘2) in general and O (n_Qk_Q)

provided f satisfies f(?**1)(+1) = 0,7 =0,...,k—1. A similar observation, which we explore
in greater detail in Section 2.7, holds regarding the coefficients of a multivariate function. If
f € C®([—1,1]%), it turns out that ﬁ[f] is O(n;?...n;?) in general and O(n] [2k=2 ..n;Qk_Q)
provided f satisfies the first k¥ Neumann derivative conditions

B =0, j=1,....d, r=0,.... k-1 (2.12)
J

Aside from giving faster decay of the coefficients, such conditions also ensure convergence
of the expansion in higher-order Sobolev norms, as we shall demonstrate. Observe that, in
particular, the eigenfunctions qﬁz} automatically satisfy all derivative conditions.

In the Dirichlet setting we obtain (by identical arguments) the following

k-1 r+n ) ( ) [i]
[Z] — {7 + (-1 =1} + ” [ﬂ)k——f f26-1) kneN.  (2.13)
7":0

In an analogous manner, we say that a function f satisfies the first k Dirichlet derivative
conditions if

M

82’“f\r 0, j=1,....,d, r=0,...,k—1. (2.14)
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Once more, this ensures convergence of the Dirichlet expansion in higher-order norms.

As discussed in the previous section, these conditions are closely associated with periodic
extensions. The standard setting for Fourier analysis arises upon introduction of the periodic
spaces HT(']I‘d), where T is the d-variate torus. Though possible, we shall not adopt a similar
approach for Laplace eigenfunction expansions.?

Nonetheless, it is of both theoretical interest and practical use to consider functions which
satisfy the first k such conditions. From the former standpoint, this governs the rate of
convergence of the approximation. For practical purposes, devices for accelerating convergence
of such approximations are typically based on interpolating the first £ derivative conditions.
For example, if this is achieved with a function g, then the new approximation to f given by
FNI[f — gk] + gr converges at a faster rate. We devote Chapter 5 to this topic.

In Lemma 2.4 we exhibited the duality of the Laplace-Dirichlet and Laplace-Neumann
bases. For functions that obey the first k£ derivative conditions, a similar duality holds for the
truncated expansion Fy[f]. We have

Lemma 2.5. Suppose that f € C®(Q), where Q = (=1,1)¢, and that f satisfies the first
k Neumann derivative conditions (2.12) for some k € No.> Suppose further that Fn|[f] is
the truncated expansion of f in Laplace—Neumann eigenfunctions. If B € Ng and |Bloo <
2k + 1, then DPFy[f] is the truncated expansion of DP f in Laplace eigenfunctions that obey
homogeneous Neumann boundary conditions in the variables x; when B; is even and Dirichlet
boundary conditions elsewhere.

Conversely, if [ satisfies the first k Dirichlet derivative conditions (2.14) for some k € N
and Fn[f] is its truncated expansion in Laplace—Dirichlet eigenfunctions then, for |B|eo < 2k,
DPFn|f] is the truncated expansion of DPf in Laplace eigenfunctions that obey homogeneous
Dirichlet boundary conditions in the variables x; when [; is even and Neumann boundary
conditions elsewhere.

Proof. Consider the coefficient ﬁ[f] Since f obeys the first k£ derivative conditions, we may
integrate by parts 3; < 2k + 1 times in each variable with vanishing boundary terms. Hence

Il E&

—1 .
5 @] [ D paofle) o

where QE} is the Laplace eigenfunction that obeys homogeneous Neumann boundary conditions
in the variables z; where 3; is even and homogeneous Dirichlet boundary conditions elsewhere.

Using this and Lemma 2.4, we obtain

D Fylf] Z Z FIDA gl (1) Z Z (Dﬁf’g[l>9[l( ),

i€{0,1}4 neln i€{0,1}4 n€ln

which gives the result for the Neumann case. The proof for Laplace—Dirichlet expansions is
virtually identical. O

2The primary reason for not doing so is that we do not want the number of derivative conditions satisfied
to be completely determined by the degree of smoothness. Such approach would not allow us to derive quasi-
optimal error estimates as readily.

3As a convention, when k = 0 we mean that the function satisfies no derivative conditions.
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We immediately note one ramification of this lemma: for equal numbers of derivative con-
ditions satisfied, the quantity D? Fy[f] is understood in terms of some orthogonal expansion
of DA f for larger values of | 3]s when Fx/[f] is the expansion of f in Neumann eigenfunctions.
In particular, if the function f satisfies no Neumann or Dirichlet conditions then D” Fy([f] is
known for ||sc < 1 in the Neumann case, but only 8 = 0 for the Dirichlet expansion. As
we next demonstrate, a consequence of this observation is uniform convergence of the expan-
sion in Laplace-Neumann eigenfunctions. Conversely, the Laplace—Dirichlet expansion suffers
from the Gibbs phenomenon.*

The result of this lemma also indicates that the classical Sobolev norms are insufficient
for a study of multivariate Laplace eigenfunction expansions. By definition, if f € H2**1(Q)
then DPf € 1L2(Q) for all |8] < 2k + 1. However, in Lemma 2.5 the quantity D®Fy[f] is
understood for not only such 3, but also any value 8 with |8|oc < 2k + 1. This warrants the
introduction of a new type of Sobolev space, a topic we now consider.

2.5 Sobolev spaces of dominating mixed smoothness

Sobolev spaces of dominating mixed smoothness are the standard setting whenever a hy-

perbolic cross index set (a device we consider in Section 2.10) or a sparse grid is employed

[41, 145, 158]. In the particular case of Laplace eigenfunction expansions, such spaces provide

a suitable framework for analysis, even for arbitrary index sets. Subsequently, we shall also

see that the associated norms are precisely those required to bound the coefficients f,[f] and

ﬂ[f Vin inverse powers of n1 . ..ng, which leads to quasi-optimal approximation error estimates.
For € Ny we define the " Sobolev space of dominating mized smoothness® by

H (Q)={f:D°fel?(Q), VBeN!:|Ble <1}, (2.15)

mix

where the derivative D? is taken in the sense of distributions, with associated norm

17 =D IDPSIP. (2.16)

18] oo <7

This space is also commonly denoted by Sg""’r)H(Q) in literature [145, 158].% Note that

H"4(Q) C H”, () C H"(R). It is readily seen that the condition f € C®(f)) in Lemma
2.5 can be replaced by f € H2A+H(Q) or f € H?! (Q) in the Neumann or Dirichlet cases
respectively, thus motivating the use of such spaces in this context.

We note in passing the following geometric interpretation: H”. (—1,1)¢ is isomorphic

to the tensor-product space H’, (—1,1)¢ = H"(~1,1) ® ... ® H"(—1,1) [85]. Though we

mix

shall not make use of this fact directly, we will repeatedly use the following result, which
follows immediately from this equivalent definition. This is the standard approximation by

smooth functions property: given f € H! . (©2) and € > 0 there exists g € C*>(2) such that
||f - g“’r‘,mix < €.

“As in [72], we interpret the Gibbs phenomenon as the issue of recovering local information (function values)
from global information (coefficients). Several manifestations of this are the slow decay of the coefficients, the
lack of uniform convergence and the presence of O (1) oscillations near the boundary.

5In the periodic setting, such spaces are isomorphic to the Korobov spaces [158].

5This space is a particular example of the spaces SJH(Q), where v = (71,...,7a4) € N& [145], with 3 =
... =74 =r. Though it is possible to study Laplace eigenfunction expansions in such setting, we shall not do
this here.
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Imbedding theorems for the spaces (2.15) are of central importance to our study. In
particular, we require imbeddings in the Hélder spaces CT’/\(Q), r e Ng, 0 < A<1 It
turns out that, unlike the classical Sobolev spaces (see, for example [2, 56]), imbeddings for
the spaces H!  (Q2) are essentially independent of the dimension d. Our first result is the
following:

Lemma 2.6. We have the continuous imbedding H'1(Q) — C"(Q) for r € Ny.

miz

To prove this lemma we require the following observation:

Lemma 2.7. Suppose that f € C°(Q). Then
Tty xt‘ﬂ _
= > / / Dy f(xy;—1)day, ... day,, = €9, (2.17)
teld)* -1 -1

where [d] is the set of ordered tuples of length at most d with entries in {1,...,d}, [d]* =
[d] U {0}, Dy = Oy, - l't‘ for t = (t1,...,ty) € [d] and (z;;—1) € Q has j™ entry ; if
j€tand —1 otherwzse

Proof. We use induction on d. For d = 1 we have f(z) = [*, f'(z)dz + f(—1), so the result
holds. Now assume that (2.17) is valid for d — 1. Then

f(a:):/_xd Op, f(z)dag+ f(x1,...,24-1,—1)

e
= [/ / / 0wy Dif(2(1,0), —1) dzy, - .. day, dag

te[d—1]*

tq )
+/ / Dif(zy, —1) day, ... dxtt]'
-1 —1

Since the set [d]* consists of elements ¢, (t,d) = (t1,...,ty,d), where t € [d — 1]*, this
expression reduces to (2.17). O

Proof of Lemma 2.6. For |B|s < r, we have DPf € HL. (Q). Hence it suffices to derive the

result for » = 0. To prove this result we first demonstrate that the inequality

[flloo < el fll1mix (2.18)

holds for all f € C*®(Q) and some positive constant ¢ independent of f. To do so, we note
that

1
flxe, —1) / / D; | f(2) x]2 dog, ... dxg,, Vi€ [d]*,
Jjét

where t € [d]* = [d]U{0} is the tuple of length d—|¢| of elements not in ¢. After an application
of Lemma 2.7, we obtain

Z/ // /'t sz_l da, day. (2.19)

ted]* ¢t
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Each integrand involves terms of the form D? f for some |§|s < 1. Hence, using the Cauchy—
Schwarz inequality and replacing suitable upper limits of integration by 1, we obtain (2.18)

for f e C*(Q).
We now proceed in the standard manner. If f € H.. (Q) then f is the limit in H:. (Q)

mix mix

of a sequence of functions belonging to C*°(Q2). Since (2.18) holds for all g € C>°((2), this
sequence converges uniformly on €2 to f € C(2). Since f = f a.e. the result follows. O

In fact, it turns out that a stronger result can also be established:

Theorem 2.8. We have the continuous imbedding H"F1(Q) — CT’%(Q) for r e Ny.

mix

Proof. Once more it is sufficient to prove this result for r = 0. In view of Lemma 2.6, we may
assume that f € C(Q). Therefore, it suffices to establish that

x J—
sup TOZIWL o)y (2.20)
RIS ‘I — y‘?
T#yY
for some positive constant ¢ independent of f, where |z| = |z1| + ...|zq| for z € R% By

standard arguments, we may assume that f € C>(£2). We have

f(x) = fly) =f(x1,...,2q) — f(y1,22,...,24)

d
+ Z(_l)J {f(y17 s Yj—1,Tg, .. 7Id) - f(ylu s Yiy L1y e ,.’Ed)}
j=2

T d . [T
:/ 8w1f($17---axd)dx1+Z(_1)]/ awjf(yl,...,yj_l,xj,...,xd)dxj.
U1 j=2 Yi

Hence, using the Cauchy—Schwarz inequality and the result of Lemma 2.6 for d — 1, we obtain

d
1 1
@) = FOI < ellflnmie Y |25 = 9312 < el fllimicle = 912

J=1

This yields (2.20). O

2.6 Convergence of Laplace eigenseries

We are now in a position to assess the convergence of Laplace-Neumann and Laplace—Dirichlet
expansions in various norms. Concerning convergence in the classical Sobolev norms, we have
the following result:

Lemma 2.9. Suppose that f € H**T1(Q), 1 = 0,1, obeys the first k € Ng Neumann derivative
conditions (2.12) and that Fn[f] is the truncated expansion of f in Laplace~Neumann eigen-
functions. Then, forr =0,...,2k + 1, Fn[f] is the best approzimation to f from Sy in the
H"(Q) norm, ||f — Fn[f]llr = 0 and we have the characterisation

d ) .
AZ= 30 ST [T [ 1F92, r=0.... 26+

i€{0,1}4 nengd ||8l<rj=1
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If f € H*H=1(Q) obeys the first k Dirichlet derivative conditions (2.14) and Fn/[f] is its
truncated expansion in Laplace—Dirichlet eigenfunctions, then Fn|[f] is the best approximation
to f in the H"(Q) norm for r =0,...,2k+1—1, ||f — Fn[flll- — 0 and

d
2= > SIS T | 1792, r=0.. 2k +1-1.

i€{0,1}d neNd | |B|<rj=1

Proof. Consider the Neumann case. By Lemma 2.5, for each |3| < 2k + 1, D8 Fy][f] is the
truncated expansion of D? f in an orthonormal basis of L%(Q). Hence, by a version of Parseval’s
theorem for such basis, we have

IDA(f = FnlDIP= > ZH alys | fli)2,

i€{0,1}4 neNd j=1
Summing over || < r now gives the result. The Dirichlet case is identical. O

Using an identical method of proof, we also obtain an analogous result for the mixed
Sobolev norms:
Lemma 2.10. Suppose that f € H2*(Q), I = 0,1, obeys the first k € Ng Neumann deriva-
tive conditions (2.12) and that Fn|[f] is the truncated expansion of f in Laplace—Neumann
eigenfunctions. Then, for r =0,...,2k + 1, Fn[f] is the best approzimation to f from Sy in
the H? . (2) norm, || f — Fn[f]llrme= — 0 and we have the characterisation

mix

1= D> >0 HML:;] AR =0, 2k L

i€{0,1}9 neNg | [Bloo<rj=1

If f € H2H=1(Q), 1 = 0,1, obeys the first k Dirichlet derivative conditions (2.14) and Fy|f]

is its truncated expansion in Laplace—Dirichlet eigenfunctions, then Fn|[f] is the best approz-
imation to f in the H]  (Q) norm forr=0,...,2k+1—1, ||f — FN[f]llr,m= — O and

miz

d ) .
2= 30 ST ST [Teh? | 1722, r=o0.....2k+1-1.

i€{0,1}4 neNd | |Bleo<rj=1

When k£ = 0, Lemmas 2.9 and 2.10 establish the convergence of the expansion Fy|f] of
a general function f that satisfies no derivative conditions. For LaplacefNeumann eigenfunc-
tions these results may be restated more succinctly: the set {qﬁl :n € Ngi € {0,119} is
an orthogonal basis of not just L2(2), but also of H'(Q) and H. (€2). The advantage of
modified Fourier expansions over both classical Fourier and Laplace—Dirichlet expansions is
now evident.

An identical method of proof to that given in Lemma 2.9 can be used to characterise

the classical and mixed Sobolev semi-norms’. For the sake of brevity we consider only the

"In fact, it is easily confirmed that such characterisations exist for any finite collection of derivatives of f.
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Neumann case:

i d
DMLY ZH ) AP,
|Bl=r i€{0,1}4 neNg | |Bl=rj=1
[ d
= S D12 = Y ST LY [T | 1f02, r=o0,....2k+1 (221)
‘/8‘00:7' ie{O,l}d nGNg _‘B|oo:7"j:1

Such characterisations, along with those given in Lemmas 2.9 and 2.10, can be greatly sim-
plified with a standard tool of Fourier analysis. We first recall the multinomial formula

(14 Fya) =) ,Hy, vy € RY r € N,
B pul. ﬁd

Using this we deduce that there are positive constants ¢; and c¢o depending only on r such
that

d
c1 (y%+...+y§)T§ Z Hyj-ﬁj < e (y%+...+y(2i)T, VyERd.
|B|=rj=1

If we now consider the subspace of functions f € HZ**(Q) that satisfy the first k& € Ny
Neumann derivative conditions, then an equivalent norm to |[|-||, on this space is given by

U= 32 57 (1+ 4 ) 12, r=o0,... 2 +1. (2.22)
i€{0,1}4 neNg
The semi-norm | - |, also has the following equivalent:
=3 Z(M) FiR r=o0,..., 2k +1.
i€{0,1}¢ neNg

In an identical manner, since there exist constants c1, co depending only on r such that

61H 1+y] Z Hyj5J<CQH l—i—y] , VyERd,

|5|oo—7'.7 1

we may attain a similar result for the mixed norms. An equivalent norm to [|-||. . on the

Tymix
subspace of functions f € H2:+(Q) that have vanishing Neumann derivative conditions is
therefore given by

(

= > ZH(HM”) FI2, =0, 26+ L. (2.23)

i€{0,1}4 neNg 7=1

Likewise, an equivalent semi-norm is given by

(frms)® = > ZH(M[’]]) P2 r=0,...,2k+1.

i€{0,1}9 neNg j=1

One immediate consequence of such norm equivalences is the following simple version of
Bernstein’s inequality:
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Corollary 2.11 (Bernstein). Suppose that ¢ € Sy, where Sy consists of either Laplace—
Dirichlet or Laplace—Neumann eigenfunctions. Then

]l < max {(1 + )2 }4],
neln

d
. < max { TT(t+ i) é}wu, reN,.

Proof. Note that ,ug] < ,uL?] for n € Ny and i € {0,1}. Since ¢ € Sy automatically satisfies all
derivative conditions, the characterisations (2.22) and (2.23) now provide the result. O

We complete this section by scrutinising the uniform convergence of Laplace eigenfunction
expansions:

Theorem 2.12. Suppose that f € H***(Q), k € Ng, I = 0,1 (I = 1 when k = 0), obeys the
first k Neumann derivative conditions (2.12) and that Fn|f] is its truncated Laplace—Neumann
expansion. Then for |Bloo < 2k +1—1, |ID?(f — FN[fD)llooc — 0 as N — oo.

If f € H2=1(Q), k € N, | = 0,1, obeys the first k Dirichlet derivative conditions

(2.14) and Fy|f] is its truncated Laplace-Dirichlet expansion, then |DP(f — Fn[f])|loc — 0
as N — oo for |Blec <2(k—1)+1.

Proof. Setting g = DA(f — Fn/[f]) in (2.18) and applying Lemma 2.10 gives the result. O

When k = 0 we surmise that the modified Fourier expansion of an arbitrary f € H.. (Q)
converges uniformly on Q. In particular, there is no apparent Gibbs phenomenon. However,
the Laplace—Dirichlet expansion—whose convergence mirrors that of a classical Fourier ex-
pansion of a nonperiodic function—does exhibit such a phenomenon, unless the function f
vanishes on the boundary.

The results of Lemmas 2.9, 2.10 and Theorem 2.12 demonstrate that, for equal number of
derivative conditions satisfied, the expansion in Laplace-Neumann eigenfunctions converges
in higher-order norms. This equates to faster convergence of the expansion, which we subse-
quently demonstrate.

No stipulations are made on the index set Iy for the results proved in this section, aside
from the mild conditions (2.8). The choice of index set determines the rate of convergence of
the expansion, which we consider in the sequel. To do so, we first need to develop bounds for
the coefficients fy", fli T[f]. This is the content of the next two sections. Such bounds will also
be used to obtain hyperbolic cross index sets in Section 2.10.

Returning to Theorem 2.12 briefly, we mention that the classical means to establish uni-
form convergence of Fourier series is by means of the Féjer and de la Vallée Poussin theorems
[107]. A similar approach can be applied for univariate modified Fourier expansions [94]. How-
ever, such techniques cannot be used in two or more dimensions unless the index set employed
is particularly simple.® Conversely, Theorem 2.12 is essentially independent of the index set.
Nonetheless, the result requires HL. () smoothness, which is slightly more regularity than
that imposed in the classical Fourier result: when d = 1, the conditions f € C(T) and f being
of bounded variation ensure uniform convergence of the Fourier series of f (see [103, p. 53]).

8Essentially it needs to be either a hypercube in N& or a sum of hypercubes.
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2.7 Asymptotic expansion of coefficients

The aim of this section is to extend the univariate expansions (2.11) and (2.13) to expansions

for the multivariate coefficients ﬂ[f Vin inverse powers of 11, ...,nq.” Such expansions not only
realise robust bounds for the coefficients, they are also used in Chapter 5 as the starting point
for constructing methods to accelerate convergence. From this point onwards, our primary
focus is the Neumann case.

To express such expansions we first need some additional notation. Given j = 1,...,d,

r; € Ng and i; € {0,1} we define B%ﬂ[f] by

Tis o i+1
(*1)74387[?],]][!}0](561, RN I I S I ,xd) = 83;:] f(:Cl, ey Lji—1, 1,Ij+1, ... ,fL’d)

+ (—1)ij+18§§j+1f($1, ey Tj—1, —1, Tjtly--- ,.%'d). (224)

For t € [d)* = [d) U{0}, rt = (re,...,7e,) € Ny and iy = (ig,, ..., iz,) € {0,1}] we define
B[“][ f] as the composition

it = st sl | [ ] ] o (2.2

with the understanding that when ¢t = 0, Byf] [f] = f. Note that the operators BE';‘ ], j et,
operators commute with each other and with differentiation in the variable 7. Finally, given
i€ {0,1}4, t € [df, r € N' | with ITt|oo < k—1 and nz = (ngl,...,ngm) € NIl we define

Al 1f]1= ’“'“H / BUD2E f] () 4 (a7) daz. (2.26)

Observe that the integral is nothing more than the Laplace-Neumann coefficient of the func-
tion B[“] [D%’g f] corresponding to indices i; and n;. Moreover, the value Akj,nf[ f] also depends
on k, d and t € [d]. However, to simplify notation we will not make this dependence explicit.

Concerning the expansion of the coefficients f}[f ], we have the following result'?:

Lemma 2.13. Suppose that f € H2* (Q), k € N, and that n € N¢. Then

mir
(rj+1)

=3 Z A TAI( '”t'H“'H( ) : (2.27)

tE[d]* |rt|oo=0 jEt

where Ai?},n{[f] is given by (2.26). Suppose further that f obeys the first k Neumann derivative
conditions (2.12). Then the only non-zero term in (2.27) corresponds tot = 0. In other words,

= A ] = kH (i) pok

9In the context of Fourier series, such an expansion is occasionally referred to as the Fourier Coefficient
Asymptotic Ezpansion (FCAE), a terminology introduced by Lyness [117, 118, 119].

10The bivariate version of this expansion is relatively well known in the context of Fourier series. See, for
example [17].
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Proof. To prove (2.27) it suffices to consider f € C*°(Q). To cover the general case we use

density, linearity and the bound \Art,nt[ 1| < cllfllokmss Yf € H2k (), for some positive
constant ¢ independent of f,nz, r; and i (see Lemma 2.16).
We proceed by induction on d. Recalling (2.11) we confirm that the result is valid for

d = 1. Now suppose that the result holds for d — 1. Then

— ]
where h f f(z dxd and ¢/, n’ and 2’ are the first (d — 1) entries of ¢, n and z

respectlvely Usmg the 1nduct10n hypothesm we obtain

=3 ki Al [hifﬂ |nu|+|zu\H( )

u€ld—1]* [ruoo=0 jEU

1“]+1

Applying the result for d = 1 to hgj] gives

k—1 k
M= X {Z nasie (i)"Y A B

u€[d—1]* |Tu|oo=0

+ 0 () AL [ [ o <x>¢[ld}<xd>dxd]} e ()
1

Jj€Eu

Suppose now that ¢ = (u,d) € [d], where u € [d — 1]*. Then .Aq[}u],nu [ Lﬁj} [f]} = Akjnz[ﬂ
Furthermore

(10" () AL |25 | = AL

where we consider u as an element of [d]* on the right-hand side of this expression. Hence

A k-1 k-1 . (rj+1)
CED D> {zAw,m[ T )

uE[d—1]* |ryloe=0 \ 74=0 J€Et
. (rj+1)
i n +iw J
A T )
Jj€EuU

If t € [d]* then either ¢ = (u,d) or t = u for some u € [d — 1]*. The two terms in the above
expression correspond to these two possibilities. Hence we obtain (2.27).

Now suppose that f obeys the first k£ derivative conditions: in other words, B£i7][ f1=0
for all ¢; € {0,1}, 7; =0,...,k—1and j = 1,...,d. According to (2.26), any term Ali],n{[f]
with ¢ # () will vanish. This completes the proof. O

As mentioned, the expansion (2.27) has a number of uses. However, it is certainly not

unique: provided f is sufficiently smooth, the values A[fg,n{ [f] can be re-expanded in inverse
powers of nz. If f € C°°(£), this results in a formal asymptotic expansion involving only
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inverse powers of ni,...,ng and values of the function and its partial derivatives at the
vertices (see also [95)):

i~ (S Bl H( )" AR (2.28)

TENd j=1

Note, however, that this expansion is valid only in an asymptotic sense: in general, the right-
hand side will not converge for fixed n € N9,

Lemma 2.13 does not include those coefficients f,[ﬂ where n; = 0 for some j = 1,...,d.
However, these can be easily handled. Given n € Ng, suppose that n; = 0 for some ¢ € [d]. If

fi(wg) = /_11 . ../_llf(:n) dzy. (2.29)

then f,[ﬂ = }’;L, Moreover if feH2 (—1,1)¢ then f; € H2* (—1,1)/l. Hence, we may now

apply Lemma 2.13 to ftnt; to give the asymptotic expansion in this case.
As an example, consider the univariate function f(xz) = xe”. A simple calculation yields

0] _ V2

fo = ?7

A 2(—1)"(1 + e*n?7? 1" 2(2e — e !

f?LLO] = ( e(>1 :_ 2_271.2)2 ) ((717'(')2 {29 — ((TL’]T)2)} + O (n_6) ;

2D L e - ) (<1 220 + ¢! y

nl] - e(1+(n— %)27r2)22 - (T(L _ )5)27# {2e - (51—5)2772)} +0 (n 6) , (2.30)

from which we immediately deduce that f -0 (n_2). Now suppose that we replace f by
g(z) = ze® —e(z+ 12?). The polynomial term here acts to interpolate the derivatives f’(£1).
Another calculation gives

o) _ 6—¢
g() - 3\/567

. 2(—1)" (e?(2n%72 + 1) — n?x2 2e — e~ 1)ntt _

gl = = e512752(n2772+ i)z ) - 2 (n ))g ) + 0O (n 6)7
260" ((n— 5P+ (2(n — 3)* 7% +1)) _ 2(2e o) (—1)" -
n e(n — 122 (n — 3)2m2 + 1)2 (n — 3)irt +0 (7).

As predicted, the coefficients glf] are O ( - ) for large n.

Now suppose that f(z1,z2) = e3(@2=71)  The absolute values of the coefficients fy; [llffz are

illustrated in Figure 2.2, which highlights the O (n1 Ny ) decay. Note that a curve of fixed
absolute value (i.e. a curve on which niny is constant), is referred to as a hyperbolic cross
[13], an object we consider in greater detail in the sequel.

Suppose now that we replace f by ¢ = f — pog, where pg interpolates the Neumann data
of f on the boundary. As predicted by Lemma 2.13 and verified in Figure 2.2, faster decay of
the coefficients occurs. If h = f — p1, where p; interpolates both the first and second order
Neumann data of f on the boundary, then we witness even faster decay.
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o
100

Figure 2.2: Contour plots of the coefficients f,[ﬂ O,]LZ, gL?IO,]LZ and IEE?;?,L (left to right) for mi,ne =

0,...,100 with contour lines at 1077 for j = —2,1,0,1,..., 10.

Similar expansions to (2.27) and (2.28) are obtained in exactly the same manner for the
Laplace—Dirichlet coefficients f,[f] If we re-define

(—1)rj37[~i7][f](x1,---,xj—1,$j+1,..., a) =0a) f(x1,. .. xjm1, 1, w00, -, 34)
+ (-1 )Z’&C;jf(xl, s Tjm1, =1, Ty, -, Z4),
and
A1 = ()P (w / BEDZ L) (a)ol (a) dar, (231)
J¢t

then we have

Lemma 2.14. Suppose that f € H2-1(Q), k € N, and that n € N%. Then

=Y S Ao T () o
te[d]* |7t|co=0 jet

where ij,ng[f] is given by (2.31). Suppose further that f obeys the first k Dirichlet derivative
conditions (2.14). Then the only non-zero term in (2.32) corresponds to t = (. In particular,

QL

. ’ ; ;]
H = Al = 0T ) THEDAT,

By means of example, we consider the function f(x) = ze® once more. In this case,

o) _ 20" (= g)m (€ —1)(n— 5)*m® + (3+e?) _ 2(-1)"Fsinh1

2 ((n— )% +1) W=D TO07),
n+1 2\,,2.-2 2 n
A1 (=) nm ((1 +e )n°m+3—e ) _ 2(—1)"cosh 1 3
Ja e(n?n? 4 1)2 nr +0(n™).

It follows immediately that ﬁ[f] =0 (n_l). This, upon comparison with (2.30), demonstrates
the slower decay of such coefficients in comparison to their Laplace-Neumann counterparts.
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2.8 Bounds for coefficients

We now seek robust bounds for the coefficients fn and fp A1 To do so, it is first useful to
define the alternative mixed Sobolev spaces G, () = {f : D*f € LY(Q), V a : |afo < 1}
with associated norm || f|,. ... = > jaj < 1P fllLr@ ), where ||gllL1 ) = [q [9(z)] dz.

In the sequel we make use of the following imbedding result:

L(Q) = GI(Q) with imbedding con-

mix

stant'! ¢ = (27" +2)2 512

Proof. The existence of an imbedding is a direct consequence of L2(Q2) < L!(£2). Furthermore,
by the Cauchy—Schwarz inequality,

1
2
d d
IF e <22 > IIDf) < 22 ( > 1) [l e
lorfoo <7 oo <r
Since there are (r + 1)? choices of o € N¢ with |a|s < 7, we obtain the result. O

Once more, we focus on the modified Fourier coefficients fr[f ]. To derive a coefficient bound
in this case we first require the following lemma:

2k (), i € {0,1}4, t € [d*, re € NI with |re|oe < k—1,
ng € Nt and that AH,nt [f] is given by (2.26). Then

Aot < TL(7)° g

Proof. If B[ij][f] is as in (2.24) then l’:)’lJ f Oz, ( g 82r]+1f(:1c)> dz;. Hence, the com-

Lemma 2.16. Suppose that f € H2*

position Bl t][ f] defined in (2.25) has 1ntegral representation
BlA[f / / D, (H 2D ) dz;.
JEt
Substituting this into the expression (2.26) for A?Lit],n{[f | gives

Al = ORI T (i) Dt(ij-jD?”“Df’ff@))@%( () da
Q

Jjét jEet

We deduce that

RIS | (A Y| BT o) | P [ T

jét Jjet jét

Here the final inequality holds since the integral is a sum over derivatives D f with |f]s < 2k
each multiplied by z]* ...z)* for some suitable multi-index |y|o < 1. O

"By this we mean the constant ¢ > 0 such that NFI mise < €l fllrmix for all f € Hii(€2).
'2This result is essentially independent of Q (provided Q is Lipschitz), in which case ¢ = |Q|%(r + 1)%.
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Using this lemma we deduce

Theorem 2.17. Suppose that f € H2*2(Q) obeys the first k € Ny Neumann derivative
conditions (2.12). Then

rs s (k+1)
AN <20 TT (1)) 7 Wlksge 7€ NG,

Jjin; >0

where x(n), the grade of n, is the number of non-zero entries and the product is taken over
those j = 1,...,d with corresponding value nj > 0.

Proof. Suppose first that n € N%. Then, using Lemma 2.13 (with k replaced by k + 1) and
the fact that f obeys the first k derivative conditions, we obtain

(k+1)

= 3 Al )

te(d)* Jet

where kt = (k,k,.... k) € N‘ | Using the bound for A[] n;|f] from Lemma 2.16 we obtain

i1\~ 1)
< H( ) W bt 31

te[d]*

‘z]

Since |[d]*| = 2¢, this gives the result for n € N¢. Now suppose that n; = 0 for some t € [d].
Then, using the previous result,

i1\ —(k+1)
<2 TT (1)) Willayzme

Jjin;>0

7 = [Font

where f; is defined in (2.29). Moreover,

Uilloszme = D /

DA fy(z)| d DA f(z)|d
Drwlas [ o)

1,1)x(n)

|Bloo <2k+2 18] 00 <2k+2
BeNX(n) BeNX(n)
and the final term is bounded above by [ f{l;; 2 - This completes the proof. O

Using Lemma 2.15 we may also derive a bound for fr[ﬂ in terms of || f||2x+2,mix:

Corollary 2.18. Suppose that f € H2*+2(Q) obeys the first k Neumann derivative conditions
(2.12). Then

7 H (“M> o £ |2k 2,0 7 € N

Jin; >0

Proof. If x(n) = d the result follows immediately from Theorem 2.17 and Lemma 2.15. Now
suppose that x(n) < d. We have

i +1)
A< 2@ T ()™ Uil

Jjin;>0
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x(n)

Furthermore, || fillop 0 mx < (45 +6) 2 || fll2k+2,mix and it is simple to show that

x(n)

d__ n
IDAf| <2227 IDAf|, B e NX™.

(n)
Combining these observations we obtain || f¢[lo; o .. < 2% (2k+3)"2 ||f || 2k-+2,mix, completing

,mix —

the proof. O
In the sequel the following corollary will in fact be of greater use:

Corollary 2.19. Suppose that f € H2T2(Q) obeys the first k Neumann derivative conditions
(2.12). Then

x(n)
2

[F] < 2x0+5 (2% 4 8)2 (@ila X200 @y )2 fllgg g € NG,

where m = max{m, 1} for m € Ny.

Proof. For n € N and i € {0,1} it is easily shown that ,u%] > (2lil7=1)=2p2, The result now
follows immediately from Corollary 2.18. O

In particular, Corollary 2.19 provides the aforementioned estimate ﬁ[ﬂ = (’)(nl_2 . nf)

for an arbitrary function f. The Dirichlet case may be addressed in a similar manner. If
f € H2k+1(Q) satisfies the first k& Dirichlet derivative conditions (2.14), then

d
2

| A < 2@RHR = CRDA( 4 1)2 (- ong) | fllok e €N, i€ {0,134
When no derivative conditions are satisfied this figure is O (nl_l . n(}l), hence verifying the
slower decay of Laplace—Dirichlet coefficients.

2.9 Full index sets

Thus far we have made no stipulation as regards the index set Iy (aside from the mild condi-
tions (2.8)). The choice of index set determines the computational cost of both forming and
evaluating the approximation. As we shall see, the O (|In]|) coefficients of the approxima-
tion Fn[f] can be constructed in O (|Ix]|) operations using numerical quadrature (see Section
2.12). Moreover, such schemes are adaptive, making it possible to utilise any index set we
choose.

Standard intuition leads to the full index set

Iy ={n €N} :|n|e < N}, (2.33)

which is just the hypercube of length N + 1 in Ng. Indeed, the prevalence of this index set in
applications is due to the fact that the method of choice for evaluating Fourier or Chebyshev
coefficients, namely the Fast Fourier Transform (FFT) [37], computes all the coefficients in
Iy in a non-adaptive manner.

For univariate expansions, (2.33) is the only obvious choice. However, numerous choices
of index set are permissible in the multivariate setting, including the spherical index set

In={neNi:ni+...nj <N}, (2.34)
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and various polyhedral index sets. Many properties of univariate Fourier expansions are either
untrue or unknown for multivariate expansions with coefficients from such index sets [58, 59].

Nonetheless, [Iny| = O (N?) for both (2.33) and (2.34). This figure grows exponentially
with dimension, making classical Fourier series unsuitable for higher dimensional problems.
To alleviate this problem, we employ various hyperbolic cross index sets in the sequel. Such
index sets are viable precisely because they do not deteriorate the convergence rate of the
approximation unduly, as we shall prove. To this end, for the purposes of comparison, we
consider the approximation properties of Laplace eigenfunction expansions based on (2.33) in
the remainder of this section.

Throughout the remainder of this chapter the bivariate case will serve as our primary
example. If (2.33) is employed, then, for a bivariate function f, the truncated expansion
Fn|[f] is given by

N—
Fnfl(z1,22) = Z { 0 cosnimxy + f 0 sm(m — %)mvl}

Ls\

N
1 [0,0] 2(0,1]
9 b M 1
\/5 E {fo,m COSNamTy + fom sin(ng — 5)7@2}
no=0
N-1
20,0] : 1
11y COSTITT] COSNMT2 + fn1 np COSMITTY SIN(N2 — 5)TT2
ni,na=1

+ fn1 n, Sin(ng — %)771‘1 CcoSNgTILy + f7[l1 ny SiN(11 — %)mvl sin(ng — %)ﬂ'l‘z}.

2.9.1 Uniform and pointwise convergence rates

The modified Fourier expansion of a function f € H._ () converges uniformly on Q. We now

mix
assess the rate of convergence:

Theorem 2.20. Suppose that f € H2*+2(Q) satisfies the first k € Ng derivative conditions.

mix

Suppose further that Iy is the full index set (2.33) and Fn|[f] is the truncated modified Fourier
expansion of f. Then

3 — —
15 = Pl llo < Il 251+ 455 )e] (28 + 1) 7 NERD),

where ¢, = 1+ 2(2k + 3)% 2k ¢(2(k 4 1)) and C(+) is the zeta function [1].
Proof. We have

If = Fxlfllle < Do >0 1A

i€{0,1}¢ n¢ Iy

< l2kt2,mix Z 92(k+ 1)l Z Z Z x(M+5 (2 +3) 2R DXM) (7 )22

1€{0,1}4 te[d] n;=0n;>N
]¢t jet

= Hszkw,mix?g + 4k+1yd Z Z Z [ 2%k +3 (k+l)}X(n) (71 ... 7g) 22,

j%t jGt
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Now 227:1 n=2 D) < ((2(k + 1)) and D onsN n~2k+1) < TIHN*(%H). Hence

d
1F = Flfllloe < I Fllzkszme |23 (144" D [(2k + 1) TN

te(d]
It is easily shown that Zte[d] all < 24q for any constant a < 1. Setting a = [(2k +
e IN —(2k+1) and substituting into the previous expression now yields the result. ]

Though not immediately obvious, this result is quasi-optimal, in the sense that the uniform
error is not o( N ~2*~1) for an arbitrary function f. We demonstrate this fact in the sequel.

For a general function f, Theorem 2.20 verifies the aforementioned O (N _1) uniform
convergence rate of Fy[f]. It turns out that this approximation converges at a rate one
power of N faster inside 2 than on the boundary I'. Hence, O (N _2) for an arbitrary function
obeying no derivative conditions and O (N *2’“*2) when the first k conditions are satisfied.
In fact, we may also determine the exact leading order asymptotic behaviour of the error
f(x) — Fn[f](z) at any point x € 2. The univariate case of this result was demonstrated by
S. Olver [134]; for the multivariate extension we generalise the technique used therein.

To do so, we first introduce the Lerch transcendental function [152], given by

O(z,s,a) = Z (n—zi—ia)s’ Re(a) >0, Re(s)>1, |[z|<1. (2.35)

With this to hand, we have

Lemma 2.21. Suppose that f € H2F3+4(Q), | = 0,1, obeys the first k € Ny Neumann
derivative conditions. Suppose further that In is the full index set (2.33) and Fn|[f] is the
truncated modified Fourier expansion of f. Then

1

fz) = ZZBL’J ;)@ (N k + 1, xj)+(9<N—2k 2- 1)7

j=11i;=0
where j € [d] is the tuple (1,...,5—1,7+1,...,d),
BN,k +1,2) = Re {( T NF1=3ip 2+ DG _eime op 1 0 N 41— %i)} ,
and i is the tmaginary unit.
Proof. Since uniform convergence is guaranteed by Theorem 2.12, we may write

fa)=Fnlfl) =Y > > > flela)

teld] i€{0,1}4 n;>N |njlec <N
JEt

Because ﬁ[f] =0 (n_%_2) by Theorem 2.17, where n=2*=2 = (n;...nyg) 272, the largest
contribution occurs when |¢t| = 1. Hence

fla) - B sz (@) + 0 (V).

Jj=1i€{0,1}¢n;>N n=
lséj
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We now expand f,[ﬂ in powers of n; as in Lemma 2.13. For each j, we obtain

nj+i; — lij]
i _ (ED™TY ) 2k—1-1
fa (H[ ])k+1 Bk [ﬂn] +0 ( " >

g

Substituting this into the previous expression gives

d 1
[i5] i (=D"* ) Cop o
f(x) = Fnlf](z) Z;;)fzv [Bk [f]} (a:j)n;N ( [%])k+1¢ (z;) + O (N 2k—2 l)
_iilgg]][ﬂ( ) Z (_1)n]+zj¢[”( )—i—(’)(N 2k—2 l)

j=1li;= ! nj>N( [Z; )k+1

Now

S D" 0100y = Re | (o) Vg2 i (D" ey

n>N (N[r?])kH = (N+1+ m)2(k+1)

— Re [( YN =20 ) (i of 19 N 4 1)] = (N, k+1,2).

In an identical manner, we can also show that

PPt D™ S0y = (N B+ 1,2).

n>N (:u 1])k+1

Substituting these results into the previous formula now completes the proof. O

We are now able to determine the leading order asymptotic behaviour of f(z) — Fn[f](z).
This follows immediately from the observation

a*S

1+ eiwx

d(—el™ 5,a) = +0 <a_(5+1)) , —l<x<l, a— o0l (2.36)

We deduce

Theorem 2.22. Suppose that f, k, Iny and Fn[f] are as in Lemma 2.21. Then, for x € ),

(_eimj)NH—%ij

d
J(@) = Fulfl@) = (Vo) ED 3737 B (@)Re +0 (N,

14+ eimvj
j=11;=0

In particular, f(z) — Fn[f](z) = O (N~2*72) uniformly for x in compact subsets of €.

The main result of this theorem, faster convergence away from the boundary, is demon-
strated in Figure 2.3. The error at the endpoints is approximately 1072, whereas in the
subinterval [—1 or 2] this value is much smaller, roughly 10~. In Figure 2.4 we consider the
bivariate case. Once more we observe that the error is much smaller away from the boundary.
This figure also highlights that the convergence rate is slower on the whole of the boundary,
not just the corners, as may be expected.
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Figure 2.3: Graph of | f(z) — Fso[f](2)| for =1 <z <1 (left), =2 < 2 < 2 (middle) and —1 <z <1
(right), where f(z) = Ai(—3z —4) and Ai is the Airy function [1].
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Figure 2.4: Absolute error |f(z,yo) — Fsolf](z,y0)|, where f(x1,22) = (23 — 22 + 4) cos 224 sin 3z,
for =1 <2 <1 (top row) and — <z < 3 (bottom row), where yo = 1, 2, £ (left to right).

As established in [134], the condition f € H?**3(—1,1) (in the univariate case) can be
replaced with the slightly weaker conditions that f € C%*2[—1,1] and f##+2) has bounded
variation. However, since our primary focus is on boundary value problems, we shall continue
to present conditions in specific Sobolev spaces.

The two results of this section, Theorems 2.20 and 2.22, can be readily generalised to
provide estimates for the error D?(f — Fn/[f]), where | 3]s < 2k. The corresponding pointwise
and uniform convergence rates are O (N 18 |°°_2k_1) and O (N 18 |°°_2k_2) respectively. We may
also provide analogous versions of these theorems for expansions based on Laplace—Dirichlet
eigenfunctions. In this case the respective convergence rates are one power of N slower.

As mentioned, Lemma 2.21 may be used to deduce quasi-optimality of the uniform er-
ror estimate given in Theorem 2.20. As described in [134], for z = £1 the Lerch func-
tion ®(—e™ s, a) reduces to the Hurwitz zeta function ((s,a) [1], from which the estimate
®(1,s,a) =0 (a‘l) is easily deduced. This also verifies the previously made observation that
the convergence rate is O (N _1) on the whole of the boundary.

13 All the terms in this asymptotic expansion can in fact be prescribed (see, for example, [134]).
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Figure 2.5: Graphs of f/(z) and (Fso[f])'(z) for 0 <z <1 (left),
(right), where f(z) = Ai(—3z —4).

§x§1(middle)and%§x§1

Modified Fourier expansions have no apparent Gibbs phenomenon. Nonetheless, for an
arbitrary function f, a weak Gibbs phenomenon occurs in the first partial derivative. The
error DA f(z) — DP Fy[f](z), where |B|o = 1, converges pointwise away from the boundary
but not uniformly on Q. This is verified in Figure 2.5, where O (1) Gibbs oscillations are
observed near the endpoint 2 = 1. Since D? F[f] is nothing more than the Laplace-Dirichlet
expansion of DA f, this effect is equivalently stated as the presence of the Gibbs phenomenon
in Laplace-Dirichlet expansions.

Non-uniform convergence of Laplace—Dirichlet expansions is easily exhibited by example
(e.g. f(x) =1). Much like the Fourier setting, a proof of pointwise convergence away from
the boundary can be obtained by developing Féjer and de la Vallée Poussin theorems for this
basis (see [107] for details of the Fourier case and [94] for the extension of such results to
this basis). However, a simple argument using Lerch functions is also easily provided. The
advantage of this approach, as we demonstrate in Chapter 3, is that it can be applied to
expansions where the above results are not readily available.

Lemma 2.23. Suppose that f € H: (Q) and that Fy[f] is the Laplace-Dirichlet expansion

of f. Then Fn[f](z) converges to f(x) uniformly in compact subsets of Q.

Proof. First suppose that f € C*°(2). It is easily demonstrated using the method of Lemma
2.21 and Theorem 2.22 that Fx[f](z) converges uniformly in a compact subset 2’ of 2 to a
function f € C(Q'). Suppose that f(xo) # f(zo) for some xy € Q. Then f(z) # f(x) in the

closure of some neighbourhood U of xg. Hence
0< [ 1£(a) - F@)Pds <17 = FIP = Jim |11 = FxlAP =0,
U —00

giving a contradiction. Thus f(z) = f(x) for z € Q. Now suppose that f € H.._(€). Given
€ > 0 there exists a function g € C*°(Q) with || f — g||1,mix < €. Hence

[f(@) = FnIA@)] < f = glloo + IFN[F = 9llloo + l9(x) = Fnlg](2)].
Using Lemma 2.6 and Bessel’s inequality, we obtain |f(x)—Fn[f](z)| < 2ce+|g(z)—Fnlg](x)|.
The full result now follows immediately from the previous arguments. O
2.9.2 Convergence rates in other norms

We now turn our attention to providing error estimates for f — Fy[f] in various Sobolev
norms. We commence with the following lemma:



32 2. Laplace eigenfunction expansions

Lemma 2.24. Suppose that f € H2**t(Q), | = 0,1 satisfies the first k € Nog Neumann
derivative conditions (2.12). Then

\f = Fnlfllls < ersN*7flr, r=s5,....2k+1, s=0,...,2k+], (2.37)
for some positive constant c, s depending only on r and s.

Proof. An application of (2.22) gives

If = ANl <e >0 > (4 puly 752

i€{0,1}4 n¢In

2%¢y max{ [iys=r) Z Z

”LE{O l}d 140, 1}d n¢ln
<2 max ()N (2.39)
i€{0,1}4
For n ¢ Iy, ,u[ﬂ > (Nn)2. Using this and the previous expression we obtain the result. O

Lemma 2.24 is an example of a standard type of estimate for approximations in Fourier-
like bases [42]. However, its conclusion may lead to the assertion that, for smooth f satisfying
the first & Neumann derivative conditions, ||f — Fn|[f]||2x+1 = O (1), an estimate which, in
view of Lemma 2.9, is not optimal.!* However, it turns out that ||f — Fn[f]|lors1 = (’)(N_%)
in this case, as we shall now prove. To show this, instead of using the above method of proof,
we utilise the coefficient bounds of Section 2.8.

Lemma 2.25. Suppose that f € H?*2(Q) satisfies the first k € Ng Neumann derivative

mix

conditions (2.12). Then, for s =0,...,2k+ 1, we have

_9k—3
1f = Fnlfllls < cs N2 21 f o 2mies (2.39)
for some positive constant c,}, independent of N and f.

Proof. Using Lemma 2.9 we have

IF-FE= 3 3 Y |fMPH we

i€{0,1}¢ |B|<ste[d] nj >N |ng|cc <N
jet

Since fr[ﬂ =0 (n‘2k—2) it follows that

\f = Fnlf HSSCSZZZ Z Hnw] —dk—4

18]<s te[d] 75 >N ngloo <N j=1
jEt

< e Z Z NIBI=(@k+3)t] < Cs’st—(4k+3)’
|BI<s teld]

as required. O

4This may be explained as follows: there is no characterisation of the norms || f||2x+2, ||f|l2k+2,mix in terms
of modified Fourier coefficients. Equivalently, the periodic extension of f (as in Section 2.3) has only H2**1(Q)-
regularity.
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As in Theorem 2.20, it is possible to prescribe values for the constants appearing in
Lemmas 2.24 and 2.25. However, we shall not do this: numerical results indicate that such
constants are not excessively large.

2.10 Hyperbolic cross approximations

The modified Fourier approximation Fx|[f] based on (2.33) satisfies || f — Fn[f]lloco < cM~a,
where M = N When the total number of terms M is fixed, this figure deteriorates expo-
nentially with dimension (equivalently |Ix| = O (N?) grows exponentially with dimension).
This observation is commonly referred to as the curse of dimensionality, a phrase attributed
to Bellman [22]. Such behaviour is typical of orthogonal expansions based on (2.33) [41].

Since Bellman’s observation, significant advances have been made in breaking the curse of
dimensionality. To achieve this, we first assume that the function f possesses mixed Sobolev
regularity. We next generate index sets by discarding any term in the approximation whose
absolute value is below a certain tolerance (using, for example, the bounds derived in Section
2.8). This leads to so-called hyperbolic cross index sets.!”

We consider two types of hyperbolic cross index sets. The first, our starting point, amelio-
rates this exponential growth to just a logarithmic factor: |Iy| = O (N(log N)d_l). However,
with the introduction of so-called optimized hyperbolic cross index sets [75], we are able to
completely overcome the curse of dimensionality. One caveat is required: the various con-
stants involved exhibit exponential growth with d, thus limiting such an approach to only
moderate numbers of dimensions. This topic is discussed in greater detail in [41].16

Once more we shall not prescribe exact values to the various constants appearing in error
estimates. With a little effort, and the use of the coefficient bounds of Section 2.8, this can
be achieved.

2.10.1 Construction of hyperbolic cross index sets

A hyperbolic cross index set is obtained by including only those terms in the expansion

S>3 el (a),

i€{0,1}4 ncNd

17 To do so, we first

whose absolute value in some norm is greater than a tolerance e. :
require appropriate bounds for the coefficients fT[f] and the functions gbk]. Given a norm
| - |I, the coefficient bounds of Section 2.8 yield X6l < cl|flloman 2% Next, we

define the tolerance € as precisely this upper bound with n = (N,0,...,0). In other words

'5This process is somewhat different to the sparse grids approach for (typically) finite element discretizations
[41]. However, the end result, the breaking of the curse of dimensionality, is the same. Sparse grids are discussed
further in Section 2.10.3.

16The state-of-the-art finite element methods described therein can tackle 18 dimensional problems. Nonethe-
less, the particular structure of high-dimensional functions (specifically, the concentration of measure phe-
nomenon [21]), offers a potential route to address such problems. In this sense the curse of high dimension is
somewhat of a misnomer, the curse of moderate dimension being perhaps more apt a phrase.

"Due to their faster convergence rate over expansions based on Laplace-Dirichlet eigenfunctions, we consider
only modified Fourier expansions throughout. Simple, standard adjustments can be made for the latter.
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Figure 2.6: Graphs of the index sets (2.33) (small dots) and (2.41) (larger dots) for N = 50 (left
diagram) and N = 75 (right diagram).

€ = c||f||2,mix|||¢£i}\,0 .0) IN=2. Proceeding in this manner, including only those n for which
this bound exceeds €, we obtain a hyperbolic cross [13, 158] index set:

Iy ={neN: a2l < Mol o7} (2.40)

This section is devoted to the study of such index sets for several choices of the norm || - ||.

2.10.2 The L*(Q2) norm hyperbolic cross index set

Our first consideration is the index set that originates from the L%(2) and uniform norms. In
this case qu%]Hoo = ||¢%]|| = 1. It follows that H|f,[f] g | < el fll2mxn 2 and, therefore,

In = {neN¥:|n|y < N}, (2.41)

where |n|g =7y ...74, n € N&.18 Typical forms of this index set are shown in Figure 2.6.

In the remainder of this section we detail the benefit of this index set. There are two
aspects to this study: the reduced cost in forming the approximation—in other words, the
reduced size of the hyperbolic cross index set—and the retention of similar error estimates
compared to approximations based on the full index set (2.33). We commence with the former:

Lemma 2.26. Suppose that 04(t) is the number of terms n = (ny,...,nq) € Nd such that
|n|o <t. Then

B t(log t)d_l

04(t) = @ 1) +0 <t(logt)d_2>, t> 1.

For a proof of this in a more general setting, we refer to [48]. A simple inductive argument
appears in [87], which we now repeat here, since similar methods will be used in the sequel:

8Though | - |o is not a norm on N§ we shall use this notation.
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Proof. For d =1, 01(t) =t as required. Suppose now that the result is true for d — 1. Then
t] (t] d—2
1 t t o
Zﬁd 1( >—(d_2)!nzln[log (n)] -l—(’)(t(logt) )
1 L t\1%72
= ———v [ —|log( - dn + O (t(logt)*?
azm ) o (i)] o (wosnt)

= (d—12)!t /1t 7 (log )4 2dz 4+ O (t(log t)d_Q) .

Evaluation of this integral completes the proof. O

Corollary 2.27. The number of terms in the expansion Fy|[f]| based on the hyperbolic cross
(2.41) is
2d
(d—1)!
Proof. For any n with strictly positive entries there are 2¢ choices of i € {0,1}%. The total

N(log N4t + 0 (N(log N)d_2> . (2.42)

number of coefficients f,[f] where at least one entry of n is zero is O (N (log N )d*Q). O

We mention in passing that an upper bound for the number of terms in I is also readily
established [87]. However, for our purposes, (2.42) will suffice.

We now consider the approximation error f — Fn|[f], where Fn|[f] is based on the hyper-
bolic cross index set (2.41). As in the case of the full index set, there are two components
to this study: estimates based on the characterisations given in Lemmas 2.9 and 2.10 and
estimates using the coefficient bounds of Section 2.8. We commence with the former:

Lemma 2.28. Suppose that f € H**H(Q), | = 0,1, satisfies the first k € Ng Neumann
derivative conditions (2.12) and that Iy is the hyperbolic cross index set (2.41). Then, for
some positive constant c, s independent of f and N,

If = Fnlfllls < nsNT |flp, r=3s,...,2k+1, s=0,...,2k~+1. (2.43)
If, additionally, f € H2**Y(Q), then, for s =0,...,2k + 1,
1f = Fnlflls <crsN* | flrmes 7 =5,...,2k+1. (2.44)

Proof. By a standard inequality 1+ ,u[n] > cnd and for n ¢ Iy we have 1+ u” > Ni. Hence,

using (2.38), we obtain
7 7 (S r)
||f_]:N[f”|§§Crs Z Z’f[” H "<ersN |f’r7
i€{0,1}4 ncNd

which gives (2.43). Next we consider (2.44). Clearly ||f — Fn[fllls < IIf — FNISs.mix-
Furthermore

= FN e < S Z|f;1PH 1+ plilys

i€{0,1}4 n¢ln

L D DR DN [@H?Hw%‘;?])?"scr,sN“s—’"Nfr%,mix,
j=1

i€{0,1}4 neNg

which yields (2.44). O
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We now provide estimates using the coefficient bounds of Section 2.8

Theorem 2.29. Suppose that f € H?n]ij

(Q) obeys the first k € No Neumann derivative
conditions and Iy is the hyperbolic cross index set (2.41). Then, for s =1

2k 41,
1f = Fnlflloo < cillf 2kt 2,meN 2" (log N)d_l
|f = Fnlf] eV 75 (log N) 2
1f = Fx()lls < crsllFllnszmaV* 2,
where the constants c, ci,s > 0 are independent of f and N
To prove this theorem we require the following lemma
Lemma 2.30. Suppose that vyq(t) =3 .., 7 "' and r > 0. Then
yralt) = M +O (t—r(log t)d_2) .t (2.45)
Furthermore, if 0y a(t) = > 7o, 0" Ips Gforr>s>0andj=1,...,d, then
braalt) = — (1 G0y e+ { O ’(fio%ti‘;_l) Persl g

Proof. We use induction on d. For d = 1 we have 7,1 (t) -

1) = Epoyn "= 5240 (777 for
large ¢, as required. Now assume that the result is true up to d. Then

t

Yrd(t) = a1 (t) + > 0 g 1< ) S

fYrd 1 )
n=1 n>t
! t
—r—1 e - d—2

;n Vrd—1 <n> + 0O (t (logt) )

At t\142

- N e - d—2

r(d—2)!;n[0g<n>] +O<t (log?) )
t—?"—l

—(lo d—1
—0a(t) = tr((ilftl))! +0 (t*?‘(log t)d*Q) :

where 64 is as in Lemma 2.26. Thus we obtain (2.45). Next we consider ¢, s 4(t)

Or,s,d(t) = Or,s,a-1( —I-Zn_r 16 sd 1( >+5T8d )

= r,s,d 1 +Zn—r 16rsd 1< >+O( )

By the induction hypothesis, the first term is

) Z n—r—l

n>t

1 - (1 d—2 <1
5r,s,d71(t) = : {1 +C(S 4 1)}(1 Qtsfr + { @ (t ( Ogt) ) 0<s<

O (ts_r_l) s> 1.
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For the second term, we have

t
t

E niril&“,s,d—l <) =
n

1 t £\ 5T
ppl LR CE ) S S (n>
n=1

n=1
n O (t"(log t)4—2 St nl) 0<s<1
Ottt n79) s> 1.
1 _ _
=—{1+((s+ Y2 (s + )5
O (t"(logt)¥™) 0<s<1
+ s—r—1
@ (t ) s> 1.
Combining this and the previous result completes the proof. ]

Proof of Theorem 2.29. This follows immediately from Corollary 2.19 and Lemma 2.30. O

Theorem 2.29 reveals that the convergence rate of the modified Fourier expansion based on
the hyperbolic cross (2.41) is comparable to that of the approximation based on the full index
set (2.33). Indeed, for the L?(2) and uniform rates, we only lose factors of O ((log N)?~1)

and O((log N)%) respectively. The H*(Q2) rate, s > 1, remains the same. In an iden-
tical manner, we can also show that the uniform error of the derivative D?(f — Fy[f]) is
(@] (N'B‘N_zk_l(log N)d_l) for |Bloc < 2k. Once more, this is comparable to the estimate for
the full index set approximation.

As is necessary for hyperbolic cross approximations, additional (mixed) smoothness is
required for the estimates of Lemma 2.28 in comparison to those of Lemma 2.24. If only
H"(Q) regularity is imposed, the hyperbolic cross approximation will converge more slowly
than its counterpart based on the full index set (or at a comparable rate if the number of
terms M = |Iy| is fixed). However, for approximations based on either the full or hyperbolic
cross index set, the minimal regularity required to obtain an optimal convergence rate is the
same (see Lemma 2.25 and Theorem 2.29 respectively).

It is also of interest to examine the effect of the hyperbolic cross on the pointwise conver-
gence rate. As we shall see in the sequel, this also only degrades by a factor of O ((log N )d_l).
Moreover, the smoothness requirement remains the same. To investigate this, we need to in-
troduce a related concept, the so-called step hyperbolic cross.

2.10.3 Step hyperbolic cross index sets

Step hyperbolic cross index sets are closely related to the sparse grid technique [41]. The idea
is to construct the approximation Fy|[f] from hierarchical bases or subspaces. To this end,
we define hypercubes p(3) C N4 by

p(B)={neNy: (2% <n;<2%, j=1,....d}, BeN

and corresponding basis elements

Falfle)= > > fllgll@), zeQ, BeN (2.47)
)

i€{0,1}4 nep(B
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Clearly, Uﬁeng(B) = N&. Hence, for f € L*(Q), we may write f = ZBeNg Fs(f], with
identification in the L2(Q) sense. Suppose now that N = 2™. We seek a new approximation
Fn[f] based on this decomposition. To this end, we introduce the finite set W,, C N¢ and

define
S o Fslfl@) = > Y fllell(x) (2.48)

BEWm 1€{0,1}4 n€EQm

where @, = Ugew,,p(8). Note that the approximation Fy[f] based on the full index set
(2.33) is readily recovered by setting W, = {8 € N¢ : | 8| < m}.

To reduce the number of approximation terms, we now wish to specify W,, by including
only those basis elements F3[ f] that have significant contribution to Fn|[f]. To do so, we follow
the standard approach of [41]. Suppose that ¢(/3), the local cost function, is proportional to
the cost of forming Fs[f]. In other words, ¢(5) = |p(B)|. Suppose further that b(3), the
local benefit function, is proportional to an upper bound for ||Fs[f]||%, where || - || is some
arbitrary norm. If we introduce the cost benefit ratio cbr(8) = c(8)b(3)~!, then Wy, is given
by {8 € N& : cbr(B) < cbr(m,0,...,0)}. This set is referred to as a sparse grid index set [41].

In the context of Fourier series, sparse grids are usually used as a computational tool
[110]. Indeed, as we discuss further later, a version of FFT, the so-called Sparse Grid Fast
Fourier Transform (SGFFT), can be designed (with considerable effort) for use with such
index sets [18, 60]. Somewhat conversely, however, we shall use the sparse grid framework to
answer analytical questions regarding hyperbolic cross index sets, namely, the rate of pointwise
convergence.

We now return to explicit construction of W,,. First notice that |p(8)| = 2/81=x(8) < 2l#l,
where () is the grade of . Turning our attention to Fg[f], suppose that we consider the
uniform norm ||-|| . Using Corollary 2.19, we have

1Fslflloe < S0 S0 1] < ol fllansmm S 022

i€{0,1}4 nep(B) nep(B)

2°j -1

J=1 nJ:LZBj_IJ

for some constant ¢ independent of f and 3. If we now define ¢(8) = 2/8l and b(g) = 2~ (4*+2)I8l,
then cbr(3) = 245318l and we obtain

W ={8eNd: |3 <m}.» (2.49)

As expected, the resultant step hyperbolic cross index set @ = Ugew,, p(B) is closely related
to the hyperbolic cross index set (2.41). The following result is well known (see, for example
[110]):

Lemma 2.31. Suppose that N = 2™, I is the hyperbolic cross index set (2.41) and Qm =
Ugew,,p(B) is the step hyperbolic cross index set, where Wy, is given by (2.49). Then

Qm CIN C Qmya- (2.50)

19 As with the hyperbolic cross (2.41), the same set is obtained upon consideration of the L?(2) norm.
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Figure 2.7: Graphs of the hyperbolic cross index set Ig4 (2.41) and step hyperbolic cross index sets
Q¢ (left) and Qs (right) based on (2.49).

Proof. Suppose that n € Q,,. Then n; < 2% for j = 1,...,d and some || < m. Hence
Injo = fiy...nqg < 28l < 2™ = N, so n € Iy as required. Now suppose that n € Iy. Then
12871 < n; < 2% for j =1,...,d and some B € N¢. Hence 21°1-¢ < 7, ...74 = |njy < N.
In particular |3| < m +d and so n € Quytq- O

In Figure 2.7 we demonstrate these inclusions. The step hyperbolic cross index set @,
allows us to scrutinise the pointwise convergence rate of the approximation Fy|[f]. Indeed,
we have:

Theorem 2.32. Suppose that Q., = Ugew,,p(B) is the step hyperbolic cross index set, where
Wi is given by (2.49), and that Fx[f] is given by (2.48). Suppose further that f € H2k+3(Q)

mix

obeys the first k € Ny derivative conditions. Then f(z) — Fy|[f](z) = O (N~2*72(log N)?-1)
uniformly for x in compact subsets of Q.

Proof. We first claim that the term Fg[f] defined by (2.47) satisfies Fg[f](z) = O (2_2(":“)‘5'),
|B] — oo. We prove this result by induction on d. For d = 1, this follows immediately from
known properties of univariate expansions. Suppose now that the result holds for all functions

f of at most (d — 1) variables. Consider the asymptotic expansion of ﬁ[f] Since f obeys the
first k& derivative conditions, Lemma 2.13 gives

=3 AL N T o + 0 (n722) .

te(d) jet

Here p}%] is the modified Fourier coefficient of the univariate polynomial pE} of degree 2k + 2

that satisfies 87[7] [f] = 0k, 7 € Ny, where B,[«ﬂ is the quantity defined in (2.24). Note that
existence of such a polynomial is guaranteed (see Section 5.2.1 of Chapter 5).

The quantity Agﬁ ngLf] is the modified Fourier coefficient of a function ’HE—Z'] [f](zf) that
satisfies the first k derivative conditions in the variables x7. Hence

Folfi@ =3 > 3 AL AT mn ell@) + 0 (2720+0071)

te[d] i€{0,1}4 nep(B) jEL

285 _1

=D T [H?] @[l Y dwlon(z)+0 (2—2<k+1>m|) ,

te(d] JE p;= 2851



40 2. Laplace eigenfunction expansions

[45]

Since p,’" obeys the first £ derivative conditions, an application of the univariate result gives

265 1 o
> @Q;i]cﬁkji](xj) =0 (2*2“““)@) . j=1,....d

nj=[2%"1]

Substituting this into the previous expression and using the induction hypothesis on the term
Fa; [”Hl[;]} (x7) (note that |t| < d) now yields

Flf)@) =0 [ 3 2720isl [T 220405 | — 0 (2—2(k+1)\5\) ’

te(d) jEt

which completes the first step of the proof.

Since the main result has already been proved in Theorem 2.22 for the approximation
Fn|[f] based on the full index set (2.33), it suffices to consider the difference between this and
the approximation based on the step hyperbolic cross @Q,,,. This difference is precisely

Yo Rl =Y. > Falfl),

|B|>m 18’ |0o=0 Ba=m~—|B’|
where ' = (B1,...,84-1) contains the first (d — 1) entries of 5. Hence, using the previous
result, it follows that
m m
S Al@ =0 3 2 S gk
18|>m 18lco=0 Ba=m—|B’|
m
—0 Z o—2(k+1)|8'[9—2(k+1)(m—~18')) | — ¢ <md—12—2(k+1)m> ’
8’lco=0
which completes the proof. O

The inclusion (2.50) indicates that an analogous result holds for the approximation based
on the hyperbolic cross (2.41). A numerical example, demonstrating this faster pointwise rate
of convergence, is given in Figure 2.8. We mention in passing that Lemma 2.23, concerning
the pointwise convergence of Laplace—Dirichlet expansions based on the full index set (2.33),
is also readily extended to this setting.

2.10.4 Optimized hyperbolic cross index sets

Thus far we have considered (step) hyperbolic cross index sets that arise from the uniform or
L2(Q) norms. Such a construct mitigates the curse of dimensionality to a (log N)?~! factor.
However, this effect can be completely removed by introducing so-called optimized hyperbolic
cross index sets [75, 76].2°

20This approach is a generalisation of the so-called energy norm hyperbolic cross considered in [40, 41].
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Figure 2.8: Absolute error |f(z,v0) — Fsol[f](x,yo0)|, where f(z1,72) = (22 — 21 + 4) cos 2z sin 37y
and Fsg[f] is the Laplace-Neumann approximation based on the hyperbolic cross index set (2.41), for
—1< 2 <1 (top row) and —% < z < 1 (bottom row) and yo = 1, 2, + (left to right).

Such index sets arise from considerations of the H"(€2) norm for values » € R (not neces-
sarily integer). Proceeding as in [75], we obtain the index set

Ing = {n e N¢: [no|al < NH} , (2.51)

where —oo < 0 <1 and 7 = (71, ...,7nq). Observe that Iy, C In, provided 7 < 0.

For 0 = —oo or 0 =0, I reduces to the full (2.33) or hyperbolic cross (2.41) index set
respectively. Our interest lies with values 0 < o < 1, for which |In,| = O (N), as we shall
now demonstrate?!:

Lemma 2.33. Suppose that 0, 4(t) is the number of terms n € Nd such that |n|o|n|57 < t177.
Then, for 0 < o < 1 we have

05.a(t) = d{C((1 — o)1)}t + lower order terms.

When o =1, 6 4(t) = dt.

Proof. The proof of this result is standard (see [75]). We first note that if n € N¢ with
Inlo|n|z < 179, then |n|, < t. Furthermore, if |n|e = ng then 1 < ng < t|n’|a(1_o)_ ,
where n' = (n1,...,nq-1). Hence

(11
t\n’|0 (1—0)

05.a(t) = Z 1=d Z Z 1 + lower order terms

[n]eo<t [n'|co<t ng=1
[njo|n|e” <t'=

¢ d—1
=dt (Z n_(1_0)1> + lower order terms.
n=1

2 Estimates for —0o < ¢ < 0 can also be established [75]. However, we shall not consider this.
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Figure 2.9: Graphs of the index sets (2.33) (small dots), (2.41) (larger dots) and (2.51) (largest dots)
for 0 = 1 (left diagram), o = 1 (right diagram) and N = 50.

d=2 d=3 d=14
indexset | N=102 | N=10® | N=10> | N=10> | N=10° | N=10°
(2.33) | 1.02 x 10* [ 1.02 x 10° | 1.03 x 10 | 1.00 x 10° | 1.04 x 10% | 1.00 x 10™
(2.41) | 6.83 x 10% | 9.07 x 103 | 3.22 x 10® | 5.36 x 10* | 1.28 x 10* | 2.57 x 10°
oc=1 |560x10%|6.59 x 10% | 2.26 x 10® | 3.07 x 10* | 7.86 x 10% | 1.22 x 10°
c=3 |4.69x10%]|5.00x10% | 1.62 x 10® | 1.84 x 10* | 4.94 x 10® | 5.98 x 10*

Table 2.1: Comparison of the sizes of the index sets (2.33), (2.41) and (2.51) for d = 2,3,4 and

N = 10%,103. All values to three significant figures.
Since S>F _ n T =((r+ 1)+ O (t7") for r > 0, the result follows immediately. O

Typical forms of this index set are given in Figure 2.9. A comparison of the number of
terms in this and other index sets is given in Table 2.1. We note that, with o = % and NV = 100,
for example, the optimized hyperbolic cross (2.51) contains less than half the number of terms
of the hyperbolic cross (2.41).

Next, we address the convergence rate of approximations based on Iy . We have:

Lemma 2.34. Suppose that f € H**+(Q), 1 = 0,1, obeys the first k € Ny derivative conditions
and Fn|f] is based on the optimized hyperbolic cross (2.51). Then

1—0o
If = Fnlfllls < ersNas S fllyy r=s,....2k+1, s=0,...,2k+1,
for some positive constant ¢, s independent of N and f. Moreover, if f € H2+(Q), then

NS—T o S
S,miz ﬂ(s,d”
Nd-o o>

Proof. As in Lemmas 2.24 and 2.28 we have

IF = ANl < e 30 52 AP < e max {InRC } 713

i€{0,1}¢ n¢ly -

1f = FN[Alls < ersllf]

Sl 3w

Note that |n|o < |n|. Hence, if n ¢ Iy, then |99 > N1=9. Substituting this into the
previous expression now gives the first result.



2.10 Hyperbolic cross approximations 43

Now suppose that f € H2*+/(Q). Then, using standard characterisations and the corre-

mix

sponding result for the full index set, we obtain

If=FnlAlZ<e D> D0 1APIRE + N2 2
iG{O,l}d n¢]N,U
[n]oo <N

<c max {[aZnlg™"} I £I7
N,o

[nfoc <N

+ N2 £

T,mix T,mix*

For n ¢ Iy, we have |a[5|n|y” = |75 (Info|nl) " < [A|Sg?"N~(1=9)" If 6 < £ then the
observation that 72| < NV immediately gives the result. Conversely, if o >  then we use the
inequality |7|9 7 > N~ once more. O

Observe that when ¢ = 0 and 0 = —oo we recover the results of Lemmas 2.24 and 2.28
respectively. Unsurprisingly, as in previous sections, Lemma 2.34 does not provide an optimal
estimate for the convergence rate when the function f has sufficient regularity. To address
this scenario, we first require the following lemma:

Lemma 2.35. Suppose that 0 <o <1 and Vroa(t) =3 pgr, , 7 L forr>0. Then

_d(1l—-0o) _
Yrod(t) = croat 7 ' (log t)d 2 4+ lower order terms,

for some positive constant c, 4 q independent of f and N. Furthermore, if r > s >0, j =
. 7d and 5r,s,o,d(t) = anygt n"" I s then

Or.s,0d(t) = Crs0at’ " + lower order terms,

- S
provided o < 7

As in Lemma 2.30, it is possible to prescribe exact values to such constants. It is also
possible to assess d,,s5.4(t) when o > 7. However, we shall not pursue this.

Proof. Consider first v, 5 4(t). Without loss of generality we may assume that |7|e = fig.

l1—0o
Since n ¢ In, we have ng > t4=o. Hence

7rad Z n—r 1 Z (ﬁl)—r—l’

In/lo>(tng )1=7

ndzt d—o'
where n’ = (ny,...,n4_1). Using Lemma 2.30 we obtain
Yrod(t) = ct™ (- logt Z ng 7" L't lower order terms

nd>td g

—ro(l—o)
= cna’dtfr(lf")t @) (logt)?2 + lower order terms

d(lf
= Crodt "(log t) 2 1 lower order terms,

as required.
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Figure 2.10: Comparison of the hyperbolic cross (2.51) for o = 0 (squares), o = % (triangles) and

o = 5 (circles). Log errors logyg || f — Fn[fllloc (left), logyo || f — Fn[f]l| (middle), logy, [[f — Fn[f]llx
(right) against number of terms, where f(z1,z2) = (4 + 22 — x3) cos 2z sin 3x.

Next we consider 0, s, 4(t). Without loss of generality, j = d. In this case, it suffices to
consider only those n ¢ I,; with |n|s <t and |n|e = ng. For such n, we have |n/[o|n/|S7 >
tlf"nl_l, where n’ = (na,...,ng). We now assume that the result holds for d — 1. Then

t
Trod(t) =c E nfol g |n/]ar*1n§ + lower order terms
m=l ol
P e
>t 7%n,

t
=c Z nl_r_l (tnl_(l_g) 1>S ' + lower order terms
ni=1
t
=ct® " Z p=(s=)(1=0) " —r—1 + lower order terms
ni=1

= Cp 504" " + lower order terms,
as required. ]

Theorem 2.36. Suppose that f € H2*+2(Q) obeys the first k Neumann derivative conditions

mix

and Iy, is the optimized hyperbolic cross index set (2.51). Then, for s=1,...,2k+1,

_d(1—0)(2k+1) 3
|f = FN[lloo < ckll fll2n+2,malN 7o (log N)42,

_ d(1—0)(4k+3) d-2
2
)

If = FnUfI < eroll fllzks2,maN - 2@ (log N)

_2k—3 .
||f - ]:N[f]HS S Ck,5||f||2k+2,mi1Ns 2k 2’ pTOUZded o< 4]3i37

where ¢y, ci s are positive constants independent of f and N.

In view of Theorem 2.29, the pertinent observation is that the convergence rate in certain
norms of the approximation based on the optimized hyperbolic cross (2.51) is slower than that
of the approximation based on the L2(2) norm hyperbolic cross (2.41). As described in [41],
this is unsurprising: the hyperbolic cross (2.41) is already optimized with respect to the L2(Q)
and uniform norms, so any reduction in size will lead to a deterioration in the convergence
rate. Nonetheless, the convergence rate measured in the H"(Q2) norm, r € N, remains the
same, thus making such techniques viable in certain applications, including the discretisation
of partial differential equations.
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Figure 2.11: Comparison of the hyperbolic cross (2.51) for ¢ = 0 (squares), o = % (triangles) and
o = 1 (circles). Log errors logyq || f — Fn[f]llec (left), logyo ||f — Fn[f]ll (middle), logyq ||f — Fa[f]ll1
(right) against number of terms, where f(x1, o, x3) = (22 + 4) cos 29 sin 2z9e ™ 275
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Figure 2.12: Absolute error |f(x,yo) — Fsolf](z,y0)|, where f(z1,72) = (2 — 21 + 4) cos 2z sin 375
and F5o[f] is the modified Fourier approximation based on the hyperbolic cross (2.51) with o = %
(thick line), ¢ = 1 (thinner line) or ¢ = 0 (thinnest line), for —1 < z < 1 (top row), —3 < z < 3

(bottom row) and yo =1, 2, & (left to right).

A comparison of the approximation error for various values of ¢ is given in Figures 2.10
and 2.11. As established in Theorem 2.29, the optimized hyperbolic cross approximation
offers a lower H!(Q2) norm error for the equal number of terms. Conversely, both the uniform
and L?(Q) norm errors are larger.

The pointwise rate of convergence can also be assessed. As in previous scenarios, the con-
vergence rate inside the domain is exactly one power of N faster than on the boundary. This
is analysed in an identical manner to the L2(Q) norm hyperbolic cross case, upon introduction
of a suitable step hyperbolic cross. We shall not pursue this further. Numerical results are
given in Figure 2.12.

This concludes our discussion of hyperbolic cross approximations. By the introduction of
suitable index sets, we have demonstrated how the curse of dimensionality can be broken to
a significant extent. We end this chapter with two brief sections. The first addresses Laplace
eigenfunctions expansions relating to other boundary conditions. In the second, we briefly
describe the numerical quadratures employed to calculate modified Fourier coefficients.
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2.11 Other boundary conditions

The focus of this chapter has been the analysis of expansions in Laplace eigenfunctions subject
to either homogeneous Dirichlet or Neumann boundary conditions. The key to this study is
the duality enjoyed by these bases (see Lemmas 2.4 and 2.5).

Such techniques are applicable to other eigenfunction expansions. As we shall describe
in Chapter 3, there is a natural extension to certain higher, even-order differential opera-
tors accompanied by suitable boundary conditions. However, the Laplace operator itself can
be equipped with numerous other boundary conditions, some of which yield eigenfunction
expansions that can be studied in a virtually identical manner.

For example, the univariate eigenfunctions

@?] (x) = cos((n — %)m; + %7‘(), ¢[n1} () = cos((n — i)ﬁx — %7), n €N, (2.52)

that arise from the mixed boundary conditions ¢(1) = ¢'(—1) = 0 are amenable to such
techniques (naturally, so are their multivariate extension). Note that the dual functions in this
case are the eigenfunctions that arise from the mixed boundary conditions ¢'(1) = ¢(—1) = 0,
given by

ol(z) = sin((n — 3wz + Im), o(z) =sin((n — Hrz — ix), neN, (2.53)

Eigenfunctions arising from the Robin boundary conditions ¢'(£1) + 6¢(£1) = 0 can also be
studied. Here

1 1
gf)go] (z) = (0 sinh(20)) 27, ¢l%(z) = (0?7 +6%)72 (nwcosnra — Osinnmz), neN,
1
oM(z) = ((n — %)2772 +6%)72 ((n—H)msin(n — 3)ma + O cos(n — 1)mx), neN. (2.54)

Appropriate duality stems from the action of the operator 0, + 6Z, where Z is the identity
operator: if Fy[f] is the truncated expansion of f in Laplace—Robin eigenfunctions, then
(FN[f]) + 6Fn[f] is the truncated expansion of f’ + 6 f in Laplace-Dirichlet eigenfunctions.

For the purposes of function approximation, none of these bases will offer a faster conver-
gence rate than modified Fourier expansions. In fact, the expansion in mixed eigenfunctions
(2.52) or (2.53) converges at the same rate as the expansion in Laplace-Dirichlet eigenfunc-
tion: in other words, one power of N slower. Expansions in the Laplace-Robin eigenfunctions
(2.54) converge at the same rate as their Laplace-Neumann counterparts. Moreover, it can be
shown that no Laplace eigenfunction expansion will offer a faster convergence rate than the
modified Fourier case [38]. Nonetheless, as we demonstrate in Chapter 4, such eigenfunction
bases are each well suited to the spectral discretisation of boundary value problems subject
to the same boundary conditions.

Unfortunately, this duality technique appears limited to these types of boundary condi-
tions. Given general boundary conditions ay¢(+1) 4+ byp(41) = 0, of regular, separable type
[127], it is not clear how to adapt this approach for the case a— # a4, b— # b,.

We remark in passing that, in the multivariate setting, a great variety of nonseparable
boundary conditions can be prescribed to the Laplace operator. However, the corresponding
eigenfunctions are themselves nonseparable, rendering them unsuitable for practical purposes.
Handling such boundary conditions in, for example, the spectral approximation of partial
differential equations is typically a difficult task. We shall consider this briefly in Chapter 4.
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2.12 Computation of modified Fourier coefficients

The final issue we address in this chapter is the numerical computation of the modified
Fourier?? coefficients fr[f ! This topic was first considered (in the univariate setting) in [94], and

generalised to the d-variate cube in [95]. The cornerstone of the schemes developed therein is

the observation that the integrand f (x)<b£ﬂ (x) oscillates rapidly for large n. In recent years,
great progress has been made in the design of numerical methods for highly oscillatory inte-
grals [89]. Important examples include Filon-type methods [93], Levin-type methods [132] and
the method of numerical stationary phase [91]. Rather than high oscillation being a barrier
to effective computation, such methods exploit it: as the frequency w (or in this case n) in-
creases, the error typically decreases. Furthermore, the number of coefficients involved in the
approximation is essentially independent of w. The resulting method is adaptive: changing w
does not require the recalculation of any coefficients. Such behaviour contrasts sharply with
classical quadrature schemes—for example, standard Gaussian quadrature—whose accuracy
declines with increasing w.

In the context of modified Fourier coefficients, Filon-type methods have been most widely
studied (a Levin-type method is employed in [134]). We now describe this method in greater
detail.

2.12.1 Filon-type methods

Suppose first that d = 1. The basis for the Filon method is the asymptotic expansion

k—1
fi = Al 15+ 0 (n52) = Z [11] — 1BM ]+ 0 (n%2). (2.55)
r:O

Truncating this expansion after k terms leads to the so-called asymptotic method f,[f I~ Ag}n [f].

The asymptotic order?® of this approximation is 2k 4+ 2 and, since fiﬂ =0 (n_Q), the relative
asymptotic order is O (n*%). Note that this approach requires explicit calculation of the
derivatives f(2’“+1)(i1), r=0,...,k— 1. However, as described in [92, 94|, derivatives can be
replaced by finite differences in a straightforward manner.

Unfortunately, the asymptotic method can only be used when n is sufficiently large. In
practice, the approximation Ag]n[ f] is often unacceptable for realistic values of k and n.
Regardless, the expansion (2.55) is the starting point for Filon-type methods, which we now
describe.

The Filon-type method is very easily defined. Given nodes —1 =c¢; <ca < ... <¢, =1
and multiplicities my, ..., m, we first construct a polynomial ¢ such that

¢(2r)(cs):f(2r+1)(cs)> T:O,...,ms—l, 821,2,...,V

If p(x) = f(0) + [y ¢(t) dt, then we refer to

1
Q£ = / p(2)¢l (x) da,

22The techniques described in this section are equally applicable (with only minor modifications) to other
Laplace eigenfunctions. However, we shall focus on the modified Fourier case.
23If an approximation to f, commits an error of @ (nfm) we say it is of asymptotic order m.
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as a Filon-type approximation based on nodes cy, .. ., ¢, and multiplicities m = (mq,...,m,).
The asymptotic order of this approximation is 2k + 2, where k = min{mi,m,}.

To relate Q%m[f] to the asymptotic method, we observe that
Qilalf) = AL + ELLS, (2.56)

where the residual Ej,; ] nlf]is O (n=2*=%). This interpretation explains the effect of the internal
nodes ca,...,c,—1 of the Filon-type method. Such nodes, whilst not increasing the asymptotic
order, act to approximate the higher-order terms in the asymptotic expansion (2.55).

In view of (2.56), we may expect the Filon-type method to behave in a similar manner

to the (k + 1) asymptotic method AEH ,Lf]. However, Filon-type methods typically offer
greatly superior performance. Numerical examples attest to the fact that Filon-type methods
yield high accuracy even when n is small [94]. This can be explained as follows: for large n,
accuracy is assured by rapid decay of the asymptotic expansion, whereas for small n, the high
order of the underlying classical quadrature ensures precision.

The interpretation (2.56) also provides a compelling alternative means to devise Filon-type

schemes. If we make the ansatz

v ms—1

[i] " . 27"-1-1)
P = i D 5 M)

s=1 r=0

with values b[] independent of n and f, then high accuracy will occur, provided such values
are chosen so that the approximation

v ms—1

>3 brag® D e) ~ Blgl = (~1)F [ (1) + (~1)F gD (1))

s=1 r=0

is exact for all polynomials f of maximal degree. Hence, the problem of designing Filon-
type quadratures is reduced to the approximation of derivatives by finite differences. This
methodology typically allows for easier design and construction of efficient schemes [95].

2.12.2 Exotic quadrature

Due to its asymptotic nature, the Filon-type method cannot be used for nonoscillatory inte-
grals, the most pertinent example of this being the coefficient f([)o]. Moreover, for small n, the
Filon-type approximation will not offer sufficient precision. An alternative is to use Gaussian
quadrature in this setting. However, this action requires additional function evaluations and,
more importantly, the derivative values computed as part of the Filon-type quadrature are
wasted. The idea proposed in [94] is to reuse such values in classical quadrature schemes, an
approach termed exotic quadrature [8]. In this spirit, we define the quadrature rule

v mp—1 1

Q] =2h(0) + > Y b b () & / h(z) dz, (2.57)

r=1 s=0 -1

with weights b, s chosen to maximise the order of the scheme. Depending on the coefficient
we wish to approximate, we set h(z) = f(z) or h(z) = f(x) g ().
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We remark in passing that both Filon and exotic quadratures use (Hermite) interpolation
at internal nodes. No general theory currently exists pertaining to the optimal location of
such nodes. However, numerical examples presented in [8, 94, 95] suggest that these values
should be chosen to maximise the order of (2.57), if possible.

2.12.3 Multivariate modified Fourier coefficients

The design of effective quadratures in the multivariate setting is complicated by the fact that,
for various values of n, the integrand f (x)qﬁw (z) oscillates rapidly in some variables and not
in others.

For parameters n = (n1,...,nq) with min{n;} > 1, the multivariate asymptotic expansion
(2.28), suitably truncated, is once more the starting point. The construction of Filon-type
methods based on this expansion is affected by two further issues. First, since only the odd
derivatives are used as interpolation conditions, the interpolation problem (an example of
a Birkhoff-Hermite interpolation problem [115, 116]) may not be solvable. Further, for a
particular configuration of nodes, the corresponding interpolation polynomial need not exist.
However, both issues can be resolved in the modified Fourier setting. In [95] a Filon-type
method was introduced using a so-called tartan grid to cover the domain.?* To construct the
Filon-type approximant, the function f and certain partial derivatives are evaluated on this
grid.

Along the lines of [94], multivariable exotic quadratures can also be constructed to handle
nonoscillatory coefficients. A combination of exotic and Filon quadratures is then used for
those coefficients with corresponding high oscillation in only a subset of the variables ny, ..., ng
[95]. As numerical examples demonstrate [87], the Filon-type method is used for the vast
majority of coefficients, with exotic quadrature (in one or more variables) used only for those
coefficients with at least one very small parameter nq,...,ng.

The approach outlined above is theoretically clear, but numerous issues remain. For exam-
ple, robust and accurate error bounds for both Filon-type and exotic quadratures are largely
lacking. Recently some advances have been made in the univariate setting [121], however
the general picture is far from apparent. On a closely related topic, the stability of such
methods is as of yet largely unexplored, and few criteria currently exist for the optimization
of quadrature parameters. Consequently, these methods require a great deal of future work
before they can be converted into effective algorithms. We refer the reader to [8, 94, 95] for a
more thorough discussion of the open problems relating to such schemes. Nonetheless, as we
now discuss, such approach provides a compelling alternative to more standard techniques.

2.12.4 Quadrature and the Fast Fourier Transform

Once derivative values are specified (or calculated), we may compute any M coefficients
in O (M) operations using the aforementioned quadratures. Furthermore, this approach is
adaptive: we may readily compute any M’ additional coefficients in O (M) operations without
recomputing any existing values.?® This fact permits the use of the hyperbolic cross for
modified Fourier expansions, which, as demonstrated, offers significant computational savings.

24This particular approach is applicable to tensor-product domains only. Construction of quadratures in the
equilateral triangle has been studied in [88].

25Having said this, it may be advantageous in practice to recompute existing values to higher accuracy if the
truncation parameter N is increased, potentially resulting in a higher computational cost [87].
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This approach contrasts sharply with the FFT, which computes all values in the full index
set (2.33) in a non-adaptive manner. Moreover, the truncation parameter N must be highly
composite. Regardless, in view of Section 2.3, the FFT can be used in conjunction with
modified Fourier expansions, provided (2.33) is employed. In particular, the expansion F|f]
can be evaluated at N equally spaced nodes in O (N dlog N ) operations. Moreover, products
and derivatives of modified Fourier sums can be evaluated with the same operational count.

As noted, the classical FFT is unsuitable for hyperbolic cross approximations. In this set-
ting, the SGFFT can be used (provided a step hyperbolic cross is employed) [18, 60]. However,
this approach is by no means simple nor straightforward to implement [87]. Nonetheless, in the
context of modified Fourier sums, this device can, in theory, be exploited to evaluate products
and derivatives, for example, with the resulting operational cost being O (N (log N )d).

This concludes our study of modified Fourier expansions. We shall return to this theme in
Chapters 4 and 5 respectively, where we discuss their applications to boundary value problems
and their effective convergence acceleration. Before doing so, however, the next chapter
concerns the generalisation of the modified Fourier basis to bases consisting of eigenfunctions
of suitable higher-order differential operators.



Chapter 3

Expansions in polyharmonic
eigenfunctions

3.1 Introduction

Modified Fourier expansions give the fastest possible convergence rate amongst all Laplace
eigenfunction expansions. Had the individual eigenfunctions obeyed additional, higher-order
boundary conditions, this rate of convergence would have increased. The aim of this chap-
ter is to demonstrate that modified Fourier expansions and their theory can be successfully
generalised to expansions with convergence rates of arbitrary algebraic order. By a judicious
choice of both differential operator and boundary conditions, we introduce a one-parameter
family of expansions with a uniform convergence rate of O (N~?) for any fixed ¢ € N. The
corresponding coefficients decay like O (n*qfl). Such expansions share many similar proper-
ties with the Laplace case, which corresponds to index ¢ = 1. In particular, coefficients can
be calculated using similar quadrature methods to those introduced in Section 2.12.

The expansion of a function in Laplace eigenfunctions is one particular example of the
much larger field of so-called Birkhoff expansions [127]. This topic addresses the expansion of a
function in eigenfunctions of an arbitrary linear differential operator with prescribed boundary
conditions. The route to generalising modified Fourier expansions lies with first understanding
this general scenario. Motivated by such considerations as simplicity of the eigenvalues and
eigenfunctions and convergence rate of the expansion, we develop, in this chapter, a family
of Birkhoff expansions based on eigenfunctions of a particular class of differential operators
(polyharmonic operators) equipped with certain boundary conditions. As we subsequently
indicate, such eigenfunctions are optimized for practical computations.

Although Birkhoff expansions have been extensively studied from a theoretical standpoint,
few attempts have been made at practical computations (outside of the Fourier setting!).
Moreover, despite a well-established classical theory for univariate Birkhoff expansions [51,
127], the fundamental characteristics of the particular expansions introduced in this chapter
are insufficiently described by such theory. Hence, having described this shortfall in further
detail, we provide a full theory of such expansions in the unit interval.

!The Fourier basis functions can be viewed as eigenfunctions of the operator diz equipped with periodic
boundary conditions ¢(1) = ¢(—1). We remark, however, that, aside from providing this example, this
viewpoint is largely superfluous.

51
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Very little literature currently exists pertaining to Birkhoff expansions for multivariate
functions. To this end, after detailing polyharmonic eigenfunction expansions in the unit
interval, we next demonstrate an appropriate extension to the d-variate cube. We then present
a complete analysis of convergence, thereby generalising the work of Chapter 2 to arbitrary
g > 1 (in particular, the convergence results that we establish make no stipulations regarding
the index set employed).

We mention in passing that this topic—the generalisation of modified Fourier expansions
to polyharmonic expansions—was originally pursued in [8]. Part of this chapter will sum-
marise salient aspects of that study. The main content, however, builds on this work by both
presenting a full convergence theory for such expansions and establishing an extension to the
d-variate cube. Elements of this material have recently appeared in the author’s paper [6].

3.1.1 Birkhoff expansions

The natural starting point for the generalisation of modified Fourier expansions is the unit
interval. An extension to the d-variate cube can only be pursued with sufficient understanding
of this case. Our present goal is therefore to determine the univariate differential operator (of
fixed, even-order) and boundary conditions with the fastest decay of expansion coefficients
(and, correspondingly, the fastest uniform convergence rate). Such a form will not, in gen-
eral, be unique. Hence, practical considerations, notably simplicity of the eigenfunctions and
eigenvalues, will be exploited where possible.

To this end, suppose that Ly = (—1)‘1% + ... is a self-adjoint linear differential operator
of order 2¢q, ¢ € N, with smooth coefficients. We could, in theory, drop the assumption of
self-adjointness. However, since real eigenvalues are desirable for the purpose of practical com-
putations, it makes sense to enforce this condition. Nothing is gained in terms of convergence
or rate of decay of expansion coefficients by considering the non-self-adjoint case®. Suppose
further that Bi[¢], ..., Bayl¢], ¢ € C2971[—1,1], are 2q linearly independent, linear functions
of the values ¢(£1), ¢/ (£1),..., 24~ (£1), giving rise to homogeneous boundary conditions
B.l¢] =0, r =1,...,2¢q. Such forms can be augmented to form a dual basis By, ..., B of
the 4¢-dimensional vector space

{(¢(=1.0/(=1)...., 07D (=1),6(1), (1), ... 6 D(1)) s 9 € CH -1, 1]

for which the condition

bﬂmmwwmm—z&mmW4m+/y@@mmm, (3.1)

holds for all ¢, € C%[—1,1].

Under some mild assumptions, the spectrum of Ly equipped with boundary conditions
B.[¢] =0, r =1,...,2q, is countable, with real eigenvalues p1, u12, ... having no finite limit
point in R, and orthonormal eigenfunctions ¢1, @9, ... [127]. This indicates that a function

2We hasten to add, however, that this situation changes dramatically if odd order operators are considered.
In this case, there are a number of prominent non-self-adjoint examples where the classical theory of Birkhoff
expansions does not hold. For example, the operator dd—; when equipped with boundary conditions u(—1) =
u(1) = u/(1) = 0 does not possess a countable spectrum.
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f € L?(—1,1) may be expanded in such eigenfunctions:

© ) 1
f@) ~ > fubu(e), where f, = / ()6, (o)
n=1 -

We wish to select an operator £y and boundary conditions with both the fastest decay of
the expansion coefficients and the simplest eigenfunctions and eigenvalues. Considering the
first criterion, let ¢ be an eigenfunction of £y with eigenvalue p = o?? # 0. Using (3.1) and
applying the boundary conditions B,.[¢p] =0, r = 1,...,2q, gives

1 1 1
[ @@= [ s

1 4q 1 1
= 2 BBl + | &lf@o) iz

1 & 1!
== > BllBun AN+ [ Llf@) b

r=2q+1

It is known that ¢(")(+1) = O (a”) and that the n'* value a,, = O (n) [127]. Hence

1
/ @)o(a)dr = 0 ("),

where m is the maximal order of derivative appearing in the forms Bag1,...,Bsyg. We now
seek to minimise m over all possible boundary conditions. Since the forms By, ..., By, are
linearly independent, simple arguments demonstrate that m = ¢ — 1 is the minimal value. In
this case, the highest derivative in both B, and By, is of order ¢+7—1 for r = 1,... ¢ (after
a possible reordering). Though numerous different boundary conditions share this property,
practical considerations exhort us to choose the simplest. These are the Neumann boundary
conditions

B.[¢] = ¢ V(=1), Bgyr[g] = 09TVQ), r=1,...,q

It follows that fn =0 (n_q_l).

Having prescribed ‘optimal’ boundary conditions, we turn our attention to the operator
Ly. Throughout this derivation, aside from the order ¢ and imposition of self-adjointness,
Ly was arbitrary. Once again, given freedom to choose, we resort to simplicity. This leads
naturally to the polyharmonic operator (—1)‘1%.

For these reasons, the remainder of this chapter is devoted to the study of expansions in
the polyharmonic—Neumann eigenfunctions:

(11?0 =a?p,  ¢(E1) =0, r=q,q+1,...,2¢— L (3.2)

Observe that when ¢ = 1 this reduces to the Laplace-Neumann case studied previously.
Incidentally, though considerations of simplicity naturally lead us to (3.2), there is also
sound theoretical justification. As described in [127], the spectrum of a general operator Ly is
well understood in the asymptotic regime |a| — co. Under some mild assumptions, both the
eigenvalues and eigenfunctions of a general 2¢*® order operator £y are asymptotic to those of
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the polyharmonic operator (the highest order term in L) with the same boundary conditions.
In other words, no advantage is gained from expansions based on eigenfunctions of a more
general operator.?

3.1.2 Background

Birkhoff expansions have been extensively studied since their introduction by George Birkhoff
[25, 26]. Consequently, they are well-developed theoretically [123]. Much is known about
both their convergence and the asymptotic behaviour of the eigenvalues and eigenfunctions
[23, 51, 127]. In particular, the phenomenon of equiconvergence—where a Birkhoff expansion
can be related to a model trigonometric expansion and hence studied with classical tools of
Fourier analysis—has been extensively explored [123, 154].

Nevertheless, a number of omissions exist. The apparently obvious statement that Neu-
mann boundary conditions yield uniformly convergent expansions and the fastest possible rate
of convergence seems to be lacking. Indeed, classical convergence results typically assume that
the function being approximated satisfies the same boundary conditions as those associated to
the linear operator [123, 157]. Additionally, the majority of studies pertaining to equiconver-
gence consider only convergence away from the endpoints. From a practical standpoint, such
results are of limited use. Furthermore, a significant proportion of existing theory addresses
only the worst case scenario, including, for example, the Dirichlet boundary conditions

P (1) =0, r=0,...,q—1, (3.3)

which, in contrast to the Neumann case, lack uniform convergence and possess the slowest
convergence rate amongst all possible Birkhoff expansions.

Outside of this context, polyharmonic-Neumann eigenfunctions have been notably con-
sidered by Krein [108] and Kolmogorov [105] in the theory of n-widths. As a result of these
and subsequent investigations, much is known about the zeros of such eigenfunctions [136].
Regardless, to the best of our knowledge, no attempts have been made outside of [8] to devise
practical approximation schemes based on such eigenfunctions.

There are two principal reasons for this omission: construction and computation of the
eigenvalues and eigenfunctions and numerical evaluation of the coefficients fn Both problems
were addressed in [8], and we shall revisit the principal aspects of that study in the course of
this chapter.

3.1.3 Key results

The key results of this chapter are divided into two parts: results relating to the spectrum
of (3.2) and its eigenfunctions, and results pertaining to the convergence of eigenfunction
expansions. Specifically, as regards the former, we establish the following:

1. The eigenfunction of (3.2) corresponding to index a can be expressed as a finite sum
of products of trigonometric and hyperbolic functions with real coefficients given as a

3A similar statement can also be made regarding more complicated boundary conditions. Under some
rather general assumptions, the eigenfunctions corresponding to general boundary conditions B[¢] = 0 are
asymptotic to those eigenfunctions corresponding to boundary conditions arising from only the highest order
derivative in B[] [127]. Thus we obtain a similar conclusion: there is no practical advantage gained from
equipping the polyharmonic operator with more general boundary conditions.
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solution of a ¢ x g algebraic eigenproblem. The eigenfunctions occur in two cases: even
and odd.

2. The eigenvalues are non-negative and, aside from the ¢-fold zero eigenvalue, positive.
Eigenvalues lie in intervals of exponentially small width and the n'" value «, satisfies

1

= Z(2n +q—Dr+ 0 (e, n>1, (3.4)
for some constant 7, > 0 depending only on g.

3. The eigenfunctions ¢, are exponentially close to regular oscillators in compact subsets
of (—1,1). Specifically, for —1 <z < 1 and n > 1,

¢n(z) =cos [§(2n+q— Dz + 3(n+q— )] + O (e*%%l(l*"”‘)m) . (3.5)

These results have important consequences for practical computation. Simple construction
of eigenfunctions and rapid numerical evaluation of eigenvalues (via standard iterative tech-
niques, e.g. Newton—Raphson) follows from 1 and 2. Result 3 asserts that the coefficients fn
can be calculated to high accuracy with highly oscillatory methods. We mention in passing
that (3.4) and (3.5) represent significant improvements of classical results for Birkhoff expan-
sions. In general, such estimates are known with only O (n_l) remainder terms [51, 127].
These improved estimates, however, are rather specific to the polyharmonic—Neumann case
(as we discuss further in Section 3.3.3), and this presents yet another compelling reason to
develop expansions in such eigenfunctions, as opposed to arbitrary Birkhoff expansions.

The presence of exponentially small error terms in (3.4) and (3.5) not only justifies state-
ments made previously about the computation of eigenvalues, it also allows for a more accurate
study of convergence—the second topic we address in this chapter. In particular, we establish
the following:

1. For all ¢ € N, the basis of polyharmonic-Neumann eigenfunctions is dense and orthog-
onal in H?(—1, 1) with respect to the inner product

(f:9)q = (f,9) + (f9,¢9D), VfgeHI(-1,1). (3.6)

2. For r = 0,...,q the truncated expansion of a function f € H"(—1,1) converges to f in
the H"(—1,1) norm.

3. The coefficients f,, of a function f € HI(—1,1) are O (n*qfl) for large n.

4. The expansion of f € H'(—1,1) converges uniformly, and, provided f € HIT!(—1,1),
the uniform error is O (N~9). If, additionally, f € H7"2(—1,1) the rate of convergence
is O (N _q_l) in compact subsets of (—1,1). Furthermore, a full asymptotic expansion
of the error at any point = € [—1, 1] can be prescribed.

5. Derivative conditions completely determine the convergence rate. If a function f obeys
the conditions

fl@rihats) 41y =0, r=0,...,k—1, s=0,...,q—1,

then all convergence rates increase by a factor of N2+,

6. The theory of univariate polyharmonic-Neumann expansions can be scaled up to the
d-variate cube via tensor products. This leads to a family of approximation bases
corresponding to eigenfunctions of certain subpolyharmonic operators.
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Polyharmonic—Neumann eigenfunctions, in theory, facilitate the design of approximations with
convergence rates of arbitrary algebraic order. One caveat is required: as ¢ increases, per-
forming practical computations with such eigenfunctions becomes increasingly cumbersome.
Moreover, the presence of round-off error also hampers computations. This is described in fur-
ther detail in Sections 3.2.4 and 3.7. It is not within the scope of this chapter to properly assess
the impact of such issues, nor shall we address the comparison of polyharmonic—Neumann ap-
proximations with more mature algorithms. Regardless, in view of the applications of modified
Fourier expansions, where such an approach have been found to convey a number of benefits,
this particular generalisation warrants further study.

3.2 Polyharmonic eigenfunction bases

The operator Ly = (—1)4 dd 37 equipped with homogeneous Neumann boundary conditions is
semi-positive definite: thus, all eigenvalues are nonnegative. Clearly Lo[¢] = 0 if and only
if ¢ is a polynomial of degree ¢ — 1, meaning that 0 is a g-fold eigenvalue. The correspond-
ing orthonormal eigenfunctions are ¢g,, n = 0,...,¢ — 1, where ¢g, is the n'® Legendre
polynomial.

All other eigenvalues are positive, and it follows from elementary spectral theory that
such eigenvalues are simple, countable and have no finite limit point [114]. The corresponding
eigenfunctions ¢,, n € N, in combination with ¢g,, n =0,...,¢—1, form a dense, orthonormal
subset of L?(—1,1).

As we exhibit in Section 3.2.3, eigenfunctions occur in two flavours, even and odd. Hence,
we will occasionally use the notation qﬁ[rf}, gbg}n, thereby denoting the even (i = 0) and odd
(1 = 1) cases explicitly. More frequently, however, we will write ¢g », ¢n and ignore this fact.

3.2.1 Expansions in polyharmonic eigenfunctions

We define the truncated expansion of a function f € L?(—1,1) in polyharmonic-Neumann
eigenfunctions as

q—1 N
= Z fAO,n(bO,n(x) + Z fn@bn(w), T e [_17 1}7
n=0 n=1

where fo, = f f(@)¢on(x)dz and f, = f f(2)¢n(x)dr. Due to L?(—1,1) orthogonality
and density, F, N[ f] converges to f in the L?(—1, 1) norm. Moreover, a Parseval-type charac-
terisation holds,

q—1 0o
IAI2 =" lfonl® + D 1fal?, VF € L?(=1,1). (3.7)
n=0 n=1

Central to analysis of the approximation Fy|[f] is the duality enjoyed by the polyharmonic
basis. For ¢ = 1, as demonstrated in Lemmas 2.4 and 2.5, such duality is clear: the derivative
of a Laplace—Neumann eigenfunction is a Laplace—Dirichlet eigenfunction and the derivative
of Fn[f] is the truncated expansion of f’ in Laplace-Dirichlet eigenfunctions. The following
lemma generalises this result to ¢ > 1:

Lemma 3.1. If we apply the opemtor = to the set of polyharmonic—Neumann eigenfunctions
On, we obtain, up to scalar multzples the set of polyharmonic eigenfunctions that satisfy



3.2 Polyharmonic eigenfunction bases 57

the Dirichlet boundary conditions (3.3). Such eigenfunctions are dense and orthogonal in
L2(—=1,1). Moreover, for f € Hi(—=1,1), (Fnx[f])@ is the truncated expansion of f9 in such
etgenfunctions.

Proof. 1t is clear that ¢-fold differentiation yields the set of polyharmonic—Dirichlet eigenfunc-
tions (note that the polyharmonic—Dirichlet operator has no zero eigenvalue). Density and
orthogonality now follow directly from standard spectral theory.

For the second result, we first note that, for f € H4(—1,1),

1 q+r
/_lf(x)qb(x) dz = W/ @)% (z)dw, r=0,...,q, (3.8)

a4
where ¢ is a polyharmonic-Neumann eigenfunction with corresponding eigenvalue p = a?9.
This follows from the equality ¢(29) = (—1)9a21¢ and repeated integration by parts. Now,
suppose that ¢(@ = ¢, where ¢ is the corresponding normalised polyharmonic-Dirichlet
eigenfunction and c is a constant. Using (3.8) with r = ¢ gives

c2:c2/111p(x) dm—/ oD (2)p\D (2) da = 9.

Moreover, we have

1 1
2z (q () = - @D (Vo () da
[ rwewar= 3 [ 10@e0wa="1 [ 0@uwar,

so that (f, )o@ (z) = (f(@,4)h(x). The result now follows immediately. O

Straightaway this lemma provokes the following question: what is the corresponding du-
ality for the derivative operator %, p=1,...,4 — 17 Unfortunately, we no longer obtain
an orthogonal basis. Instead, as we describe in the next section, we obtain polyharmonic
eigenfunctions subject to certain non-self-adjoint boundary conditions.

3.2.2 Biorthogonal pairs of polyharmonic eigenfunctions

To describe the case p = 1,...,q¢—1, we first recall some general theory of Birkhoff expansions
(see [127] for a more thorough exposition). Given an arbitrary linear differential operator
Lo (not necessarily self-adjoint) of order 2¢ equipped with boundary conditions B,[¢] = 0,
r =1,...,2q, we may define the adjoint operator £ and boundary conditions B}[¢] = 0 so

that the relation
1 _ 1 _
/cmmwww=/¢w%mwm
-1 -1

holds for all 2¢-times continuously differentiable, complex-valued functions ¢,1, where ¢
satisfies the boundary conditions B,.[¢] = 0 and 1 satisfies the dual boundary conditions
B[] = 0. Here z denotes the complex conjugate of z € C. We say that an operator is
self-adjoint if Lo = L; and B, =By, r=1,...,2q.

It is well known that if y is an eigenvalue of Ly with the aforementioned boundary condi-
tions, then i is an eigenvalue of the adjoint problem. Moreover, if ¢ and 1 are eigenfunctions
of Ly and L] respectively, with corresponding eigenvalues p and v, then ¢ and 1 are orthogonal
unless y = v.
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Under some mild assumptions, the spectrum of Ly is countable with eigenvalues {puy,}
and eigenfunctions {¢,} [127]. If {¢,} is the corresponding set of eigenfunctions of the
adjoint, then (¢, ¥m) = dnm (after appropriate renormalisation), and we refer to the pair
{&n, ¥n} as a biorthogonal pair of eigenfunctions. This biorthogonality signals that a function
f € L2(—1,1) can be expanded in the formal series

o0
@)~ Y (f:n) du(2). (3.9)
n=1
Note that we do not make any assumptions regarding the convergence of the right-hand side
of (3.9) at this point.

Our interest lies with the case of the polyharmonic operator Ly = (—1)‘1%. It is evident
that, when prescribed either Neumann ¢(9*7) (1) = 0,7 = 0,...,¢—1, or Dirichlet ¢(") (£1) =
0 boundary conditions, this operator is self-adjoint. Nonetheless, to describe the duality
enjoyed by polyharmonic—Neumann expansions properly, we first need to catalogue the nature
of the polyharmonic operator under a variety of other boundary conditions:

Lemma 3.2. Suppose thatp = 1,...,q—1 and that the polyharmonic operator Ly = (—1)4 d(fﬁq
s equipped with boundary conditions
PP (£1) =0, r=0,...,q— 1. (3.10)

Then, the adjoint operator L§ = Lo = (—1)4 dd;;q and the adjoint boundary conditions are

w(r)<i1):07 r=0,...,p—1,
PP D(£1) =0, r=0,...,¢—p—1. (3.11)

In particular, the corresponding pair of polyharmonic eigenfunctions subject to boundary con-
ditions (3.10) and (3.11) are biorthogonal.

Proof. We have
1 ~ 2q—1 ~ ) 1 L
/lﬁo[cb}(x)@ﬁ(w) do = (=1)9 Y (1) (@)D ()| + /1¢(x)£0[¢](m) dz.
_ = _
If ¢ satisfies boundary conditions (3.10), then this sum vanishes for all ¢ precisely when 1)
obeys the conditions (3.11). O

Before detailing the duality exhibited by polyharmonic-Neumann eigenfunctions, it is in-
formative to describe the nature of the zero eigenvalue of the polyharmonic operator equipped
with boundary conditions (3.10) or (3.11). Recall that the polyharmonic—Neumann operator
has a zero eigenvalue of multiplicity g. The corresponding eigenspace is P,_1, the space of
polynomials of degree ¢ — 1, and we write {¢o, :n =0,...,¢ — 1} for the orthonormal basis
of polynomials of this space (note that ¢g, = (n+ %)%Pn, where P, is the n'" Legendre poly-
nomial). Trivial calculations verify that the polyharmonic operator with boundary conditions
(3.10) or (3.11) has a (¢ — p)-fold zero eigenvalue. The corresponding eigenspaces are Py_,_1
and

{g €Ppyp1: 9" (£1) =0, r=0,...,p— 1},

respectively.
With this to hand, we are now in a position to prove the main result of this section:
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Theorem 3.3. If we apply the differentiation operator %, p=1,...,q — 1, to the set of
polyharmonic—Neumann eigenfunctions, we obtain, up to scalar multiples, the set of poly-
harmonic eigenfunctions that satisfy the boundary conditions (3.10). Furthermore, for f €
HP(—1,1), (Fn[f])® is the truncated expansion of fP) in the biorthogonal pair of polyhar-
monic eigenfunctions corresponding to boundary conditions (3.10) and (3.11).

Proof. The first result is trivial. For the second, we proceed exactly as in Lemma 3. 1 Suppose
that ¢, is the n'" polyharmonic-Neumann eigenfunction with eigenvalue p, = a2l % 0. Let

£{’ ) = cnpn and ¢n2q P _ dpnxn for constants ¢, d, where {1, x,} is the biorthogonal pair

corresponding to boundary conditions (3.10) and (3.11). Assume that such eigenfunctions are
normalised so that (¢n, Xm) = dpm. Setting r = p, ¢ = ¢y, and f = ¢, in (3.8) immediately

gives
Q+P
0 n,m ——4——cCpd / ¢n X m

In particular, ¢,d,, = (—1)7TPa2?. Moreover, using (3.8) once more,

R +
Fub (o) = S [ I drae) = (59, x0) vl

It follows that

dr N
s Z_: => (f(p), Xn) n(), (3.12)

n=1

for any N € N. To complete the proof, we need to assess the component of Fy|f] correspond-
ing to the g-fold zero eigenvalue. To this end, suppose that we write {¢)9,, : n =0,...,¢—p—1}
and {xon :n=0,...,¢g—p—1} for the sets of polyharmonic eigenfunctions subject to bound-
ary conditions (3.10) and (3.11) respectively and corresponding to the zero eigenvalue. To
prove the full result, it suffices to show that

dr g1 q—p—1
=3 fowton(@) = D0 (1P x0n) von(@). (3.13)
n=0 n=0

Since {19} is a basis for P,_,_1, it follows that

qg—p—1

q—
ddi Z n(bOn Z anwOn

for some values a,, € R. Due to the biorthogonality relation (¢, X0.m) = On,m, we have

s
an = (d:cp > fO,m¢0,m>X0,n) -

m=0

In view of (3.12) and the fact that (¢, x0,m) = 0, we may write, for any N € N,

4 N
( dxp {Z m¢0,m + Z fn¢m} 7X0,n> .
m=1

m=0



60 3. Expansions in polyharmonic eigenfunctions

We now note that, since X&)L(:l:l) =0 for r =0,...,p — 1, integration by parts p times gives
the relation

(g(”), XO,n> <g xé”%) (3.14)

for any function g € H?(—1,1). In particular,

q—1 N
ay = (Z fo,m¢0,m + Z fn@f)vaé}??)z) = (‘FN[f]’Xé}?’)l) '

m=0 m=1
Since N was arbitrary and Fy[f] — f in the L?(—1,1) norm, it follows that a, = (f, x(()p)).

s

An application of (3.14) now gives a, = (f(p),x(m), hence verifying (3.13). O

The properties of the biorthogonal pairs of polyharmonic eigenfunctions introduced in this
section are well understood within the general context of Birkhoff expansions [51]. Though
certain standard results—in particular, L?(—1,1) convergence of the expansion (3.9)—could
be utilised in our study of polyharmonic expansions, we shall not do this. The reasons for
this are twofold. First, such general results insufficiently describe the polyharmonic—Neumann
case (as we shall consider in Section 3.3), and second, they do not easily generalise to the d-
variate cube. Instead, we develop alternative, simpler techniques to tackle the polyharmonic—
Neumann case directly. Incidentally, convergence of the expansion (3.9) will be a by-product
of these results.

3.2.3 Construction of polyharmonic eigenfunctions

In this section, we briefly describe the systematic approach developed in [8] for the construc-
tion of polyharmonic eigenfunctions. Let ¢ be a polyharmonic—-Neumann eigenfunction with
eigenvalue 1 = o®?. We first note that

where the values A, € C satisfy 2= (-=1)%, r=0,...,2¢ — 1 and the parameters ¢, € C are
determined by the boundary conditions. Simplification of this expression requires separately
addressing the two cases corresponding to even and odd gq.

Even ¢

The values A, are roots of unity in this case, and the eigenfunction ¢ takes one of two possible
forms ¢!l which is even if i = 0 and odd if i = 1. These are given by

2
qﬁ[o Z C,LO] oS < Oz sin — ) cosh <a[o]a: oS M)
q q
2—1

+ dLO] sin <a[0]ac sin W) sinh (a[olx cos W) , 3.15
> ; ; (3.15)
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and

[y

q_
2

oM(z) = e cos ( Mg sin q) sinh (amx cos ﬂ;)

r=0
g
+ Zd[l sin < x sin TW) cosh <amx cos W) , (3.16)
q q

respectively. The parameters cy], d7[~i Vand ofl are specified by enforcing the boundary condi-
tions, which results in an algebraic g x ¢ eigenproblem.

0Odd ¢

The odd case is addressed in an identical manner, resulting in

2 1 1
o%(z) = ¥ cos (a[O]:E sin M) cosh (a[o}az oS 7r(rq—i—2)>

N[ =

2 1
+ dl9 sin (Oé[o]l‘sin W) sinh (a[o}xcos 7r(7'+)> 7
q

and

r=0

We conclude the following: for arbitrary g > 1, the eigenfunctions split into even and odd
functions, and in each case they can be expressed as sums of products of trigonometric and
hyperbolic functions.

The biharmonic (¢ = 2) case warrants further attention. It presents the first signifi-
cant extension beyond the modified Fourier case, and highlights several features of general
polyharmonic—Neumann expansions. In this setting, the eigenfunctions are given by

(o1, 0] -l (1]
1 cosap r  coshagn x 1 sinopn'x  sinh oy,
W(@:( o H)’ o _< it []) (3.17)

V2 cos oy cosh a,? (@)= V2 sin anl sinh «
and the values a[n], 1 =0,1, n € N, satisfy the nonlinear equations
tanh o/ + tanal% =0, tanholll — tanolll = 0.
These values lie in intervals of exponentially small width in n. In fact,

ol e ((n — D (n— D+ ce*Q("*i)”) ,

olll e ((n + D — ce™ 2 DT (4 i)ﬂ) , (3.18)
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“10/ YV 2% , 1.0
—_05L
10"

-15t _15tL

Figure 3.1: (left) the biharmonic eigenfunctions ¢, n = 1,2,3,4. (right) the function ¢oq.

where ¢ = @s1tsinl - This establishes (3.4) in this setting. Likewise, the estimate (3.5) is also
easily demonstrated after a brief consideration of (3.17).*

In Figure 3.1(a), we plot the first four biharmonic eigenfunctions. Herein another property
of polyharmonic eigenfunctions is apparent: namely, the n'® eigenfunction has precisely n
simple zeros in (—1,1), and the zeros interlace.” Simple arguments, along similar lines to
those already given, demonstrate that these observations are valid for all n when ¢ = 2. Such
behaviour is characteristic of Sturm—Liouville eigenfunctions [114]. Moreover, it is known
to hold also for eigenfunctions corresponding to a wide variety of higher-order differential
operators, including the polyharmonic operator under current consideration. This result is a
by-product of the theory of n-widths [136, chpt. 3].

Figure 3.1(b) plots the eigenfunction ¢9g. From this we surmise that the zeros of polyhar-
monic eigenfunctions are, in addition, asymptotically uniformly distributed in [—1, 1], a result
we shall establish in the sequel. This figure also illustrates that the eigenfunction ¢, behaves
like a regular oscillator away from the endpoints x = £1, as predicted by (3.5).

3.2.4 Computation of polyharmonic-Neumann eigenvalues

The eigenfunctions ¢, can be constructed in a systematic manner. Provided the values o,
have been computed, the coefficients of the eigenfunctions can be easily found by solving an
algebraic eigenproblem.

It remains to scrutinise the computation of such values. However, as we hypothesised in
(3.4) and will prove in the forthcoming section, such values lie in intervals of exponentially
small width. For this reason, computation can be carried out extremely easily by means of
Newton—Raphson iterations. Moreover, for even moderate n, we may use the approximation
oy &~ 1(2n + ¢ — 1) instead.

In Table 3.1, we demonstrate the effectiveness of this algorithm for computing the values
an. For g = 2,3,4 no more than 4 iterations are required to obtain machine precision.
Furthermore, for n > 16, the approximation «,, ~ %(Qn—i— g —1) can be used without resorting
to any iterations at all. We note in passing that, for ¢ = 3, the values as,_1 = nmw are known
explicitly [8].

4Note that, to relate (3.18) to the general case (3.4), we must reorder the eigenvalues azn—1 = a,[lo] and

o, = ole]. Correspondingly, we reorder ¢2,_1 = ¢£?] and @2, = %1].
°In fact, ¢n appears to have n + 1 simple zeros in this figure. However, we need to augment the basis by

¢o,0(x) = % and ¢o,1(x) = %x having 0 and 1 zeros respectively.
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n 1 2 3 4 5 10 15 20 25 30
g=2 en | 243 |1 4.00 | 5.16 | 6.99 | 8.44 | 15.5 | 22.5 | 29.5 | 36.4 | 43.3
an | 3 3 2 2 2 1 0 0 0 0
g=3 én | — |362| — 620 — |136| — |25.7 | — |37.7
an | O 3 0 2 0 1 0 0 0 0
g=4d en | 2.35 | 4.63 | 4.42 | 5.44 | 6.97 | 11.6 | 16.8 | 21.5 | 26.5 | 31.4
ap, | 4 3 3 2 2 1 1 0 0 0
Table 3.1:  Numerical computation of «a, for ¢ = 2,3,4. The value e, =
—logyg (Ja — 3(2n + g — 1)| /) measures the number of significant digits (a dash indicates
where a,, = %(Qn + ¢ — 1) exactly) and a,, is the number of Newton-Raphson iterations

required to obtain machine epsilon.

To connect this discussion to the narrative of Section 3.1.1, we remark that, by choos-
ing both the simplest operator and boundary conditions, we have greatly aided the task of
computing the values o,. If we were to choose a basis of eigenfunctions for which the n'®
value «,, is known to within only O (n_l) accuracy (as is the case for an overwhelming num-
ber of operators and boundary conditions), then computation would be considerably more
complicated.

Two further remarks regarding practical issues are worthy of mention. First, as ¢ in-
creases, so does the computational cost of constructing and evaluating the eigenfunctions ¢,,.
Moreover, it becomes extremely cumbersome to derive analytic expressions for the coefficients
cg], Li] of such eigenfunctions. For ¢ = 4, we resorted to a symbolic algebra package for this
task. Second, since the eigenfunctions involve increasing numbers of hyperbolic functions for
large ¢, there is increasing susceptibility to round-off error in calculations. As a result, it
appears inadvisable to use values of ¢ much beyond g = 4. Regardless, the remainder of this

chapter will furnish analysis of the general case ¢ > 1.

3.3 Asymptotic character of polyharmonic-Neumann eigen-
values and eigenfunctions

The aim of this section is to establish the estimates (3.4) and (3.5). As stated, similar estimates
with only O (n_l) error terms are well known for Birkhoff expansions [51, 127]. Yet, to the best
of our knowledge, estimates for the polyharmonic case with exponentially small remainders
do not currently exist. Most likely, this is due to the fact that such estimates are only valid
under rather specific conditions, a point we discuss further in Section 3.3.3.

Proofs in this section will follow along the same lines as those given in [127]. However,
the greatly simplified nature of the linear operator and boundary conditions allows for a
more straightforward argument, and in turn, facilitates more precise results. For ease of
presentation, we work predominantly on the interval [0,1], as opposed to [—1,1], in this
section.
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3.3.1 Polyharmonic-Neumann eigenvalues

Consider an eigenfunction ¢ with eigenvalue p = o?? # 0. We have

(_1)q¢(2Q) (z) = a2q¢(x), ¢(f1) 0)=...= ¢(2Q*1)(0) - ¢(q)(1) - = ¢(2qfl)(1) —0.
Write ¢(z) = Ziq:f)l €% where Ao, ..., \g,—1 are the solutions of A\2¢ = (—1)¢ and
Co, - --,Cc2g—1 € C are constants to be specified. Substituting the boundary conditions yields

the system of equations

2q—1 2q—1
Z cs(arg) T = Z co(ars) T9es =0, r=0,..,q—1.
s=0 s=0

Hence the values a are the solutions of the equation g(a) = 0, where

Ao e . e0A2g—1
/\oea)‘o /\1€a)‘1 vee )\Qq_lea)‘zq*1
)\q—l alo )\q—l ay . )\q—l al2q—1
g(a) = det U Le 2¢-1¢ (3.19)
1 1 .. 1
Ao A1 e A2g—1
—1 —1 . 1
g A e Adg—1
Using Cramer’s rule we obtain
1 q_l
“—
g(Oé) = Z Sgn(o’)eaz'fzo /\‘7(7') H ()\U(T))\U(q+7‘))rﬂ (320)
UESQq71 r=0
where So,_1 is the set of permutations of the numbers {0, 1,...,2¢—1} and sgn(o) takes value

+1 if o is an even permutation and —1 otherwise.
To analyse the asymptotic behaviour @ — 0o, we must first scrutinise the sum Zg;é Ao (r)
(note that « is real and positive). To do so, we introduce the following ordering on the values

A0s -+ -3 A2g—1. We define \g = —i and A\, = A", where \ = e, In particular, A, = i. For
such an ordering, observe that Re A, > 0 for »r = 0,...,q, and Re A, < 0 otherwise.
We now require the following lemma:

Lemma 3.4. We have max,egs,, , Re Zg;é Ao (r) = COb 21q = 04. This mazimum is attained
precisely when o € Tyy—1 = Uy UV, where

Uy={0€Sy-1:{o(r):r=0,...,q—1} ={0,...,¢ —1}},
Vo={o€Sy-1:{o(r):r=0,...,¢q—-1} ={1,...,¢}}.

Moreover, the sum Zg;é Ao(r) = 0q — 1 for o € Uy and Zg;é Ao(ry = g +1 for o € V.

)
Conversely, if o ¢ Tog—1 then Re Zg;é Ao(r) < 0g — Vg, where yg =sin 7.
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Proof. 1t is clear from the ordering of Ao, ..., Agq—1 that the maximum value is attained only
for o € Tyy—1. Furthermore

—_

=)

! %
A =X ) N =5 =0,
r=0 es —1

i
Il
=)

and Y 7_ N\, = 2i+ Zg;é Ar. For the final part, we merely note that [Re \,| > Re \; = v, for
r#0,q. ]

With this lemma to hand, we may provide an estimate for the function g:

Lemma 3.5. The function g(«) defined by (3.19) satisfies
g(a) = e det Ag det A; (e*ia — e*i”(qfl)eio‘> + 0O <e(9‘f”’q)a) , Q= 00,

where Ag, A1 € C1%9 have (r,s)™ entries A and Agts respectively forr,s =0,...,q— 1.

Note that both Ag and A; are Vandermonde matrices, hence their corresponding deter-
minants are known analytically [66]. However, since these exact values are of little relevance
to the present discussion, we shall not pursue this further.

Proof of Lemma 3.5. Applying the result of Lemma 3.4 to (3.20) gives

qg—1
g() —ella—Da Z sgn(o) H ()\J(T))\U((H_r))r
o€Uq r=0
q—1
0092 5™ sgn(0) [ (otdotaen) + 0 (40), asoo @21)
oeVy r=0

If 0 € Uy, we may write

a'(r) r=0,...,q—1
U&y_{Q+UWT—® r=gq,...,2q—1,

where o', 0" € Sy_1. In particular, sgn(o) = sgn(o’)sgn(¢”). Hence

q—1 q—1
Z sgn(o) H ()\U(T)/\G(QJFT))T = Z sgn(o”)sgn(c”) H ()\U/(r)>\q+o.//(r))r
ocUy r=0 ol o"eSq_1 r=0

and this is precisely det Agdet A;. Similar arguments can be applied to o € V. Noting that
A2g = Ao, we write

[ 1+d(r) r=0,...,q—1
olr) = { q+1+0"(r—q) r=gq,...,2¢—1.
In this case sgn(o) = —sgn(c’)sgn(c”), hence
q—1

Z sgn(a) H ()\U(T)Ag(q_;'_r))r = —det A2 det Ag,
oeVy r=0
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where Aj, A3 € C77 have (r, s)™ entries A7, and Ag+1+s respectively. Observe that Ay =
DAy, Az = DA, where D € C9%? is the diagonal matrix with r*® entry \". Hence

det Ay det Ag = (det D)2 det Ag det A; = A7 det Ay det A; = ™71 det A det Ay,
Substituting this expression into (3.21) now completes the proof. O
We are now in a position to establish the key result of this section:

Theorem 3.6. Suppose that p, = a%q, n € N, is the n' eigenvalue of the polyharmonic
operator subject to homogeneous Neumann boundary conditions on [0,1]. Then

1
ay, = 5(2n+q —Dr+0(e), n— .

Proof. For an eigenvalue p = a®? we have g(a) = 0. Hence, e%® = ¢74=1) 1 O (e=%®). [

Mapping this result to [—1, 1] divides the eigenvalue by 2, thus verifying (3.4). Note that,
when ¢ = 2, this gives o, = i(Zn + 7+ O(e_%”mﬂ. Relabelling n by 2n — 1 or 2n, we
obtain the asymptotic estimates n + %. This corresponds precisely to the known result for
biharmonic eigenvalues (see Section 3.2.3).

3.3.2 Polyharmonic-Neumann eigenfunctions

Next, we address the asymptotic nature of the eigenfunctions. We commence by noting that
an eigenfunction ¢ corresponding to eigenvalue p = a®? # 0 can be written as

ea)\ox eaAlx . eoz/\zq_lx
Aero et . )\gq_lea)‘%*l
q+1_aXg q+1 o\ g+l adgg_1
Ao e Ale . )\Qq_le q
: : . . 2q—1
d(x) =det [ AT Tedto APTTleoh o N7 leadanmr | = N gader ()5 dop A,
q q q —
q+ q+ q+
Ao A T /\Qq—l
2q—2 2q—2 2q—2
Ao Al T )‘Qq—l
where Al is the corresponding minor
q alg q als—1 q a\ q algg—
Age Ag_ €9 )\s+le s+l )‘2q—1e a-1
2g—1 alo 2q—1_a\ 1 2g—1_a) 1 2q—1 adog_1
A[S} _ )\0 e e >\871 e s )\S+1 e s+ . e )\qule q
= q q q q
Ao T As—1 Ast1 T )‘2q71
2q—2 2q—2 2q—2 2q—2
Ao T A1 A T )‘Qq—l

We first need to assess the asymptotic behaviour of such values:
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Lemma 3.7. We have

(Gq* s)ox +0 (e(eq*Re)‘s*’Yq)a) s=0
[s] _ seeesq
( ) detA { Cs e(eq 1)a+c e(0q+l) _f_(’)(e(eq_’Vq)a) S :q—’—l,’Qq— ]_’
where the values cs, s =0,...,2¢—1, ¢, s=gq,...,2q—1, depend only on X, ..., Nag—1, and,
in particular,
(q_l)iﬂ'
cp=¢e 2 "¢ (3.22)

Proof. Observe first that

det APl = 3" sgn(o) )6 120 Ar(r) H A H Arirtiar: (3.23)

0€Ss,24-1

where S; 2,1 is the set of permutations o : {0,...,2¢—2} - {0,...,s—1,s+1,...,2¢—1}.

We first consider the case s =0,...,q. For such values, we have
qg—1

max Re Ao(ry = 04 — Re A,
o€Ss 2q—1 —0

and this is attained precisely when {o(r):r=0,...,q—1}={0,...,s—1,s+1,...,q}. We

write )
. o(r r=0,...,q—1
olr) = { qg+1+d"(r—q) r=gq,...,29—2,
for such o, where ¢’ € S;, and 0” € S;_5 is a permutation of {0,...,q — 2}. Substituting

this into (3.23) now gives

q—1
det Al = 200 5™ son(o’)sgn(o”) [ A, H NHE i+ O (e(erReAswq)a)
0'€Ss,q r=0

c"€Sq—2

= ¢Wa=2)2 det Bdet C1¥) + O (e(e‘?*Re ’\577‘?)“) )

where B € Cla=Dx(@=1) has (7, s)™" entry )\S+q+1 and
AT = . A
C[s] . AS e /\371 )‘g+1 e )‘g
21 . 2271 2'71 201
2! SR N RD v PR V-1
This proves the result for s = 0,...,q. Note that cll = lC'[ I, where D € C%% is the
diagonal matrix with " entry A"*¢. Therefore, det C1% = = \*+24a=D) det [4), and this yields

(3.22).
Next, we consider s = ¢+ 1,...,2¢g — 1. In this case

q—1
max Re Z Ao(r) =
r=0

0ESs,2¢—1
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and this is attained when {o(r) : 7 =0,...,¢ —1} = {0,...,g — 1} or {1,...,q}. For the
former, we write

[ dr) r=0,...,¢-1
U(T)_{U”(r) r=q,...,2q — 2,

where ¢’ € Sy and 0" : {q,...,2¢—2} - {¢,...,s —1,s+1,...,2¢ — 1}. For the latter,

[ dr)+1 r=0,...,9—1
=4 I

where ¢” : {q,...,2¢—2} > {q+1,...,s—1,s+1,...,2q}. Hence
det Als) = gfac {efia det Ag det Dy — €' det Ay det D;} + 0O (e(eq*'yq)oo ,

where Ag, Ay are the matrices of Lemma 3.5 and D, and D’ are given by

q q q q q q q q
)\—?_1 AR AS-’—_% Asi% ttt )\2(—]'—_11 Aqi% )\SJ’__% AS_;'_% )\3(—11
q q q q q q q+ q
Aq A )‘s-l—l e )‘2q—1 Aq-l—l A )\8+1 e )‘Zq
. . . ) . .
2q—1 2q—1 2q—1 2q—1 2q—1 2q—1 2q—1 2q—1
Aq T )‘5—1 )\s+1 T )\Qq—l /\q+1 T A5—1 )‘s+1 T )\Qq
respectively. This completes the proof. O

In view of this lemma, we now renormalise the eigenfunction ¢ by dividing by e®(%ati) Tt
follows immediately from Lemmas 3.5 and 3.7 that

¢(1‘) =cq {eiax + e—%liwe—iaz}

q—1 2q—1
+ Z coes @) 4 Z €T 4 O (max{e*avqx, e*O‘”q(l*m)}) . (3.24)
s=1 s=q+1

From this we deduce:

Lemma 3.8. Suppose that ¢ is the polyharmonic—Neumann eigenfunction on [0, 1] with cor-
responding eigenvalue p = o*4 £ 0. Then

¢(z) = cqcos [ax + (g — D)7] + O (max{e_a7q$,e_a7q(1_x)}> ,
where cq is independent of o and x.
Proof. Let ¢ =4t+s,s=0,1,2,3. It suffices to show that ¢(z) is asymptotic to cos(ax —7),

cosax, cos(ax + ) or cos(ax + F) respectively. First, suppose that ¢ = 2/ + 1. Then
q

e T = (—1)!, and, from (3.24), we deduce that

P(x) =¢q {ei‘” + (_1)16_1‘”} +0 (max{e_o%x, e_QVQ(l_“:)})

= c,(1 4+ (=1)Y cos azx +icy(1 + (—1)" ) sinaz + O (max{e*‘m‘lm, efa'yq“*x)}> ,
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Figure 3.2: Top row: the biharmonic eigenfunctions ¢,, (thicker line) and approximations sin §(2n +
1)7z (thinner line) for n = 2, 6,10 (left to right). Bottom row: the error logy ¢, (z) —sin 1 (2n+1)mz|.

which completes the proof for ¢ = 4t + 1 and ¢ = 4¢ + 3. Now suppose that ¢ = 2[. Then

B e

e” 2 ™ = (—1)!. Since
e 4 (—1)lie7lo® = <i + (—l)l) (sin oz + (—1)! cos om)
. l : Il
=2 (1 +(-1) ) sin <ax +(—1) Z) ,
we also obtain the result in this case. O

Theorem 3.9. The n'"" polyharmonic-Neumann eigenfunction on [—1,1] satisfies
ba(z) = cos [§(2n+ g = Do+ J(n-+q = D] +0 (e~ F0-kor).
Proof. This follows from Lemma 3.8 and the mapping [0, 1] — [-1,1], z — —1 + 2x. O

This theorem verifies (3.5): polyharmonic-Neumann eigenfunctions are exponentially close
to regular oscillators in (—1,1). In Figures 3.2 and 3.3 we exhibit this result for ¢ = 2,3. Once
more, we observe the very rapid onset of the asymptotic behaviour away from the endpoints.
Moreover, the straight lines in the logarithmic error plot highlight the nature of the error term
in Theorem 3.9.

Theorem 3.9 also demonstrates the phenomenon of equiconvergence [123]. Polyharmonic—
Neumann eigenfunctions are asymptotic to trigonometric functions in (—1, 1). Hence, conver-
gence of polyharmonic expansions can be studied with standard tools of Fourier analysis. This
classical approach, however, is unsuitable for an accurate study of polyharmonic—-Neumann
expansions. As we shall prove through alternative means, classical Fourier series converge
much more slowly than such expansions. Hence, relating polyharmonic-Neumann expansions
to trigonometric series does little to illuminate their convergence.

To connect Theorem 3.9 to the explicit example of biharmonic eigenfunctions, we note
that, when ¢ = 2, this result gives

pon—1(x) = cos(n — )rz + O (e*(lf‘w"’m) . Gop(x) =sin(n+ H)mz + O (e*(k"”')””?) .
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Figure 3.3: Top row: the triharmonic eigenfunctions ¢,, (thicker line) and approximations cos %(n +
1)7z (thinner line) for n = 6, 14,20 (left to right). Bottom row: the error log,g |¢,(z) —cos 3 (n+1)mz|.

A brief comparison with (3.17) verifies this result in the biharmonic case. Note that ¢o,_1,

]

an even function, corresponds to ¢7[? . Likewise, ¢9, coincides with the odd function d)E I
Returning to the general case, and immediate consequence of Theorem 3.9 concerns the
distribution of the zeros of the eigenfunctions ¢, in the limit n — oco. We have:

Corollary 3.10. The zeros of ¢, are asymptotically uniformly distributed as n — oo.

Proof. Suppose that I = [a,b] C (—1,1) is a closed interval. Let Z,,(I) be the number of zeros
of ¢y, in I. It follows from Theorem 3.9 that Z,(I) = (b — a)n + O (1) as n — co. Since ¢,
has precisely n + ¢ simple zeros in [—1, 1] (see [136]), it follows that the proportion of zeros
in I is $|I| + O (n~1) for large n (note that [I| = 2 for I = [—1, 1], which explains the factor
of 1).

It now remains to show that the same result holds for intervals I containing at least one of
the endpoints x = +1. For this, we first note that ¢, is either even or odd: hence, it suffices
to consider I = [a,1] C (—1,1]. If @ > 0, then

2(1) = 57 ([-1,~a) Ula, 1)) = 2 {Z(-11]) ~ Z(-a,a))} = 5 (1~ a)n+ 0 (1),
as required. If a < 0, then Z(I) = Z[-1,1] — Z[—a, 1], and the result follows. O

To complete this section, we present several results concerning the growth of the deriva-
tives of ¢y, both of which will be used later. The first concerns the uniform norm ||¢$f) | co-
Intuitively, it feels correct that Hqﬁg) loo = O (n") for large n. This is indeed the case:
Lemma 3.11. Suppose that ¢ is the polyharmonic—Neumann eigenfunction corresponding to

eigenvalue 1 = o9, Then ||¢()]|o = O (o) for large o and any r € N.

Proof. We work on the interval [0,1]. Recalling (3.24) and the fact that ¢; = O (1) indepen-
dently of «, it follows that
fear

q—1 2q—1
’¢(T)(x)| < o {Z |Cs’ ‘e)\sa(a:—l)‘ + Z ‘Cs| ‘e)\sar
s=0 s=q
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as required. ]

A particular consequence of this result is that ||¢|| < ||¢]|lcc = O (1) for large . Hence,
the eigenfunction ¢ is L2(—1,1) normalised independently of .. Next, we present our second
result, which gives a pointwise estimate for the derivative ¢(") evaluated at the endpoints
r==+1:

Lemma 3.12. Suppose that ¢ is as in Lemma 3.11. Then ¢ (1) = c,a”e®® + O (afe ),
where ¢, is a constant independent of c.

Proof. Once more, we work on [0, 1]. In view of Lemma 3.7 and the normalisation introduced
previously, we have

2q—1
oM (1) =a" Z ATe®s (—1)° det Alle=a(0at)

s=0
q 2q—1
=a" e Z Ascs + Z Ae®se 8 4+ O (afe™ )
s=0 s=q+1
o a
=a" {e—loé Z )\ch} +0 (are_’Yqu) .
s=0
In view of Lemma 3.5, e 7% = (—1)%!® + O (e~ 7). The result now follows immediately upon
recalling that the mapping [0, 1] — [—1, 1] scales the value a by % O

Note that ¢(—1) = +¢(1) with sign depending on n, where o = «,,. Hence, this lemma
also establishes the growth of derivatives at the endpoint x = —1.

3.3.3 Other boundary conditions

The results proved in this section, detailing the existence of exponentially small remainder
terms, are quite specific to the particular operator £y and boundary conditions. A complete
categorisation of such operators and boundary conditions is beyond the scope of this chapter.
However, we now briefly indicate the type of restrictions necessary.

Certainly, such results are not, in general, valid once the operator has non-constant coef-
ficients. For example, the Mathieu eigenvalues and eigenfunctions [120], defined by

¢"(x) + (n = 2acos2mz)d(x) =0, =z €[-1,1], ¢'(+1) =0,

where a is constant, are indeed asymptotic to the corresponding Laplace-Neumann eigenvalues
and eigenfunctions, but only with algebraically decaying remainder.® Furthermore, it need
not be the case that a constant coefficient operator £y with Neumann boundary conditions
possesses such a property. For example, if Lo = 9% — ad?, where a > 0 is constant, then it is
also easily seen that the remainder is only algebraically decaying.

Even within the simple realm of the polyharmonic operator, more complicated boundary
conditions may destroy such estimates. For example, with ¢ = 2 and the boundary conditions

uw(£1) +av/(£1) =0, o"(£1) =0,

5Tn fact, a full asymptotic expansion in inverse powers of p can be prescribed. Moreover, this asymptotic
expansion turns out to be convergent for all p # 0 [120].
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where a # 0, the values aso, 1 are the roots of the equation tanha — tana = 2(aa)~!, and
therefore do not lie within intervals of exponentially small width.

The evidence of these examples indicates that the results of this section hold only in a
very restrictive set of cases.” Thus far, we have not found another non-trivial operator—that
is, an operator without explicitly known eigenvalues and eigenfunctions—with this property.
The only generalisation that we have to date is for the polyharmonic operator with boundary
conditions u(lr)(:lzl) =0,r=0,...,q—1, where 0 < lp < Iy < ... <l4-1 < 2¢—1. Note
that this includes the case of Neumann boundary conditions established in this section. The
proof of this more general statement follows along identical lines to that given previously.
We remark in passing that, though such boundary conditions yield eigenfunctions with the
same properties as the Neumann case, the related expansion coefficients decay more slowly
unless I, = q+7,7r=0,...,9g — 1, in which case we recover Neumann boundary conditions.
Hence, such eigenfunctions, though of theoretical interest, are not best suited for practical
computations.

3.4 Analysis of polyharmonic-Neumann expansions

Having established a number of key properties of polyharmonic—-Neumann eigenfunctions, we
now find ourselves in a position to provide a complete convergence analysis. For the remainder
of this chapter, we shall use the notation ¢ (or ¢,, ¢, ) for a positive constant, independent
of N and f (but dependent on r and s, where appropriate).

3.4.1 Density and convergence

As previously stated, the truncated expansion Fy|[f] converges in the L2(—1,1) norm. How-
ever, much like the Laplace (¢ = 1) case, a significantly stronger result holds concerning the
space H?(—1,1). To prove such a result, we must first establish that the bilinear form (3.6)
provides an equivalent inner product on this space:

Lemma 3.13. The bilinear form (3.6) is an inner product on H1(—1,1). The associated
norm || - |l given by |15 = I FI? + | f D)%, is equivalent to ||-|,-

Proof. This result follows immediately from the additive interpolation inequality ||| <
e (IFI+ 1790, r=0,....q, ¥f € HI(=1,1) [2]. O

The first result of this section, the univariate generalisation of Lemma 2.9 to arbitrary
g > 1, is a direct consequence of Lemmas 3.1 and 3.13:

Lemma 3.14. The set of polyharmonic—Neumann eigenfunctions is dense and orthogonal in
HY(—1,1) with respect to the inner product (3.6). In particular, for f € H4(-1,1), Fn[f]

TOf course, there are many trivial cases with explicitly known eigenfunctions. For example, the eigen-
functions of the polyharmonic operator with boundary conditions qb(?r“)(:tl) =0,r=0,...,qg— 1 are pre-
cisely the Laplace-Neumann eigenfunctions. Another example involves merely periodic boundary conditions
qu(T)(l) = ¢"(=1),r =0,...,2¢ — 1 and any constant coefficient operator. In this case, eigenfunctions are
just the Fourier basis functions. The proper classification of operators and boundary conditions to accurately
reflect such examples requires deeper study, along the lines of [127].
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converges to f in this norm and we have the characterisation

q—1 00
9 ~ ~
A2 =D [fonl® + > (1 + )| ful*-
n=0 n=1

This lemma immediately presents the following question: for f € H"(—1,1),r=1,...,¢—
1, does Fn[f] converge to f in the H"(—1,1) norm? This question can be answered almost
immediately with standard results. We have established that (Fx[f])) is the truncated
expansion of f(") in a certain biorthogonal pair of polyharmonic eigenfunctions (Theorem
3.3). Hence, the result follows directly from L2(—1,1) convergence of this expansion—a well-
known fact [51]. However, such results are not readily scalable to higher dimensions with the
same level of generality pursued in Chapter 2 (i.e. arbitrary index sets). Therefore, we devote
the remainder of this section to providing an alternative, arguably simpler, proof, which can
be extended in this way (as we address in Section 3.5). Our method of proof will be based on
the known results for r = 0, ¢—consequences of self-adjoint spectral theory—and interpolation
therein for the intermediate values r =1,...,q — 1.

To derive this result, we first need to establish a number of properties of the truncated
expansion Fy[f] of a function f in biorthogonal pairs of polyharmonic eigenfunctions corre-
sponding to boundary conditions (3.10) and (3.11). Namely, we shall prove a Bessel inequality
for such expansions, ||Fn[f]]| < c||f]|, and also demonstrate that the sequence {(f,¢n)}>2,,
where 1), is a polyharmonic eigenfunction with boundary conditions (3.10) or (3.11), is in
I2(N)—the space of square summable sequences—and has corresponding norm bounded by
el f1l

We first require the following two lemmas:

Lemma 3.15. Suppose that a, = fol e f(r)dr, n € N, f € L2(0,1), where z # 0 and
Rez < 0. Then {a,} € I3(N) and >0, |an|* < c||f]?.

Proof. Though this lemma is established in [51, p.2332], we shall repeat the proof, since a
d-variate generalisation will be obtained in the sequel.

Suppose first that z = 27wic with ¢ € R and, without loss of generality, ¢ > 0. Let m € N
be minimal such that * > 1. Extend f to [0, 2] by setting f(z) =0 for 1 <2 < ™. Then

ap = / ¢ e27ricnxf(x) dr = Z/Cl e27ricnxf(x) da.
0 =172

The i*" integral corresponds to the n'" Fourier coefficient of the restriction of the function f
to [=1, L]. Hence, by Parseval’s lemma,

c
oo m i
SlanP <ed [1If@P do < el
n=1 =1 c

as required. Suppose now that Re z < 0. Then |a,| < fol efe2n| f ()| dr, and we may assume
that f is non-negative. Extending f by zero to a function f € L2(0,c0), it suffices to show
that the sequence {b,}, where b, = [;° ¢~ f(x) dz, is in [>(N) for any f € L*(0,00), and has
norm bounded by ||f||. Since f is positive, b, is a decreasing sequence. We deduce that

yang/ b2 dt.
n—1
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It therefore suffices to prove that [ |b¢|? dt < ¢||f||*. However, by Fubini’s theorem,

[ ompae= [T [ et ) deayar
- /0°° /000 W dady = /OOO f(x)g(x)dz

where g(z) = [5° if; dy. Thus, the result is true, provided g € L?(0,00) with ||g|| < ¢/ f]-
Note that  {(ey)
zy
g(z) = dy.
(z) Tty
Hence

lolP = [ "otz dz—/ [ [ L)y 0r0,
// 1+x (T+2)1+y) U ’f($2)|2d2’]%[/Ooo\f(yZ)!Zszd:cdy

_ 2 1 2
=11 [ | ey A < I

as required. O

Lemma 3.16. Suppose that {b,} € I2(N). Then, for any Rez < 0, z # 0, the family of all
finite sums of terms of the form b,e*™ is uniformly bounded in L2(0,1) with norm bounded

1
by ¢ (302 |bnl?)? for some ¢ > 0 independent of {by,}.

Proof. Let I C N be finite. By the standard duality pairing,

ol = swp @ v erq), (3.25)
rerz@) I/
J#0

it follows that

Z bneznm

nel

— u b zZnx
s ||f||Z / f(z)de

feL2 0 1) nel

y Lemma 3.15, r<c 2 bnl?) 2 as required.
By L 315, Yoy bn fi e () da < ¢ (552, [bnl?) 2 d O

With these lemmas in hand, we now return to the polyharmonic problem:

Corollary 3.17. Suppose that {1} is the set of polyharmonic eigenfunctions subject to
boundary conditions (3.10) or (3.11). Then, for f € L2(—1,1), the sequence {(f,vn)} € I*(N)
with norm bounded by c|| f]|.

Proof. We work on [0, 1]. Using the result of Section 3.3.2, it follows that

2q—1

q
Y(x) = ZeaAs(x_l)Cs + Z ew\smcs + 0O (e_'an) ) (3.26)

s=0 s=q+1
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where 1 (z) is the eigenfunction corresponding to the eigenvalue u = «?¢ and the c, are
independent of . Hence, 9, () is a sum exponentials of the form e*™* with Rez < 0, z # 0.
The result now follows immediately from Lemma 3.15. O

Corollary 3.18. Suppose that {1} and {xn} are a biorthogonal pair of polyharmonic eigen-
functions subject to boundary conditions (3.10) and (3.11) respectively. Then, the family of
all finite sums of terms (f, Xn)¥n 48 uniformly bounded in L2(—1,1) with norm bounded by

cll £l

Proof. By Corollary 3.17, (f, x») € [*(N) with norm bounded by c||f||. The result now follows
upon writing ¢ in the form (3.26) once more and applying Lemma 3.16. O

Corollary 3.18 immediately provides a Bessel-type inequality for expansions in polyhar-
monic eigenfunctions. We have:

Corollary 3.19. Suppose that f € H'(=1,1), r = 0,...,q, and that Fn[f] is the truncated
expansion of f in polyharmonic—Neumann eigenfunctions. Then ||Fn[f]|l» < || f]]--

Proof. The function (Fy|[f])(™ is a finite sum of terms of the form (£, x,,)1,. Hence, an
application of Corollary 3.18 gives the result. O

Having established these key properties of polyharmonic expansions, we may now prove
the main result of this section and thereby answer the question raised previously:

Theorem 3.20. Suppose that f € H'(—=1,1), r = 0,...,q, and that Fn[f] is the truncated
expansion of f in polyharmonic—Neumann eigenfunctions. Then Fn[f] converges to f in the
H"(—1,1) norm.

Proof. Since we have already proved the result for r = 0, ¢, we assume that r =1,...,q — 1.
In this case, given € > 0, there exists g € H4(—1,1) with || f — ¢|» < € [2]. In view of Corollary
3.19, | Fn[f — glll» < ce. Hence

If = Fnlfllle < llg = Fwlgllle + 11f = glle + IFNF = glllr < llg = Fnlglllg + (1 + c)e.
Since g € HI(—1,1), ||g — Fnlgl]llq < € for sufficiently large N, completing the proof. O

An immediate consequence of this theorem is uniform convergence of polyharmonic—
Neumann expansions:

Corollary 3.21. Suppose that f € H"(—1,1), r = 1,...,q, and that Fn[f] is the truncated ez-
pansion of f in polyharmonic-Neumann eigenfunctions. Then (Fy[f])®) converges uniformly
to f® fors=0,...,r—1.

Proof. This follows immediately from the Sobolev imbedding H*(—1,1) — C*71[-1,1], s € N,
and Theorem 3.20. [

In particular, Fn[f] converges uniformly to f € H'(—1,1). However, provided f €
H9(—1,1), the first ¢ — 1 derivatives of Fx[f] converge uniformly to the corresponding deriva-
tives of f. This observation succinctly expresses the advantage of increasing ¢: namely,
convergence in higher-order norms. Note that Theorem 3.20 and Corollary 3.21 generalise
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Lemma 2.9 and Theorem 2.12 respectively to ¢ > 1 when d = 1. We provide an extension to
both ¢ > 1 and d > 1 in Section 3.5.

We mention in passing that a direct consequence of Theorem 3.20 is L2(—1, 1) norm con-
vergence of the expansion of a function f € L?(—1,1) in any biorthogonal pair of polyharmonic
eigenfunctions subject to boundary conditions (3.10) or (3.11). This result, as mentioned, is
well known in a much wider context. The proof presented above cannot be extended to other
differential operators and boundary conditions, aside from simple cases, since it relies both
on the particular duality of polyharmonic eigenfunctions® (Theorem 3.3) and known results
for the Dirichlet and Neumann cases.

The analysis of this section also gives criteria for both the best and worst boundary condi-
tions to prescribe to the polyharmonic operator in terms of the convergence of the truncated
expansion Fx|[f], as opposed to the arguments described in Section 3.1.1 based on the decay of
the coefficients. It is easily established that the expansion based on polyharmonic eigenfunc-
tions subject to boundary conditions (3.10) converges maximally in the H?"?(—1,1) norm,
p = 0,...,q. Correspondingly, for boundary conditions (3.11), only L?(—1,1) convergence
occurs. Hence, choosing p = 0 for the highest possible degree of convergence, we once more
arrive at Neumann boundary conditions. Conversely, Dirichlet boundary conditions (p = q)
give the worst degree of convergence.

Estimates for the rate of convergence in various norms will be established in Section 3.5 for
the general case d > 1. Our final topic concerning univariate expansions addresses pointwise
convergence. As in the ¢ = 1 case (see Section 2.9.1), both a higher order and faster rate of
convergence occurs at the interior points x € (—1,1).

3.4.2 Pointwise convergence

To establish the degree of pointwise convergence of Fx[f], and to provide estimates for the
rate of convergence, we must first expand the coefficient f,, in inverse powers of n. Starting
from (3.8) with r = ¢ and integrating by parts, we obtain, for each p =0,...,q¢,

p—1
Fu=gy 21 [FI D (D) - Fr ) -1V ()
n s=0
+ (;;q)p / 1 FP ()6 () da, (3.27)
n -1

provided f € H9*?(—1,1). Note that, if f € HI"'(~1,1), this verifies that f, = O (n=9"1)
for polyharmonic—Neumann expansion coefficients, as previously stated.

As demonstrated, Fn[f] and its first ¢— 1 derivatives converge uniformly to f € HY(—1,1).
However, as the following result verifies, the ¢'" derivative of this expansion also converges
pointwise away from the endpoints:

Lemma 3.22. Suppose that f € Hi*Y(=1,1). Then (Fn[f])9 converges uniformly to (@
in compact subsets of (—1,1).

8 As discussed in Section 2.11, such duality arguments are only applicable in a small number of cases, even
when ¢ = 1.
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Figure 3.4: The Gibbs phenomenon for polyharmonic-Dirichlet expansions. Graph of f(z) = 1 and
Fsol[f](x) for =1 < = < 1, where ¢ = 2 (left), ¢ = 3 (right) and Fn[f] is the expansion of f in
polyharmonic—Dirichlet eigenfunctions.

Proof. Suppose first that f € C>°[—1,1]. Then, from (3.27), we have
Fadl0 () = — [FO00) — FO18 (1] 60 (@) + O (17, z e [-1,1]
Qi

Now suppose that I C (—1,1) is a compact set. As we prove in the sequel, the partial sums
N ¢~V (£1)

n=l % %q) (z) form a Cauchy sequence uniformly for z € I. Hence, the truncated
sums (Fy[f])@ converge uniformly on I to a continuous function g. Arguments as in Lemma

2.23 now complete the proof. O

Equivalently, this lemma states that the expansion of a function f € H'(—1,1) in polyhar-
monic eigenfunctions subject to the Dirichlet boundary conditions (3.3) converges pointwise
n (—1,1). The lack of convergence at the endpoints is also easily confirmed. Hence, a Gibbs
phenomenon occurs for such expansions (likewise, a Gibbs phenomenon occurs in the gt
derivative of polyharmonic-Neumann expansions). This is demonstrated in Figure 3.4 for
q=2,37

Returning to Neumann expansions, we now address the rate of pointwise convergence. In
doing so, we derive a full asymptotic expansion for the error f(z) — Fy[f](x) at any point

€ [—1,1]. To facilitate this, however, we must first digress and give a full expansion of the
coefficient fn in inverse powers of n. This is based on (3.27). Setting p = ¢ in this formula
and iterating the result gives

kl( qql

T +1) Z (-1)* [f((2r+1)q+s)(1)¢$qu8*1)(1) — f((2r+1)q+s)(_1)¢7(1q7871)(_1)]
r=0 Qn (r e s=0
(~1)M =
+ MZ(_D [f((Qk—‘rl q+s) ( )¢(q s—1) (1) _ f((2k+1)q+s)(_1)¢£lq—s—1)(_1)}
5=0
k
+ 2(k+ql+p/ FEEDT ()87 () da, (3.28)

9As in the classical Fourier case [107], the existence of O (1) oscillations follows from setting z = 1 — N1,
It is well known that the magnitude of the overshoot of a truncated Fourier sum can be explicitly calculated
(unsurprisingly, in view of Section 2.3, Laplace-Dirichlet expansions have precisely the same overshoot).
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for f € H®+Datp(—1 1), where p = 0,...,q — 1 and k € Ny. Observe that this expansion
generalises the ¢ = 1 result, equation (2.11), to general ¢ > 1. Moreover, as in the ¢ = 1 case,
when iterated, (3.28) provides an asymptotic expansion for the coefficients f,, of a function

feC>®-1,1]

oo g-1 (_1)rq+s

2(r+1)q
r=0 s=0 Qn

[er e @glasn ) — e g D) (329)
Upon recalling that a,, = O (n) and ¢$Lq_s_1)(:|:1) = O (n?71), (3.29) is confirmed as an

asymptotic expansion for fn in powers of n~!. Note that a power n~" is only included in fn
ifl=2r+1)g+ s+ 1 for some r € Ny and s =0,...,q— 1.

In the particular case ¢ = 2, simple algebra confirms that (3.29) reduces to

i~ WZ{ [l] )ar+3 [ )+ (_1)if(4r+2)(_1)}

_# [f(4r+3)(1) " (_1)i+1f(4r+3)(_1)} } 7

(ak] )4r+4

where ¢ = 0 corresponds to the even eigenfunction ¢s,_1, ¢ = 1 the odd eigenfunction ¢oy,,

[0 _ o] [ (1]

and v, —tanag', yn° = cot ay’. By means of example, consider the function f(z) = e*.
In this case
A an] tan a[n} cosh1+sinh1 [0] 1
Ol = —2v/2 =Vv2{ " _9cosh1l— 2sinh1, + O (Tf?) ,
(o [0]) 1 (a;?])?’ (a [0])

(1] (1] _ [1]
f[l] B 2\[01” cot ay,” sinh 1 — cosh 1 G 9ginh] — 1 2cosh1 b + 0 (n*7),
(a [1}) 1 (a[l]):s (a[l])4

n n

thus verifying (3.28). Though not important to our present discussion, we notice that the

V3

coefficients f([)o] and f([)l] of the eigenfunctions % and ot corresponding to the double zero

eigenvalue are given by v/2sinh 1 and v/6e~! respectively.

The expansions (3.28) and (3.29) give a first insight into a topic we shall consider in
greater detail in Section 3.6: the appropriate derivative conditions for polyharmonic-Neumann
expansions. To this end, we now introduce some additional notation. We define the set
Ny C NO by

Np={leNy:l=2r+1)g+s<m, reNy, s=0,...,q—1}, me Ny, (3.30)

and, for p=0,...,¢g—1 and k € Ny (p # 0 when k£ = 0),

0
1 (3.31)

_ ] 2kq
Php = (2k—|—1)q—i—p ., q—1.

Note that pp, — 1 is equal to the highest-order derivative appearing in (3.28) and that the
value f()(41) appears in (3.28) if and only if I € Ny, - Additionally, if fO(£1) = 0 for
l € N, , then f, = O (n=(k+Da=p=1),
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With this to hand, we now return to the rate of pointwise convergence. Our intention is to
demonstrate that the convergence rate is O (N~9) at z = 1 and O (N~97!) for z € (-1, 1),
thereby generalising the ¢ = 1 result (Theorem 2.22). To do this, we first use Corollary 3.21
to write f(z) — Fn[fl(z) =D, =N fntn(z). In view of (3.28), it follows that

f(x) = Fnlf](x)

k—1qg—1
ZZ rq+s{ (2r+1)q+s)(1)q)+(r7 s,N,z) — f((2r+1)q+s)(_1)(1)7(7,’ s,N;c)}
r=0 s=0
p—1
+ (_1)kq+s {f((2k+l)q+8)(1)(b+(k7 S, Na ':E) - f((2k+1)q+5)(_1)(1)_(k7 S, N7 l’)}
s=0
+O (kD) (332)

where the function ®*(r,s, N, z) is defined by

(¢=s-1)
o*(r, s, Nyo) = 3 o ED

2(r
= an( +1)q
In particular, if f € C*[—1, 1], then
co q—1
Fla) — Falfll) ~ 3 30 { (-1 £ e (1)@ (1,5, V. 2)
r=0 s=0
p(—1yratstL p(@reDats) (L 1)$ (7, 5, N, x)} . (3.33)

Though not immediately apparent, (3.33) is an asymptotic expansion of the error in in-
verse powers of N. To demonstrate this, we must scrutinise the behaviour of the functions
®*(r, s, N,z) for large N. Intuition arising from the ¢ = 1 case suggests that ®*(r, s, N, z) is
O (N~ (@r+hats+D)) for € (—1,1) and O (N~(2r+1a+9)) for z = +1, thus confirming (3.33)
as an asymptotic expansion. The following two lemmas verify these estimates:

Lemma 3.23. Suppose that x € (—1,1). Then, the function ®*(r,s, N,z) satisfies
d*(r, s, N, ) =Re [cl (— ei”)AN+%lq> (—ei” 2r+1)g+s+1,An + ‘%1”
+Re [c (—elm) AN @( T 2r+1)g+s+1, Ay + 97 3)]
+O< —(2r+1)g—s,—57q(1— \z|)N7r>’
where Ay = |3N |, ® is the Lerch transcendental function (2.35) and ¢t cx € C are constants
independent ofN and x. In particular,

+ (—eim)ANJr% £, imayi | o+ —(2r+1)g—s—1
o= (r,s, N, z) =Re 15 one [cl (—e'™)2 —1—02} N a

! (N7(2r+1)q7572) '
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Proof. Since oy, = 1(2n+q— 1)7r—|—(’)(e_%"”"’q) (Theorem 3.6) it follows that e?®r = ¢(—1)"+

(9(67%””7‘1) for some constant ¢ independent of n. Moreover, by Lemma 3.12,
(ﬁ,(lq*‘s*l)(il) = cad—571Hen L O (a‘}fsfle*%la") i
=c (%mr - %Tr)q_s_l (-)"+0 (ansfle*%"’q"”) .
It follows from Theorem 3.9 that
én(z) = Re [eii(2n+q—1>m+ié<n+q7nw} o) (ef%vqmznm)
— Re [Cineii(%ﬂ—l)ﬂﬂ +0 <e—%7q(1—|$\)nﬂ> )
Combining these results, we obtain

g —(2r4+1)g—s—1 .
Cequlmr § : <%n+ qZI) (2r+1)g—s (i)nelgwm]

n>N

®*(r,s,N,z) =Re

o) (Nf(2r+1)qfsfle%'yq(17|:v\)N7r> '
Now, for any a € R and b > 1, we have

Z (3n+a) b (—i)rela™ = Z (n+ a)_b (—eim™@)n

n>N n>AnN

+ie~3im® Z (n+a-— %)_b (=),
n>An

Rewriting n as n+ An and using the definition of the Lerch function now gives the first result.
For the second we merely use the estimate (2.36). O

In an identical manner, we may also derive an estimate for z = +1:

Lemma 3.24. Suppose that x = 1. Then
®F(r,s,N,z) =™ (2r+1)g+s+ LN+ 3(q+1) + 0 (e*%WN”> :

where (-,-) is the Hurwitz zeta function [1]. In particular, ®*(r,s,N,z) = O (N_(QT‘H)q_S)
for x = +1.

With these two lemmas at hand, analysis of the pointwise convergence rate follows straight-
away from (3.32):

Theorem 3.25. Suppose that p = 0,...,q — 1, k € Ny and that f € HZk+Datr+2(_7 1)
satisfies fU(£1) = 0 whenever | € Ny, Then f(£1) — Fn[f](£1) = O (N_(2k+1)q_p) and
flx) — Fnlfl(x) =0 (N_(2k+1)q_p_1) uniformly in compact subsets of (—1,1).

In particular, for general functions f (i.e. kK = p = 0), this theorem provides the stated
O (N *qfl) pointwise convergence rate estimate away from z = +1. Additionally, it verifies
that the convergence rate is one power of N faster inside the interval than at the endpoints.
This effect is exhibited in Figure 3.5 for ¢ = 2,3 (compare with Figure 2.3 for ¢ = 1).
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Figure 3.5: Graphs of | f(z) — Fso[f](z)] for =1 < 2 <1 (left), =2 < 2 < 2 (middle) and -4 <z < 1
(right), where f(z) = Ai(—3z —4) and Ai is the Airy function [1], with ¢ = 2 (top row) and ¢ = 3

(bottom row).

3.5 Many dimensions

The aim of this section is the generalisation of univariate polyharmonic-Neumann expansions
to the d-variate cube Q = (-1, 1)d, along the same lines as Chapter 2. Immediately, we
are confronted by a problem. The obvious extension, via eigenfunctions of the multivariate
polyharmonic operator (—1)7A%, is completely unsuitable. Such eigenfunctions cannot be
expressed in terms of simple functions, and thus have limited practical use.

Ideally, we seek separable eigenfunctions, with underlying properties inherited from the
univariate case. An obvious approach is merely to form all Cartesian products of the univariate
polyharmonic eigenfunctions. Evidently, such functions are no longer eigenfunctions of the
polyharmonic operator itself, meaning that standard spectral theory does not immediately
apply. Nonetheless, progress can be made. As we shall prove, these functions turn out to be
precisely the eigenfunctions of the subpolyharmonic'® operator

Lo=(-1)1 iaﬁg, (3.34)

Jj=1
subject to the homogeneous Neumann boundary conditions

agjrqﬁ\arj:o, j=1,...,d, r=0,...,q—1. (3.35)

Our intuition suggests that £y ought to be spectrally equivalent to the polyharmonic operator,
and, as we will prove, this turns out to be the case. Hence, the eigenfunctions and eigenvalues

10This nomenclature stems from the fact that the subpolyharmonic operator contains fewer derivatives
than the multivariate polyharmonic operator (—1)?A9. Consequently, if Tp and T are the associated weak
forms, then To(f, f) < T(f, f) for all f € H(Q2). The prefix ‘sub’ should not be confused with the notion of
subharmonic functions.
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of Ly subject to boundary conditions (3.35) inherit the spectral properties of the polyharmonic
operator, including, for example, L2(Q2) density. Therefore, the remainder of this chapter is
devoted to the construction and analysis of expansions in the eigenfunctions of Ly equipped
with Neumann boundary conditions. The results we prove extend the work of Chapter 2 and
Section 3.4 to the ¢ > 1 and d > 1 setting.

To commence, we must first confirm that the eigenfunctions of Ly arise precisely from
Cartesian products:

Lemma 3.26. The eigenfunctions of (3.34) subject to boundary conditions (3.35) are precisely
the Cartesian products of the eigenfunctions of the univariate polyharmonic operator (3.2).

Proof. The d-variate eigenfunctions of (3.34) subject to boundary conditions (3.35) form an
orthonormal basis of L2(£2) (see Theorem 3.29). We now proceed exactly as in the ¢ = 1 case
(Lemma 2.2). O

As in previous studies, duality is central to the convergence analysis of subpolyharmonic—
Neumann expansions. To properly address this notion, we first require a new family of Sobolev
norms. Such norms generalise the univariate norms || - ||, introduced in Section 3.4.

3.5.1 Modulo ¢ norms

In the univariate setting, our analysis exploited the duality between the Neumann and Dirich-
let eigenfunctions under the action of the ¢'" derivative operator (Lemma 3.1). In light of
this, we introduced a new norm || - ||, involving only the function and its ¢'" derivative. In
the same spirit, we now introduce a family of multivariate norms involving only the function
and its ¢'® order partial derivatives. We refer to such norms as modulo ¢ norms.

Lemma 3.27. The bilinear form
(fr9)a=(F.0)+ > (92,15,089), fog € HIQ),
j=1

is an inner product on H1(Y). The associated norm, given by |Hf|||2 =|fI*+ Z?:l 163, FII%,
is equivalent to ||-||,

Proof. Trivially ||f[l, < [|fllq- To demonstrate the other inequality, we need to show that
IDAFI < cllfll g for [B] < ¢. In view of the additive interpolation inequality [2],

105,01 < e (llgll + 108,91}, ¥g € HIQ), r=0,...q (3.36)

it suffices to consider || = q. We now prove this result by induction on g. For ¢ = 1, there
is nothing to prove, hence we assume that ||[D?f| < cflfll,—; for all [B] < g —1. If |B] = q we
may write § = + 0 with |y| = ¢ — 1 and |§] = 1. Without loss of generality 6 = (1,0, ...,0).
Therefore, by the result for ¢ — 1

d d
1 S e [ 10e FIP+ D108 un fIP | < e [ IFIP+ D0 108 0u, FIP

j=1 j=1

IDPf|1 < | DO ]|
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Here the second inequality follows from (3.36) with r =1, j = 1 and g = f. Now, it can be
shown that (see [24, p.171])

d
1087 0, fIl < e | _NIOF A+ AN, Vf €RIUQ), j=1,...d, (3.:37)
j=1
with constant ¢ > 0 independent of f. Hence |Df| < ¢| f|| 4 8s required. O

The inequality (3.37) is a simple consequence of a rather extensive body of literature aimed
at determining equivalences of function spaces defined in terms of boundedness conditions on
various partial derivatives. Simply put, given a collection of partial derivatives of an arbitrary
function, which other partial derivatives can be bounded by a linear combination of norms of
derivatives from the collection? We shall not dwell on this topic, and refer the reader to [24]
for a thorough exposition.

Since the mixed Sobolev spaces HY, () are important in the study of uniform convergence
of modified Fourier expansions, we also require so-called mired modulo ¢ norms. We have

Lemma 3.28. The bilinear form

(f)g)q,mix = Z <D,3Qf7 Dﬁqg) ) f7 g€ H(rJnu(Q)7
|Bloo<1

is an inner product on Hy,.(Q). Moreover, the associated norm || - ||, .., given by |Hf|||2,,m =

2 1Bleo<1 |DA9f|2, is equivalent to ||-||

q,mix"

Proof. Once more [ f]|, ... < Ifllgmi- To prove the other inequality, it suffices to show that
IDVfI| < el fll4 x> Where [v]oo < g and v # Bgq for any |Bloc < 1. For such a v we write
v = Bq+ 0, where §; = yj and 3; = 0if 0 < ; < ¢—1and §; = 0 and 3; = 1 otherwise.
Since D7 f = DDA f, we first consider |D%g]| for some function g € HZ, (Q). It follows from

repeated application of the interpolation inequality (3.36), where necessary, that

Dogl* <e > |[D%Mg|*
|0]o0 <1
0;=0 & 6,;,=0

Hence we obtain
2

q,mix’

D fIP<e > IDEEpR <ol
0o <1
9]':0 = 5j=0

since |8+ 0o < 1. O

3.5.2 Density and convergence

In this section, we establish results pertaining to the convergence of subpolyharmonic eigen-
function expansions. Our first task is to establish L?(Q2) density of such eigenfunctions:

Theorem 3.29. The set of subpolyharmonic—Neumann eigenfunctions forms an orthonormal
basis of L2(Q).
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Proof. In view of Lemma 3.27, the bilinear form (-, -), : H¥(Q) x H(2) — R is continuous and
coercive. Orthogonality and densitynow follow from standard arguments ([56, p.335]). The
inverse operator L L, L2(Q) — L2(9) is bounded, linear, symmetric and compact; hence, it
has a countable orthonormal basis of eigenfunctions. O

Given finite index sets Iy C Ng, N € N, satisfying (2.8), we define the truncated expansion
Fn[f] of a function f € L2(Q) in the standard manner. Convergence of Fy[f] to f in L(Q)
follows immediately from Theorem 3.29.

For ease of notation, we henceforth relabel the univariate polyharmonic eigenfunctions
so that ¢, = ¢, when n = 0,...,¢ — 1 and ¢,,14 = ¢, otherwise. Since the multivariate
eigenfunctions are formed from Cartesian products, we write ¢, (x) = ¢, (21) ... on,(xa),
n e Ng, for a multivariate eigenfunction using this labelling. If the corresponding multivariate
coefficient is written as fn, then we readily obtain:

£ = 1fal?, Vf € L2(Q).

neNg

Not only can we characterise the L2(2) norm: by using multivariate duality arguments, we
may also characterise the modulo g-norms introduced in the previous section:

Theorem 3.30. The subpolyharmonic—Neumann eigenfunctions form an orthogonal basis of
the spaces H1(QY) and HY,, () with respect to the inner products (-,+)q and (-, *)qma- Further-
more

A2 =D A+ pa)lful? Vf € HU(SQ), (3.38)
nENg
d ~
U2 = D0 {TT (04 ) | 1£al? ¥ € HLL(Q), (3.39)
neNd [j=1

respectively.

Proof. Using similar arguments to the ¢ = 1, d > 1 (Lemmas 2.9 and 2.10) and the¢ > 1,d =1
(Lemma 3.1) cases, it is easily confirmed that D Fy[f], |Bleo < 1, is precisely the truncated
expansion of D7 f in subpolyharmonic eigenfunctions that obey Dirichlet boundary conditions
in the variables z; when 3; = 1 and Neumann boundary conditions otherwise. Convergence of
DA Fx[f] to DP9f in the L?(Q) norm now follows immediately from density and orthogonality
of such eigenfunctions. O

As in the univariate setting (Section 3.4.1), the question of convergence of Fn|[f] to f
in the intermediate cases H"(2), H., (Q), r = 1,...,q — 1, naturally arises. We devote the

remainder of this section to this topic. To answer this question, we pursue a similar approach
to the d = 1 case, our first task being the generalisation of Lemma 3.15 to the d-variate cube:

Lemma 3.31. Suppose that n € N¢, f € 1L2(0,1)? and that a, = Jo H?:l e®"i% f(x) dz,
where zj # 0 and Rez; <0, j =1,...,d. Then {an} € *(N%) and 3, cna |an|* < || f||?.
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Proof. We first assume that z; = 27ic;, 7 = 1,...,d. Let m; € N be minimal such that
mj/cj > 1. Extending f by zero to [0, 7] x ... X [0, et], we have

S Y R r

i1:1 7/d 1 cq ] 1

Each integral is the Fourier coefficient of the restriction of f to the corresponding hypercube.
Hence, using Parseval’s lemma, we immediately obtain the result.

Next we consider the case Rez; < 0, j =1,...,d. As in the univariate setting, it suffices
to show that Y,y [bn]? < ¢ f]|? for all non-negative functions f € L?(R%), where

bn_/Rie T f(z) dx

Since |by| < |bp| when m; < nj, j =1,...,d, the result holds, provided [pa |b¢|*dt < c| f[|*.
+

Now
/|bt|2dt /// y)e t@H) g da dy
R? JRY JRE

d
—/ / f(z Hx]—i-y] Ldae dy.
R? JRY

j=1

Hence, as in the univariate case, it suffices to prove that g € L*(R%) with [|g|| < || f|, where

d
Z/d fayr, o zaya) [J(1 +w;) 7' d
R% 7j=1

We have

d
Hg”2 :/Rd /Rd /l;d f(xlwl,...,xdwd)f(ylwl,...,ydwd H 1+$j 1—|—y]) 1dwdxdy

2 1 -1 -1 2
<||f|!/ / H ) (1)t by dedy < ol £

+y1

as required.
Now suppose that Rez; = 0 for j = 1,...,l and Rez; < 0 otherwise. We set z; = 2mic;,
j =1,...,0 and define m; as before. Extending f by zero to [0, "2t] x ... x [0, T—l’] x [0,1] x
x [0,1] gives

mi my i1 i !

o ‘1 “ 2micini T
an = E E ﬁl—l”'ﬁzln TN Gnyqyeom ng(@1, ... xy)dey ... day,

=1 4=1""q o j=1

where

gnz+1 ..... nd([lﬁl, / / H ezjnjxjf d.’L'[+1

j=l+1
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Hence, using the first result proved, we have

) ()
Z ’an|2 <c Z cee Z ||gnl+17“'7nd||2
neNd ny41=1 ng=1

/ / Z Z ]gnlﬂ, m xl,...,xl)\del...da:l.

niy1=1 ng=1

From the second result, it follows that

oo oo
> S mnterseenP < [ [ @R

npy1=1 ng=1
Combining these observations now completes the proof. ]

With this result to hand, generalisations of Lemma 3.16 and Corollaries 3.17, 3.18 and
3.19 now follow immediately. Since the proofs are identical, they are omitted.

Lemma 3.32. Suppose that {b,} € Io(N?). Then, for any Rez; <0, z; #0, j = ,d, the
family of finite sums of functions b, H;-lzl e®™i%  n € N9, is uniformly bounded in LQ(O, 1)

1
with norm bounded by ¢ (3, cna [bn]?)? for some ¢ > 0 independent of {by,}.

Corollary 3.33. Suppose that {1, } is the set of Cartesian products of the univariate polyhar-
monic eigenfunctions subject to boundary conditions (3.10) or (3.11) (with p not necessarily
the same for each variable). Then, for f € L2(Q), the sequence {(f,1n)} € 12(N?) with norm
bounded by c|| f]|.

Corollary 3.34. Suppose that {1} and {xn} are sets of Cartesian products of biorthogonal
pairs of univariate polyharmonic eigenfunctions subject to boundary conditions (3.10) and
(5.11), respectively. Then the family of all finite sums of terms (f, Xn)W¥n is uniformly bounded
in L2(Q) with norm bounded by c||f||.

Corollary 3.35. Suppose that f € H" () or f € H . (), r = 0,...,q, and that Fy[f] is
the truncated expansion of f in subpolyharmonic—Neumann eigenfunctions. Then || Fn[f]|lr <

cllfllr and | FN[fllrme < €l fllrma respectively.

With these results to hand, we immediately deduce the key result of this section—the
extension of Theorem 3.20 and Corollary 3.21. This is proved in an identical manner:

Theorem 3.36. Suppose that f € H' (), r = 0,...,q. Then Fn[f] converges to f in the
H"(2) norm. Moreover, if f € H (), then ]:N[f] converges to f in the H! . (Q) norm and

mix mix

Dﬁ]-"N[f] converges uniformly to DB f for [Bloc <7 —1.

- (), as in the ¢ = 1 case. Theorem
3.36 therefore extends the modified Fourier result (Theorem 2.12) to arbitrary g > 1. This
result completes our study of convergence of multivariate expansions. Next, we scrutinise
the rate of convergence in various norms. In doing so, we highlight the central advantage
of (sub)polyharmonic expansions over modified Fourier expansions: specifically, their faster
convergence rate.

In particular, Fy[f] converges uniformly to f € H!
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3.5.3 Rate of convergence

As in the modified Fourier case, we pursue two approaches: estimates based on the norm
characterisations (3.38) and (3.39), and estimates which use the coefficient bound |f,| <
|| fllg+1.mix (71 - - . ig) "7 111 For both techniques, we will make use of the following multi-
plicative interpolation inequality for Sobolev norms (see, for example [2]):

1flle < enslFIM5NFNE, VF € HY(Q). (3.40)

Lemma 3.37. Suppose that f € H" () or f € H . (Q) forr=0,...,q. Then
”f—./_"N[f]HTSCIHaX{/Ln}i Iflls, s=m...,q

and

T—S

d 2
Hf_‘FN[ ]H"'<CmaX{H 1+M7’l] } Hf”Sﬂni:m SZT)"'aq?
J=1

respectively.

Proof. We first prove this result for r = 0. By (3.38), we have || f — Fn[f]||* = D ongin | fnl?.

Observe that .
Za |fn‘2 Z(aijf7\pj,n)27

j=1

where U, () = ¢n, (21) ... ¢nj71(mj,1)¢nj (%5)Pn; 41 (Tj11) - - Png(Ta), tn, is the univariate
polyharmonic eigenfunction equipped with boundary conditions (3.11), and p = ¢ — s. It
follows from Corollary 3.33 that

d
ZZ( ) <e S0 fIP < el

ngly j=1 Jj=1

We next note that Z?:1 oz?;j > c(un)s Using this and the previous assertion, we deduce that

I = FNIAIE < e max{pm} ™ DI 1l < e mac{jan} 11115,

ngZIN] 1

which gives the result for » = 0. Now, suppose that r = 1,...,s. By (3.40) and the result for
r =0, we have

17 = FaFll < ellf = FalfAP 507 = FalfE < emaclind T 127517 - FwIfIIE.

By Corollary 3.35, || f — Fn[fllls < |1 flls + IFn[fllls < cllflls, which completes the proof for

the classical Sobolev regularity case. The case of mixed smoothness is verified in an identical
manner. 0

1 As in Section 2.7, an expansion of the multivariate subpolyharmonic coefficients can be found with few
conceptual difficulties. An immediate consequence of such expansion is this bound.



88 3. Ezxpansions in polyharmonic eigenfunctions
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Figure 3.6: Error in approximating f(z) = €** by Fy[f](z) for ¢ = 1 (squares), ¢ = 2 (circles)
and ¢ = 3 (crosses). Left: scaled error N9||f — Fn[f]||cc for N = 1,...,100. Middle: scaled error
Netz||f — Fn[f]ll. Right: scaled error N~z || f — Fn[f]||1.

The estimates of this lemma, based on summation techniques, are independent of the
index set. Of course, to obtain bounds involving N, we need to specify Iy. If we employ
either the full (2.33) or hyperbolic cross (2.41) index sets (or indeed, the optimized hyperbolic
cross (2.51)), then such bounds follow exactly as in the ¢ = 1 case (see Sections 2.9 and 2.10).
Once more, we obtain a now familiar result: given sufficient mixed regularity, the hyperbolic
cross approximation converges at a rate comparable to its full counterpart.

Next, we obtain estimates based on coefficient bounds. In view of the advantage conveyed
by the hyperbolic cross, we shall not consider the full index set further. Moreover, for the sake
of simplicity, we will only consider the L?(—1,1) norm hyperbolic cross (2.41), as opposed to
the optimized hyperbolic cross (2.51).

Theorem 3.38. Suppose that f € HL! Q) and that Iy is the hyperbolic cross (2.41). Then
1

d—

1
If = FNIAI < el fllgrameN""2(log N) =7,
_g—1
Lf = FNUlle < el fllgtmeN™™072, 7 =150,

and |DP(f = Fn[Dlloo < ellfllgt1,maNPl2(log N)4=1 for |Bloe < ¢ — 1.

Proof. This follows immediately from the bound |fn\ < ol fllgttmix(Pr - - - 7ig) 9L, Lemma
2.30, the norm characterisation (3.38), and the interpolation inequality (3.40). O

In Figure 3.6, we verify the results of Theorem 3.38 for the uniform, L(Q) and H(Q)
norms, and ¢ = 1,2,3. We remark in passing that estimates for the pointwise convergence
rate away from the boundary 02 can also be established along identical lines as Section 2.10.3.
The resulting convergence rate is O (N —4~l(log N )d_l), provided f € H?nt?(Q)

As we address in the next section, such rates of convergence increase, provided the function
f satisfies certain derivative conditions.

3.6 Derivative conditions

As in the ¢ = 1 case, derivative conditions completely determine both the degree and rate
of convergence of expansions in (sub)polyharmonic eigenfunctions. An indication of such
derivative conditions was given in Section 3.4.2: the pointwise convergence rate was found to
increase, provided

fO*1)=0, VieN, (3.41)

k,p?
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where py, and N, = are given by (3.31) and (3.30) respectively. For this reason, we say that a
function f € H*Pk»(—1,1) obeys the first pip derivative conditions, k,p € Ny, provided (3.41)
holds.'? A multivariate analogue is easily established. For f € H'*Prr (), the appropriate
derivative conditions are given by

Oy flr, =0, j=1....d VIEN,,. (3.42)

To determine the effect of such derivative conditions on the convergence of Fy[f] to f, we
first need to extend the modulo ¢ norms of Section 3.5.1 to include higher-order derivatives
DP, where each component of 8 is an arbitrary multiple of g. We have

Lemma 3.39. Suppose that k € N. Then the bilinear forms

(f?g)k,q = Z (Dﬁqfv Dﬁqg) 5 f’g S Hkq(Q)a
1BI<k

k
(f7 g)k‘,q,m’iw = Z (Dﬁqf? Dﬂqg) Y f7 g 6 Hsz(Q)7
|Bloo<k

are inner products on the spaces H* () and H* (Q) respectively. The associated norms ||-|| kg

and || - |||k,q,mm equivalent to ||\|kq and ||Hkqm” respectively.

Proof. The case k = 1 has been established in Lemma 3.27 (note that || - [|; , is just || - [|,)-
Assume now that the result holds for £ — 1. In view of (3.36), it suffices to prove that
IDPfI < el fllkq for all |B] = kq. For such 3, we write 8 = v + d, where |y| = (k — 1)g and
|6| = ¢. Then, using the induction hypothesis, we have |[D?f|| < c|||D‘5|||k_17q. By the result
for k = 1, we obtain

d
2 2
I, = 3 DD <e 303 (08 DRI + D) < el fIE,,

|8|<k—1 |Bl<k-1j5=1

as required. The result for the mixed norms is verified in an identical manner to the proof of
Lemma 3.28. O

Our first convergence result generalises Theorem 3.30:

Theorem 3.40. Suppose that k € N, | = 0,1, and that f € HZ*D9(Q) or Hg,ierl)q(Q)

obeys the first pyo derivative conditions. Then Fy|[f] converges to f in the H*D4(Q) and
7(2k+Dg

miz

(Q) norms respectively. Moreover, for r =0,...,2k + 1, we have

[ d
mfmi,q = Z Z H(N’?%)ﬁ] |fn‘27

neNd | |Bl<qi=1

[ d
DU Tk | 1fal

neNg [Bleo<qi=1

2
||| f |||7",q,mzm

respectively.

2There is a slight contradiction in terminology here with the definition (2.12) given in Chapter 2: namely,
when ¢ = 1, pr,p = 2k as opposed to k. However, it is convenient to define px,, in this manner, so we shall
proceed with this definition.
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Proof. This follows immediately from now standard techniques. Repeated integration by parts
and substitution of the boundary conditions give that D??Fy[f] is the truncated expansion
of DP4f in subpolyharmonic eigenfunctions that obey either Dirichlet or Neumann boundary
conditions in each variable x;. O

As in Section 3.5.2, the result for the modulo g norms forms the basis of the argument
in the general case. To obtain such a result, we first require a suitable extension of Bessel’s
inequality (Corollary 3.35) to arbitrary index r € Ny (as opposed to just r =0,...,q):

Corollary 3.41. Suppose that f obeys the first py, derivative conditions and f € HPkr(Q),
p#0, or f € H*H(Q), p=0, wherel = 0,...,q. Then |Fn[flll» < c|flly forr=0,...,pkp

orr=0,...,2kq+ 1 respectively. The same result holds for the mized spaces.

Proof. For such a function f, the derivative D®Fy[f], where |8] < prp or |B] < 2kq +
| respectively, is the truncated expansion of DPf in Cartesian products of polyharmonic
eigenfunctions subject to boundary conditions (3.10) or (3.11) in each variable. The result
now follows immediately from Corollary 3.34. O

We are now in a position to derive a full convergence result for polyharmonic functions
obeying the derivative conditions (3.42). This result generalises Theorem 3.36, and its proof
is identical:

Theorem 3.42. Suppose that f is as in Corollary 3.41. Then Fy|[f] converges to f in the
H"(Q) (respectively H,, () norm forr =0,...,pp orr=0,...,2kq+ (.

miz

Analogously, convergence in the uniform norm can also be established along identical lines
to Theorem 3.36. We shall not give a full discussion as regards the rate of convergence, aside
from mentioning that all convergence rates (given sufficient regularity) increase by factors of
N2ka+P gyer the general case, provided the function satisfies the first Prk.,p derivative conditions.
For both the pointwise and uniform convergence rates, this fact was established in Theorem
3.25. Other cases can be proved along the same lines as Lemma 3.5.3 and Theorem 3.38.

This completes our study of convergence of (sub)polyharmonic-Neumann expansions. To
finish this chapter, we next briefly detail the computation of polyharmonic-Neumann coef-
ficients, using similar methods to those described in Section 2.12 for the modified Fourier
case.

3.7 Quadrature

As discussed, a central reason why Birkhoff expansions have not been more extensively used is
the lack of availability of robust means to compute the coefficients fn In particular, unlike the
modified Fourier case, the FF'T cannot be used to compute polyharmonic-Neumann expansion
coefficients. Nonetheless, the quadratures exhibited in Section 2.12 for the ¢ = 1 case offer
a compelling means to such perform such computations. This topic was pursued in greater
detail in [8]. In this section, we describe a number of conspicuous aspects of that study. In
particular, we demonstrate how the quadratures of Section 2.12 are successfully generalised.
For the sake of simplicity, we focus on the univariate setting throughout.

As ever, our starting point is the asymptotic expansion (3.28). Immediately, it is apparent

that only certain derivatives appear in this expansion: namely, those values [ € N, . where
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Ny, is given by (3.30). Any Filon-type quadrature scheme ought to reflect this fact. Hence,
to this end, we let —1 = ¢; < ¢s < ...c, = 1 be given quadrature nodes and my,..., m, be
their multiplicities. Moreover, we assume that each m; = py, ;,, for some suitable k; and p;
and that my = m, = py,.

If p is a polynomial such that
pO(c) = fOey), Ve N, s=1,...v,

we define the Filon-type quadrature by

1 X«
Qm,n[.ﬂ - / p<x)¢n($) ~ fn,

-1

where m = (myq,...,m,) is the vector of multiplicities. Upon comparison with (3.28), we note
that the asymptotic order of this scheme is (2k 4+ 1)g + p + 1, and, since fn =0 (n_q_l), the
relative asymptotic order is 2kq + p.

As in Section 2.12, Filon-type methods for polyharmonic coefficients can be more easily
designed as a combination of a truncated asymptotic expansion and a scaled approximation
of certain derivatives [8]. However, for the sake of brevity, we shall not dwell on this issue.

Instead, we now briefly mention the design of appropriate exotic quadratures for the lower
order coefficients. As in the ¢ = 1 setting, the goal is to reuse derivative information in a
classical quadrature scheme. In this spirit, we define

v 1
il =Y ¥ g~ [ gla)da. (3.43)

r=1 lENmr

where the coefficients b,; are chosen to maximise order. Explicit numerical examples of both
exotic and Filon-type quadratures for polyharmonic-Neumann coefficients are given in [8].

We mention in passing that (3.43) is a special case of Birkhoff quadrature [29]. Nonethe-
less, little theory currently exists pertaining to the maximal attainable order and the optimal
location of quadrature nodes. As in the ¢ = 1 case, a whole raft of questions remain re-
garding the design and implementation of both Filon and exotic quadratures for calculating
polyharmonic—Neumann expansion coefficients.

This concludes our assessment of polyharmonic eigenfunction expansions. In the follow-
ing two chapters we return primarily to the modified Fourier case. First, we consider the
application of such expansions to the numerical solution of boundary value problems.






Chapter 4

Boundary value problems

4.1 Introduction

Orthogonal bases commonly find application in the numerical solution of partial differential
equations. In this chapter, we describe in detail the application of Laplace eigenfunction
expansions to the boundary value problem

Lu)(z) = f(z), €, Blu=0, (4.1)

where £ is a linear, even-order differential operator, B[u] = 0 are prescribed (nonperiodic)
boundary conditions and ©Q = (—1,1)% is the d-variate cube. In particular, the primary
concern of this chapter is the linear, second-order advection-diffusion problem, where £ =
—A+a-V+bZ and 7 is the identity operator (higher-order problems are addressed in Section
4.4.5).

Our approach to discretise (4.1) is a spectral-Galerkin technique: the solution wu is ex-
panded in a rapidly convergent series of basis functions, whose coefficients ensure that the
residual L[u] — f is orthogonal to this basis. Standard spectral methods for (4.1) employ
orthogonal polynomials (of typically Chebyshev or Legendre type) or, in the special case of
periodic boundary conditions, Fourier series. Their principal benefit is so-called spectral con-
vergence (faster than any algebraic power of ), thereby ensuring high accuracy at relatively
low computational cost [31, 42].

In contrast, finite element methods—where the solution is expanded in low-order piecewise
polynomials—converge only algebraically [45]. However, they are endowed with a number
of important advantages over spectral methods, not least their flexibility and adaptability.
Whilst high-order orthogonal polynomials and Fourier series are usually restricted to hyper-
cubes, finite elements can be constructed in a wide variety of non-tensor-product domains,
thus making such schemes applicable to complex geometries. Moreover, as we henceforth
describe, finite elements schemes are more readily applicable to higher-dimensional problems
than standard spectral approximations.

A central motivating factor in the development of modified Fourier expansions, as de-
scribed in Chapter 1, is the design of spectral methods that offer both rapid convergence and
flexibility. We defer a discussion of modified Fourier expansions in the equilateral triangle to
Chapter 6. As considered in Chapter 2, modified Fourier expansions, when equipped with a
hyperbolic cross index set, are well suited to problems in higher dimensions. For this reason,

93
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the focus of this chapter is the discretisation of the boundary value problem (4.1), where
Q = (—1,1)% is the d-variate cube and d > 1 is arbitrary.

A primary concern in the development of spectral approximations is the question of sat-
isfying boundary conditions. Since modified Fourier basis functions naturally obey homoge-
neous Neumann boundary conditions, they are most suitable for problems (4.1) endowed with
the same boundary conditions. Conversely, given Dirichlet boundary conditions, we employ
Laplace—Dirichlet eigenfunctions. Other boundary conditions are thus tackled by Laplace
eigenfunctions subject to the same boundary conditions. The result is a family of methods for
boundary value problems, each adapted to the particular boundary conditions. As in Chapter
2, the Dirichlet and Neumann problems will be our principal consideration. Other boundary
conditions are considered towards the end of the chapter.

There are many alternative means to satisfy boundary conditions. Forming suitable linear
combinations of basis functions is an approach commonly employed in Chebyshev or Leg-
endre polynomial discretisations [146, 147]. However, this scheme typically leads to a loss
of accuracy for Laplace eigenfunction approximations. Other techniques, based on either
interpolating boundary conditions exactly or using so-called penalty schemes [81], become in-
creasingly complicated in two or more dimensions. Instead, we pursue arguably the simplest
approach: selecting basis functions that inherently satisfy the prescribed boundary conditions.
We mention in passing that, since the solution u of (4.1) obeys the boundary conditions (in
the language of Chapter 2, the first derivative condition), the approximation to a Dirichlet
problem, for example, will converge uniformly throughout the domain.

The numerical solution of higher-dimensional problems has received significant attention of
late. Such problems are a recurrent theme in a wide variety of applications, including fluid dy-
namics (the Navier—Stokes equations), quantum mechanics and computational chemistry (the
Schrodinger equation) [41]. The main stumbling block towards effective discretisation of such
problems is the previously mentioned exponential growth in computational cost with dimen-
sion (the curse of dimensionality, see Chapter 2). Though the design of so-called sparse grid
finite element methods, where the numerical approximation consists of only O (N (log N )d_l)
or even O (N) terms, is a mature field, few spectral methods currently exist that exhibit this
property.! As described in Chapter 2, this shortfall can be attributed to the difficulty in
rapidly computing only those coefficients of a function with indices from a hyperbolic cross.
Classical spectral approximation schemes for (4.1) based on orthogonal polynomials (typically
of Chebyshev or Legendre type [42]) are thus restricted in practice to d = 1,2, 3, 4.

Nevertheless, as documented in Chapter 2, Laplace eigenfunction expansions may, in gen-
eral, converge slowly. This translates into only algebraic convergence of the corresponding
spectral approximation to the solution u of (4.1). However, the reduced computational cost
of forming the approximation means that such an approach offers an advantage over more
standard polynomial-based methods, as we shall confirm by numerical example. Unrelated to
cost considerations, Laplace eigenfunction methods are also endowed with several beneficial
features pertaining to the conditioning of the various matrices present, and the ease at which
resulting linear systems can be solved. Such attributes are also chronicled in the sequel.

Needless to say, accelerating convergence of Laplace eigenfunction methods for boundary
value problems, thereby increasing their effectiveness, is of singular importance. This topic is
discussed further in Chapters 5 and 6. First, however, we must assess the methods in their

! Aside from the periodic case: the numerical solution of periodic partial differential equations by the so-
called sparse grid Fourier method has been documented in [110].
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most basic forms. This chapter is devoted to this topic.
The key results of the present chapter are as follows:

1. Spectral-Galerkin approximations to second order Neumann boundary value problems
based on modified Fourier expansions exhibit O(N —%) errors in the H!(Q) norm. An
analogous result, albeit one power of IV slower, holds for Laplace—Dirichlet approxima-
tions of Dirichlet problems.

2. Much like the Fourier method for periodic problems, methods based on Laplace eigen-
functions are reasonably well conditioned. In particular, discretisation matrices have
O (N 2) condition numbers, and there exist optimal, diagonal preconditioners.

3. Provided a hyperbolic cross index set is used, Laplace eigenfunction approximations can
be constructed in O (N 2) operations, regardless of d, using standard iterative methods.
Due to this greatly reduced figure over the standard O (N d+1) estimate for approxima-
tions based on full index sets, Laplace eigenfunction methods convey an advantage over
standard polynomial-based spectral methods for moderate values of the parameter V.

4. Approximations based on Laplace eigenfunctions can be constructed for a variety of
other boundary value problems, including numerous fourth and higher-order problems,
for which they possess a number of advantages over more standard techniques.

The application of Laplace eigenfunctions to the numerical solution of boundary value prob-
lems was addressed in [3] (the univariate case) and [5] (the multivariate case). This chapter
is based on those studies.

We remark in passing that such methods are not restricted solely to boundary value
problems (4.1) in the d-variate cube. Other potential applications are outlined in Chapter 6.
However, (4.1) presents the first stepping stone towards the design of effective methods based
on Laplace eigenfunctions, and therefore remains our consideration throughout.

4.2 Spectral methods for boundary value problems

We commence with a brief review of the salient aspects of boundary value problems, specif-
ically existence and uniqueness of solutions, and their numerical discretisation by spectral—
Galerkin methods. There is an abundance of literature on this topic, and we refer the reader
to [42] or [142], for example, for further details.

Consider the boundary value problem (4.1), where f € L%(Q) and £ is a linear, even-order
differential operator. We assume that the problem can be expressed in weak form as

find w € H(2): T(u,v) = (f,v), VYveH(Q), (4.2)

where H(2) is some appropriate Hilbert space with norm ||-||;; and T : H(Q) x H(Q) — R is
a bilinear form. Depending on their particular form, boundary conditions are either enforced
by the definition of the operator T' (so-called natural boundary conditions) or the space H(2)
itself (essential boundary conditions). Typically, Neumann boundary conditions are enforced
in the former manner and Dirichlet boundary conditions by the latter.

Throughout, we assume that boundary conditions are homogeneous. If not, then, given
some function g that satisfies Blg] = B[u], we may decompose u = v + g, where the new
function v is the solution of the homogeneous boundary value problem L[v] = f — L[g],
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B[v] = 0. For the domains that we consider throughout this chapter, i.e. d-variate cubes,
construction of an appropriate function g is relatively simple.?
Returning to (4.2), we now suppose that the form 7" satisfies the continuity and coercivity
conditions
T (u, )| < Allullulloln, T(uw) > wlulf,  Yu,o € HQ). (4.3)

In this setting, existence and uniqueness of a solution to (4.2) is guaranteed by the well-
renowned Lax—Milgram theorem:

Theorem 4.1 (Lax-Milgram). Suppose that H(Q) is a Hilbert space, f € L?(Q2) and that the
bilinear form T satisfies the continuity and coercivity conditions (4.3). Then there exists a
unique solution to (4.2) satisfying the stability condition ||ullg < yw™||f]|.

With existence and uniqueness to hand, we now turn our attention to the numerical
solution of (4.1). A standard approach is to approximate the solution u in some finite-
dimensional space Sy = span{¢, : n € Iy}, where ¢, are appropriate basis functions.
Suppose that uy € Sy is the approximation to u. To specify uy, we seek to make the
residual L[uy]| — f small. There are numerous ways to realise this, but we will consider the
Galerkin approach throughout: enforce that L[uy] — f is orthogonal to Sy.? In other words,

T(un,v) = (f,v), YveSn. (4.4)

These are referred to as Galerkin’s equations. Since the approximation uy satisfies a discre-
tised version of (4.2), its existence and uniqueness are once more guaranteed by the Lax—
Milgram theorem. Moreover, uy also satisfies the stability estimate ||uy | < yw™!(|f]|, thus
ensuring that there is no blow-up in the numerical approximation, for example.

Convergence of the approximation uy is guaranteed by Céa’s Lemma:

Lemma 4.2 (Céa). Suppose that un € Sy is the Galerkin approximation to (4.2). Then
lu—unla < L inf [ju— |
T W ¢ESN

Céa’s lemma reduces the question of convergence of the approximation uy to merely a
consideration of the approximation properties of the subspace Sy. If Sy consists of Laplace
eigenfunctions, for example, then convergence is therefore governed by the results of Chapter
2.

The Galerkin formulation encompasses both spectral and finite element methods. A key
component of the former is to choose a basis Sy with a high degree of approximation. Basis
functions are typically global, thus leading to small, dense matrices. Conversely, finite element
basis functions are locally supported, thereby producing sparse, banded matrices. However,
as a payoff, slow convergence of finite element approximations necessitates the solution of
much larger linear systems to obtain reasonable accuracy [45].

2A subtraction function of the type subsequently considered in Chapter 5 can be used, for example.

3An alternative approach, leading to so-called collocation methods, is to enforce that the residual vanishes
at a set of nodes. Typically, node locations are related classical quadrature formulae derived from the particular
approximation basis. Collocation schemes are extremely effective in many situations (for example, nonlinear
problems). However, for linear problems, at least, Galerkin schemes typically yield simpler discretisations and
optimal error estimates [147].
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Outside of convergence, the second central facet of Galerkin approximations is the question
of computing the approximation uy. To this end, suppose that uy = > Iy Un®n has
coefficients @, € R. If @ € RN is the vector of coefficients and Ag € RINIXUNT has (n, m)t
entry T'(¢m, ¢n), then Galerkin’s equations (4.4) can be expressed in matrix form as Agu = f,
where f e RN has nth entry fn We refer to Ag as the Galerkin matriz.*

A number of numerical considerations are of great importance in the computation of the
spectral-Galerkin approximation uy. First, numerical schemes must be available to calculate
the entries of both the matrix Ag and the vector fn In some cases (for example, where £
has constant coefficients), the entries of the matrix Ag may be known explicitly. However, in
the general case, they need to be approximated by numerical quadrature. If the quadrature
used for this task is dependent on the truncation parameter N (for example, if the FFT were
used), this leads to a so-called Galerkin with numerical integration (GNI) scheme [42]. We
shall not pursue this approach. Instead, we use the numerical quadrature outlined in Section
2.12, where necessary, the accuracy of which is not automatically coupled to V.

The second practical consideration is how to solve Galerkin’s equations efficiently. As
stated, the matrix Ag is typically dense; hence, standard iterative methods can be expensive.
Furthermore, the matrix is often ill-conditioned, making the construction of effective precon-
ditioners paramount [42]. Nonetheless, Ag frequently inherits much of the structure of the
continuous problem (4.2), thus commonly aiding both these tasks.

Having summarised the principal aspects of spectral-Galerkin schemes, we now address
the discretisation of second-order boundary value problems with Laplace eigenfunctions.

4.3 Discretisation of second order boundary value problems

Let
Llu)(z) = —Au(z) + a- Vu(z) + bu(z) = f(z), z€Q=(-1,1)% (4.5)

be a boundary value problem equipped with either homogeneous Neumann Blu| = %\p or
Dirichlet B[u] = u|r boundary conditions (other boundary conditions are discussed in Section
4.4.4). For the sake of simplicity, we assume that a = (ay,...,aq)" € R and b € R are
constant; in the sequel, we address the variable-coefficient case.

Both the Dirichlet and Neumann problems share the common bilinear form

T(u,v) = (Vu, Vo) + (a - Vu,v) + (bu,v), (4.6)

where (Vu,Vv) = [, Vu - Vou. In the Neumann case, since the boundary conditions are
essential, we let H(Q2) = H'(2), so that T : H}(Q) x H}(Q) — R. Conversely, in the Dirichlet
case T : H{(Q) x H{(Q) — R, where the space H}(f2) is defined in the usual manner as the
closure of C3°(2) in H(Q).

Continuity and coercivity of these forms are readily established:

Lemma 4.3. Suppose that T is defined by (4.6). Then T is H}(Q)-continuous and coercive
(in other words, the restriction of T to H}(Q) x H}(Q) 4s continuous and coercive in the H5(€2)

4In general, n = (n1,...,nq) is a multi-index. Hence, for practical purposes, some ordering is given to the
index set In. The choice of such ordering can impact upon the numerical behaviour of the matrix Ag [42].
However, we shall not address this issue further.
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norm) if and only if b > —C~2, where C' = 2d- 271 is the constant of Poincaré’s inequality
[56]. Specifically,

1T (u,v)] < (1+Cllal| + C?b]) [uli|v]r, T(u,u) > min{l,1+bC*}Huli, Vu,ve Hj(Q),

where | - |1 is the standard norm on Hy(Q) and ||a|? = 2?21 a?.

Proof. We first recall Poincaré’s inequality ||u|| < C|ul1, Vu € H}(Q2). Note that the constant
in this inequality is sharp.” We have

T (u, 0)| < [Vull|Voll + lal [ Vullloll + [blllullloll < ulilvls + Clallluli vl + C*[bl[uli|v]1,

which gives the first result. For the second, we first note that (a-Vu,u) = u?a-f|r = 0, since
ulr = 0. Here 7 is the unit outward normal vector.® Hence

T(u,u) = ]u\% + bHuH2 > min{l,1+ bCz}]u\%,

as required. To show that the condition b > —C~2 = —%dwz is also necessary, we consider
the function u(z) = H;-lzl cos 3mx;. In this case ||[ul|? = 1 and |uf} = | Vu|?> = 1dn? = C2,

which gives
T(u,u) = || Vul|® + bl|ul|* = (1 + bC?) |uli.

Hence T cannot be coercive if b < —C 2. O

Lemma 4.4. The bilinear T form defined by (4.6) is H' (Q)-continuous and coercive if and
only if b— X||al|* > 0. Specifically

. -1
(T, 0)] < 2max{1,b, fal}ullalolls,  TCu,w) > (b~ Hal?) min { (b4 4al®) ™", §} ull?,

for all u,v € HY(Q).
Proof. The proof of continuity is virtually identical to that of the previous lemma. For
coercivity we use Young’s inequality” to give
T(u,u) = [Val® + (a- Vu,u) +bllul® = [|Vul® — (e Val® + g llal?[lul®) + b]lu]?
= (1= )IVal* + (b~ g llal®) [Ju]?,

for all € > 0. If we set € = ||a[|*(2b+ 3||la]|?)~! and substitute this into the above expression,

we obtain . )
b— 7llall

b+ gllall®

b— gllal®

T >
T, 0)] > L

2 2
IVul[” + [[ull,
as required. To show that the condition b — ||a||> > 0 is also necessary, consider the function

u(z) = e2(1HV2)z.a Iy this case T(u,u) = (b— 1|la||?) |lu||>. Hence, no other lower bound is

permissible. O

5This constant is precisely the square root of the reciprocal of the smallest eigenvalue of the Laplace operator
on Q = (—1,1)¢ subject to homogeneous Dirichlet boundary conditions. This is easily proved by expanding
an arbitrary function u € H{(Q) in Laplace-Dirichlet eigenfunctions. Incidentally, this result holds for any
bounded, convex domain [135]. Note that Poincaré’s inequality guarantees that the semi-norm |- |1 is in fact
a norm on H(Q).

SWe write u|r with the understanding that this refers to the trace of u on I' = 9Q. Further considerations
of trace operators are not necessary for this particular study, and we refer the reader to [56] for details.

"The algebraic inequality zy < ixQ +ey® for all € > 0, x,y € R, is referred to as Young’s inequality [124].
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Under the assumptions of Lemma 4.3 and Lemma 4.4 respectively, existence and unique-
ness of a weak solution to the homogeneous Dirichlet and Neumann problems are guaranteed
by the Lax—Milgram theorem.

We remark in passing that the Dirichlet problem may be reduced to a canonical form by
writing

u(z) = o2 Xjm “i%iy(x).

The new function v € H}(Q) is the solution to the boundary value problem

—Av(x) + (b + iHaHz) v(z) = e_%zi:lajzjf(:r), 0.

U}aQ =

This equation, representing a Helmholtz problem, has no advection term and is therefore
simpler. In particular, the discretisation of this problem with Laplace—Dirichlet eigenfunctions
possesses a diagonal matrix. However, though theoretically possible, in the variable-coefficient
case this transformation requires the computation of indefinite integrals of the functions a;(z).
Further, the Laplace—Dirichlet discretisation now leads to a full matrix. For this reason,
we shall consider the non-canonical formulation (4.5) throughout. Note that the Neumann
problem cannot readily be reduced to a canonical form in this manner, since the boundary
conditions are not preserved by the above transformation.

4.3.1 The Galerkin approximation

We now seek an approximation uy € Sy to the Dirichlet and Neumann problems, where Sy
consists of Laplace—Dirichlet or Laplace-Neumann eigenfunctions respectively. We write

un(@) = D Y ageil@), uv@) = Y Y alel(e),

ie{0,1}dnely i€{0,1}4 n€ly

in each case, and refer to uy as the Laplace—Dirichlet Galerkin (respectively Laplace—Neumann
Galerkin/modified Fourier—Galerkin) approximation. Throughout the remainder of this chap-
ter, we assume that either the full (2.33) or hyperbolic cross (2.41) index set is employed. The
majority of the results proved can be immediately applied or suitably adapted to other index
sets, including the optimized hyperbolic cross (2.51). However, for the sake of simplicity, we
shall not pursue this further.

In both the Dirichlet and Neumann cases, the coefficients ﬁ,[f] € R are specified by
Galerkin’s equations (4.4). For this, we have the following lemma:

Lemma 4.5. The coefficients ﬂ%] of the approximation uy satisfy

d
(b+uhal +>° > gt = A oy, nely, (A7)
7j=1 ijN
(nymj)eln
where (n;mj) = (m, ceey M1, Mg, M4 1,y - - - ,nd), (i; 1-— ij) = (il, ey ij_l, 1-— ij,ij+1, ve ,id)
and
; ah o] ; by
57[3777, - 2(_1)n+mm’ 57[9777, - 2(_1)n+mm’ (&S {07 1}7 n,m e NOa
Hn — Um Mn' — Um

in the Dirichlet and Neumann cases respectively.
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Proof. Since the Dirichlet and Neumann cases are identical, we consider the latter. Setting
[l]

v=dn,i€{0,1}% n € Iy, in Galerkin’s equations (4.4) gives

T(un, ¢h)) = (b+ pll)) M+Z S>> aj(0,0, olhall

Jj=11e{0,1}¢ meln

Here the first term arises as a direct consequence of the fact that the approximation basis
consists of orthonormal Laplace eigenfunctions. Now,

(s, 88, 010 = (&n))' qﬁ[”])H(d’,{i,éE,’z}):{ Susany 1= (51 —5s), i =, k.

Py 0 otherwise,
which gives the result. O

In the univariate setting, if @ = (al%,al!)T is the vector with entries u[] and f =
( f [0}, f [1])T is the vector of coefficients ﬁ[f], Galerkin’s equations can be written in matrix

form as Aqu = f, where
Dol 4500l
Ag = ( wsll pll ) : (4.8)

Here 6l is the (N 4+1—14) x (N +i) matrix with entries (L[f]m and DU is the (N +1—i)x (N41—1)
diagonal matrix with entries b + u[ . The diagonal blocks of this matrix correspond to the
restriction of the operator Ly = —30,, + bZ, where Z is the identity operator, to Sy . The
off-diagonal blocks correspond to the advection operator £1 = ad,. For this reason, we define

Dol ¢ 0 adld
Mg = ( 0 pl >7 Ng = < a0 >, (4.9)

as the matrices of these actions. Note that Aq = Mg + Ng.

The operator splitting £ = Lo + £ is fundamental to a number of both practical and
analytical aspects of the modified Fourier—Galerkin method. The same splitting is also em-
ployed in the multivariate setting upon defining Lo = —A +bZ and £, = a- V. As before, we
write Aq = Mg 4+ Ng, where Mg and Ng are the matrices corresponding to the operators
Lo and £1. The first term of (4.7) verifies that Mg is diagonal once more with n'* entry
b+ u[l]. Note that the matrix Mg is symmetric (a fact independent of the discretisation:
determined solely by the self-adjointness of the operator L), whilst Ng is skew-symmetric
for Dirichlet problems. Hence, Ag is not symmetric in general, aside from the case a = 0, i.e.
the Helmholtz problem.

When a = 0, uy may be reinterpreted as precisely Fy[u]. Indeed, it follows from (4.7)
that al) = (b—}—u[ }) fli , which, upon comparison with (4.5), is nothing more than bl (or all
for the Dirichlet problem). In this case, the construction and analysis of the approximation
upy is completely accounted for by the techniques of Chapter 2. Nonetheless, when a # 0 (or
when b = b(x) is not constant) this ceases to be the case, and new techniques are required to
address the approximation uy. The next two sections are devoted to the construction of this
approximation. Analysis of convergence is considered in Section 4.3.4.
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4.3.2 Properties of the discretisation matrix

For an arbitrary nonsingular matrix A € RM™*M we define the spectral condition number

ks(A) as the ratio of the largest and smallest eigenvalues in absolute value. We refer to the
quantity
Amax(ATA)

WA =\ AT (ATA)

as the condition number.® For the Galerkin matrix Ag, the size of these quantities are
of singular interest, since they determine the impact of round-off errors in the solution of
Galerkin’s equations [42]. They also determine the convergence rate of various iterative solu-
tion techniques and the necessary step-size restrictions in fully-discretised approximations to
time-dependent problems (see Chapter 6). Note that when Ag is symmetric (i.e. a = 0), the
quantities ks(Ag) and k(Ag) coincide. However, for a # 0 this ceases to be the case.

In standard spectral discretisations, the (spectral) condition number is often rather large,
so the design of effective preconditioners is imperative. We say that an invertible matrix
P € RM*M s an optimal (spectral) preconditioner for A if the (spectral) condition number of
the matrix AP~ is O (1) as M — 00.? A fundamental consideration in the design of effective
preconditioners is that the linear system Pz = y should be ‘easier’ to solve (i.e. of lower
computational cost) than the linear system Az = b.

In this section, we demonstrate that the (spectral) condition number of the Galerkin matrix
Ag arising from Laplace eigenfunction discretisations is O (N 2). Moreover, there exists an
optimal, right preconditioner given by the matrix Mg. Since this preconditioner is diagonal,
it is cheap and simple to apply.

We commence with estimates for the spectral condition number:

Lemma 4.6. Suppose that I is either the full (2.33) or the hyperbolic cross (2.41) index set.
Then the spectral condition number rs(Ag) is O (N2) for both the Dirichlet and Neumann
problems, provided the operator T is coercive. Specifically,

ks(Ag) < % (1+ N272%d),  re(Ag) < % (14 (d—1+ N?)x?),

in the full and hyperbolic cross cases respectively, where v and w are the constants of continuity
and coercivity.

Proof. For an eigenvalue A with eigenfunction u € Sy, we have A(u, ¢) = T(u, ¢), V¢ € Sy. In
particular, wl|ul|? < |A||lul|?> and |A|||ul|? < v||u|/?. Now, by Bernstein’s Inequality (Corollary
2.11), |lu)|? < maxper, {1+ 1 Hjul|2. Moreover, for n € Iy,

1+ p9 <14 N%72%d, 144 <14 (d—1+ N?)n2, (4.10)
when I is either the full or hyperbolic cross index set respectively. O

We may also prove the same result for the condition number x(Ag). To do so, we first
require the following lemma:

8More precisely, since k(A) = || A|||A™"||, where ||-|| is the L? matrix norm, this is the L? condition number.

9Specifically, P is a right preconditioner. If we consider the quantities P~*A or Pf%A(Pfé)T instead,
then P is referred to as a left or symmetric preconditioner respectively [142].
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Lemma 4.7. Suppose that X is an eigenvalue ongAG with associated eigenfunction u € Sy.
Then

(Fn[L]], FNIL[9]]) = Mu, ¢), Vo € Sn. (4.11)

Proof. Dropping the ¢ superscript for ease of notation, the matrix Ag has (n,m)th entry
(Llpm], dn). Let u € Sy be an eigenfunction with eigenvalue A\. Then

3 (A(T;AG> (W dm) = Mu,dn), Vn € Iy,

n,

meln

Expanding the left-hand side gives

> (484c)  (wom)= 3 (Ll6al. ) (Llw]. 60) (u.6m)

meln m,r€ln
TEIN
Hence (L[Fnu]], FN[L[on]]) = A(u, ¢r,) for all n € Iy. Linearity now gives the result. O

Theorem 4.8. Suppose that Iy is either the full or the hyperbolic cross index set. Then the L2
condition number of Ag, k(Ag), is O (NQ) in both the Dirichlet and Neumann cases, provided
the operator L is coercive. Specifically, if ' is a positive constant such that ||L[u]||?> < +/||u|/3
for all u € H%(Q), then we have the bounds

K(AG) <w A (1 + N272d), k(Ag) <w WA (14 (d—1+ N?)7?),
in the full and hyperbolic cross cases respectively, where w is the coercivity constant of L.
Proof. Setting ¢ = u in (4.11) gives || Fn[L[u]]||? = M||u||?. Now, by the duality pairing (3.25),

InlLll.g) o o (Ll g) (4.12)

FNEU = Ssup
IZwILldll = sup == 2 s g

Suppose that we define g € Sy by enforcing the condition (L[¢],g) = (¢,u) for all ¢ € Sy.
Note that the coefficients of g are the solution of a linear system involving Ag. Hence,
existence and uniqueness of g is guaranteed. Furthermore, (L[u],g) = (u,u) = |ju|/? and,
since L is coercive, w||g|[1 < [Jul|. Thus

(L[u],9)* _ Jlull®

> w?|ul]*.

To derive an upper bound for A, we note that

Allall? = IFNIL I < 1£[]I* < ' ulls <+ max{1 + g ¥l

by Bernstein’s Inequality. The result now follows from (4.10). O
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The proofs of Lemma 4.6 and Theorem 4.8 highlight that the minimal eigenvalues of
both Ag and AgAG are independent of the Galerkin discretisation employed. In particular,
they are independent of the index set. The upper bounds, however, rely on Bernstein-type
estimates which are dependent on both the discretisation basis and index set employed.

The constant 4’ defined in Theorem 4.8 exists regardless of any assumptions on the values
a and b (much like the standard continuity constant 7). It represents a continuity constant
for the normal form T' : H?(Q) x H3(Q) — R, where T"(u,v) = (L[u], L[v]). Note that an
explicit value for 4/ is given by 7' = 3max{1, ||a|, |b|}2.

Next, we assess the preconditioner M¢ for the matrix Ag. To do so, it is first necessary to
establish coercivity for a variety of normal forms similar to that introduced above. We have

Lemma 4.9. Suppose that b — ||al|> > 0 and that Lo = —A +bI. Then

du

> o 2 2 _
(Ll Lolu)) > ' ull3, Vue Q). F-|

for some positive constant w' given explicitly by

W' = (b= flall?) min {1, 6+ Hllal®) 0% (0 + fal?) "}

Proof. We have (L[u], Lo[u]) = || Lo[u]||* + (a - V[u], Lo[u]). Now
IColull® = [[Aul® + 26 V]| + b]|ul]?,
and
(L[], Lolu)| < |(a- Vu, Au)| + bl(a - Vu,u)| < |lafl[Vull| Aul + bllall |Vl [lu]

Using Young’s inequality we obtain

[(Caful, Lolu))| < el Aul® + B | Vu)? + b2el|ul?, Ve > 0.
Substituting this into the previous expression now gives

(Llul, Lolul) = (1 = )l Aul? +2 (b= L4 ) [ ull? + b2(1 = ) ul”.

If we set € = [|a]|*(2b + 3|a[?)~! then

1112 — al2
(L], Lofu) > (””) JAul + (b alP) [Vul® + 5 (b””> ull,

b+ llall? b+ gllal?
which yields the result. O
Lemma 4.10. Suppose that b > 0. Then
(Llu], £[u]) = [Lu]l]* > w'|lull3,  Vu € H*(Q) N Hy(€),

with positive constant w' = bmin{1,b, (||al|?> + b)~'}.
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Proof. We have
1L[u]||? = || Aul|* + 20| Vul|? + 02|lul|® + 2(a - Vu, —Au + bu) + ||a - Vul]?.
Since u € H}(Q), the term (a - Vu, bu) vanishes. An application of Young’s inequality now
gives
JERI = (1= )l Aull? + 26 V]2 + (1 — e la - Va2 + b2ul?
> (1= )[[Aull® + (20 + (1 — e D) lal)[[Vul? + 2 |ul|.
Setting € = ||a|*(b + ||a||*) ™! completes the proof. O

With these results to hand, we may now confirm Mg as an optimal preconditioner for
both the Dirichlet and Neumann problems. We commence with the latter:

Theorem 4.11. Suppose that Ag is the Galerkin matrix for the Neumann problem. Then, the
right preconditioner Mg is optimal for the (spectral) condition number, provided the operator
T is coercive. Specifically,

ymax{1,b} 7' max{1,2b, b?}
J(Ag) < 1mAXALOT 4 < : ,
rs(Aa) < wmin{1,b} f(Aa) < W' min{1, 2b, b?}

where 7' and w' are the constants of Theorem 4.8 and Lemma /.9 respectively.

Proof. Suppose that A is an eigenvalue of AgMg ! with eigenfunction v € Sy. Suppose further
that u = (—A + bZ)v for some v € Sy. Then

(‘C[U]a ¢) = )‘(‘CO[UL ¢)a qu € SN-

Setting ¢ = v gives (L[v],v) = A(Lo[v],v). It is trivial to show that the operator Ly is
continuous and coercive, provided b > 0 with constants max{b, 1} and min{b, 1} respectively.
Hence

" A>_ ¥

> __r
min{b,1} — ~ max{b, 1} >0,

which gives the first result. Now suppose that \ is an eigenvalue of (AgMg 1)T(Ac,Ma 1)
with eigenfunction u € Sy. Then, using Lemma 4.7, we obtain || Fy[L[v]]||* = A||Lo[v]|?,
where u = (—/\ + bZ)v once more. Note that ||Lo[u]||? < max{1,2b,b*}||ul|3 and ||Lo[u]||* >
min{1, 2b, b?}||u||3 for all u € H?(—1,1)% satisfying %]r = 0. Hence

min{1, 2, b IA||vl[3 < [Fn[LII1P < [L[]1% < +'llv]3,

which yields A < +/(min{1, 2b,b?})~!. To provide a lower bound, we use (4.12) with g = Lg[v]
to give
(L[v], Lo[v])
[Lo[v]]]
Applications of Lemma 4.9 and the continuity condition for £y now yield
(w')?
max{1, 2b, b?}

IFN L[N =

IFN LI > lolf3.

Hence A > (w')?(max{1,2b,b?})~! and the proof is complete. O
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Theorem 4.12. Suppose that Ag is the Galerkin matriz for the Dirichlet problem. Then the
right preconditioner Mg is optimal for the spectral condition number, provided the operator T
is coercive. It is optimal for the condition number, provided b > 0. Specifically, rs(Ag) < I,
and, for sufficiently large N,

29 max{1, 20, b2}
Ag) < .
w(Aa) < \/ W' min{1, 20, b2}

Proof. The proof for the spectral condition number is identical to the proof of Theorem 4.11.
For the condition number, we once more use the expression |Fy[L[v]]||? = A||Lo[v]]|?. An
upper bound for A is provided in the same manner as before. For a lower bound, we first
write || Fn[L[v]]|1* = |£[v]]|? — ||£[v] — Fn[L[v]]]|?. Since v € Sy and the operators A and Z
commute with Fp, we obtain

1FN LI = (1[I = [1£0[o] = Fn[La[l]I1? = (1£[0]1% = cllo — P[],
for some positive constant ¢ independent of N. An application of (2.38) gives

lo = Fxoll} < ¢ max (1+ ull) o3,
n¢ln

i€{0,1}¢

For any index set Iy satisfying (2.8), this maximum must tend to zero as N tends to infinity.
Hence, for sufficiently large N, |lv — Fn[v][|? < jw’||v]|3. For such N,we obtain || Fy[L[v]]]|* >
20/[|v]|3 and this gives a lower bound for A. O

Note that Theorem 4.11 is independent of the particular discretisation used: the matrix
Mg is an optimal preconditioner for any choice of approximation basis. However, for Laplace
eigenfunctions this preconditioner is diagonal and therefore of practical use. We note in
passing that the observation that Mg is an optimal preconditioner is equivalent to stating
that the set of functions (b + ME})*%%] forms an optimally conditioned approximation basis
for the problem (4.5).

Theorem 4.11 requires the Neumann coercivity condition b — %[|al|> > 0. It transpires
that, in the univariate setting at least, the weaker condition b > 0 may be imposed. More-
over, existence and uniqueness of a solution u to the exact problem (4.1) (respectively, the
Galerkin approximation uy) is also guaranteed under this condition, irrespective of the value
of a. We shall not describe this case here, and we refer the reader to [3] for further details.
Unfortunately, the extension of this result to the multivariate case remains an open problem.

In Table 4.1, we demonstrate the effect of the preconditioner M. For example, when
N = 40, the original Galerkin matrix has a condition number of approximately 5,000, whereas
upon preconditioning, this figure is reduced to around 2.5: roughly 2,000 times smaller.

4.3.3 Efficient solution techniques

For standard spectral discretisations in Cartesian product domains, Galerkin’s equations are
normally written in tensor-product form. For example, when d = 2, the matrix U of unknowns
ﬂwm satisfies the matrix equation Ag .U + U(A(;’y)T = F, where Ag, and Ag,y are the
matrices corresponding to the univariate differential operators —92, + a1, + %bI and —02, +

a20, + %bI respectively, and F' is the matrix of coefficients of the inhomogeneous term f.
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N=10| N=20| N=30| N =40
rs(Ag) 231.521 | 954.753 | 2171.47 | 3881.68
x(Ag) 362.676 | 1443.68 | 3245.39 | 5767.78
ks(AcMg") | 1.16097 | 1.16099 | 1.16099 | 1.16099
k(AgMg') | 2.61680 | 2.61702 | 2.61704 | 2.61705

Table 4.1: Condition numbers for the univariate modified Fourier—Galerkin matrix Ag and the pre-
conditioned matrix AqgMg ! with parameters a = 3 and b = 4.

The advantage of this approach is that it facilitates the use of novel solution techniques such
as the matrix diagonalisation and Schur decomposition methods [42]. Both techniques are
solely based on the univariate matrices Ag, and Aq,, which, as discussed previously, are
reasonably conditioned.

However, we shall not pursue this approach. For approximations using a hyperbolic cross
index set, Galerkin’s equations do not naturally have a tensor-product form. Nonetheless,
due to the simple nature of the particular equations arising from Laplace eigenfunction dis-
cretisations, it turns out that techniques such as these are unnecessary.

Instead, we consider standard iterative methods. In contrast to the aforementioned tech-
niques, these methods are essentially independent of the dimension d. Since the matrix Mg
is an optimal preconditioner for Ag, the conjugate gradient algorithm [66] may be applied
to the preconditioned normal equations. If we write Galerkin’s equations as Agu = f , then
these equations are precisely

(AcMGh) T AgMG'o = (AcMGh)' f, (4.13)

where Mélz’) = u. Since (AgMal)TAgMal is symmetric and has O (1) condition number,
the conjugate gradient method converges to within a prescribed tolerance in a number of oper-
ations independent of the parameter N. Hence, the total cost of solving Galerkin’s equations
is proportional to the number of operations required to perform matrix-vector multiplications
involving Ag (since Mg is diagonal, its contribution can be ignored). The cost of direct eval-
uation of such matrix-vector products is determined by the number of nonzero matrix entries,
for which we have the following lemma:

Lemma 4.13. Suppose that N > d. Then the number of non-zero entries of the matriz Ag
18
d2INL L O (Nd) , (4.14)

in the case of the full index set (2.33), and
d2N2[(1 +¢(2) 1+ 0 (N(log N)CH) : (4.15)

for the hyperbolic cross (2.41).
Proof. In view of Lemma 4.5 the number of non-zero matrix entries is

> sz: > 1+ 0(IN]).

ie{0,1}¢nely j=1 mjeN,
(nsmj)eln
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If Iy is the full index set, we easily obtain (4.14). For the hyperbolic cross (2.41) we have

> sz: door=a2t >y > 1+O(N(logN)d_1)

ie{0,1}dnely j=1 m;eN, nely mgeN,
(nymj)€lNn (nsmq)€ln

N(fy..ng_1)""
—a2'y Y 140 (N(log N)d—l)
nely m=0
=d2" ) N o (N(log N)d—l)
1

ny...Ng—
nGIN 1 d

o0

=d2’N? ) 1 o (N(log N)d”) :

n 2
n1,...,ng—1=1 (nl T nd—l)

Evaluating this final sum gives (4.15). O

We conclude that Galerkin’s equations can be solved in, at most, O (N d“) operations in
the full index set case, and only O (N 2) operations, regardless of d, when a hyperbolic cross
is employed. Hence, even for d = 2, the hyperbolic cross will offer an advantage over the
full index set, provided, of course, that the convergence rate of the approximation remains
comparable. As we establish in the next section, this is indeed the case.

Since the action of the matrix Ng = Ag — Mg corresponds to finding Laplace—Dirichlet or
Laplace-Neumann coefficients of derivatives of finite sums of Laplace—Dirichlet or Laplace—
Neumann eigenfunctions, a variant of the Fast Fourier Transform (FFT) can be employed in
the full index set case. In this manner, the aforementioned figure of O (N d+1) can easily be
reduced to O (N dog N ) For the hyperbolic cross index set, an analogue of the sparse grid
FFT could be employed [60], provided N is highly composite, thereby reducing the figure of
o (NQ) to just O (N(log N)d). However, as mentioned in Section 2.10.3, this technique is
neither easy nor straightforward to implement.

As is common for spectral methods in tensor-product domains, the matrix Ag is increas-
ingly sparse for large d. Indeed, Lemma 4.13 indicates that the sparsity ratio is O (N Q(d_l))
when a hyperbolic cross is employed. In Figure 4.1 we plot the matrix Ag corresponding to
d = 2,3. Herein we observe both the increasing sparsity and the non-tensor-product structure
of Ag in the hyperbolic cross case.

4.3.4 Analysis of convergence

In the trivial case a = 0, the Galerkin approximation uy is precisely Fx[u]. For such problems,
the error estimates of Chapter 2 are sufficient. When a # 0, this is no longer the case. In this
setting, Céa’s lemma is the starting point for our analysis.

Céa’s lemma immediately provides an estimate for the convergence rate in the H!(Q)
norm. Since Fy[u] is the best approximation to w in this norm (see Theorem 2.9), we have
lu — un|i < yw Yu — Fn[u]lli. The results of Chapter 2 now provide estimates for the
rate of convergence using various index sets. Since the solution u satisfies at least the first
derivative condition, we have:
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Figure 4.1: Pattern of the d = 2 (left) and d = 3 (right) modified Fourier—Galerkin matrices Ag with
N =20 and N = 10 respectively.

Theorem 4.14. Suppose that uy is the modified Fourier—Galerkin approzimation based on
the full index set (2.33). Then

_ _ _ _5
lu —unlli < 9w e N T ully, v =1,2,3, fJu—un|i <pw N2 u

4 ,MAT )

where c,1 and c1 are the constants from Lemmas 2.24 and 2.25 respectively. If un is the
approximation based on the hyperbolic cross (2.41), then

lcr,lNl_THuHT,miza r=1,2,3,

1-r _
lu = unlly < v et NT Jlully,  [lu—un |l <
and ||[u —unl|1 < ’yw_lclN_gHuHZme where ¢,1 and ci are the constants from Lemma 2.28
and Theorem 2.29 respectively.

4

As in the case of function approximation, when v ¢ H2 (—1,1)¢ we require additional
regularity for the hyperbolic cross approximation to obtain the same convergence rate as its
full index set counterpart. However, provided that « € H_(—1,1)9, the convergence rates in
this norm are identical.

Estimates for the error of the Laplace—Dirichlet Galerkin approximation can be obtained
in a straightforward manner. For example, if u € H3, (Q2) is the solution to the problem (4.5),
then Lemma 2.25 and Theorem 2.29 give that ||u — uy||1 is (’)(N_g).

As is evident, all error estimates for Galerkin approximations rely on the smoothness of
the solution u. Clearly H'(Q) regularity is guaranteed, since u is defined as the solution of
the weak problem (4.2). However, it can also be shown that v € H?(£2) [80]. In other words,
u is a classical solution: the residual L]u] — f vanishes almost everywhere in 2. Moreover, u
also satisfies the stability estimate ||ul|2 < c||f]|, where ¢ > 0 depends only on 2 and L.

In the univariate setting, higher regularity is guaranteed by a so-called shift theorem.

If f € H(—1,1) then the solution v € H"*?(—1,1) for any » > 0 [77, 80]. In two or
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more dimensions, where the boundary I' is non-smooth, this is no longer the case: even in
f € C>®(), examples can be constructed where u ¢ H2*7(2) for any r > 0 [77]. In general,
the solution u will exhibit weak singularities at the vertices of the domain. Effective numerical
treatment of such discontinuities, along the lines of smoothing the function u by subtracting
out such singularities, is beyond the scope of this study.'’

Returning to the problem at hand, we note that, when measured in the H'(2) norm, the
error ||u—uy||; is asymptotically of the same order as ||u — Fn|u]||1, i.e. the error incurred by
the best approximation to u from Sy. Hence, we refer to uy as a quasi-optimal approximation
in this norm. We now assess the same question for the L%(Q) norm. We commence with the
Dirichlet problem:

Lemma 4.15. Suppose that uy is the Laplace—Dirichlet Galerkin approximation. Then
lu—unll < (1 + [laflw™) lu — Fnlu]ll (4.16)
Proof. Since uy is the Galerkin approximation to u, we have T'(un, ¢) = (f,v) = T'(u, ¢) fo

all ¢ € Sn. Suppose that we write u = Fy[u] + (u— Fn[u]). Then, setting ¢ = uy — Fn|u] €
Sy in the above expression and using the coercivity condition gives

=

wlluy — Fy[u]|)? < T(uy — Fnlu], un — Fylu]) = T(u — Fnlu], uny — Fylu]).
Since u — Fy[u] is orthogonal to any ¢ € Sy, we obtain
wlluy = Fn[u]llf < (a- Viu - Fylul],un — Fylu)).

We now note that (a - Vo,w) = —(v,a - Vw), Yo,w € H}(Q). Setting v = u — Fy[u] and
w = uy — Fn|u] now yields

wlluy = Fn[u]lf = —(u — Fy[ul,a- Viuy - Fylul]) < lallllu — Flu]lllluy — Fu[u]]:.

This gives |luy — Fy[ullli < |laljw™||u — Fy[u]||. This result follows straightaway from the
decomposition u — uy = u — Fnlu] + Fn[u] — un. O

In view of this lemma, we deduce that up, the approximation to the Dirichlet problem,
is also quasi-optimal in the L2(Q2) norm. Note that, given sufficient regularity, it follows that

|lu—unl = O(N_g(log N)%) when a hyperbolic cross index set is employed.
Next we address the Neumann case:

Lemma 4.16. Suppose that uy is the modified Fourier—Galerkin approrimation. Then
lu —unl < c((lu—= Fnlulllr + [Ju = Fnlu]l]) (4.17)

where ||g||% = [ |9(z)|? dz for g € L*(T), and ¢ > 0 is independent of u and N.

10A more detailed assessment is given, for example, in [31]. We note, however, that it is commonly rec-
ommended that such singularities be ignored when designing numerical algorithms, except in cases when it is
known a priori that the solution w is discontinuous, or if slow convergence of numerical schemes suggests a
posteriori that singularities are present [31, p.121].
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Proof. As in the previous lemma, we have
wlluy — Fnlul|? < (a- V[u = Fylu]),un — Fulu]).

We note that (a- Vv, w) = [ h.avw — (v,a- Vw), Yo,w € H(Q), where 7 is the unit outward
normal vector on I'. Hence,

wlluy — F[u]llf < ellu = Fnlulllrllun — Frlu]lr. (4.18)
The result now follows from the trace inequality ||g|lr < ¢|lg||1, Yg € HY(Q) [56]. O

As a result of this lemma, to assess the error ||u — ux|| we require an estimate for |ju —
Fn[u]|lp. To provide this, we first derive an improved trace inequality:

Lemma 4.17. We have ||g|r < cv/|gllllgll1, Vg € HL(2), where ¢ > 0 is independent of g.

Proof. Consider g(£1,x2,...,z4). By the univariate Sobolev interpolation inequality ||h|oc <

cv/|[h||[[k]|1, YR € HY(—1,1), it follows that
1 1
/ / g(:l:l,xg,...,xd)deg...dacd
-1 -1

<c/_11.../_11 [/_119(95)2@1]% [/_119(x)2+8mlg(x)2dx1 dzs ... dig

< clglliglh-

N|=

Hence we obtain the result. O
Corollary 4.18. Suppose that uy is the modified Fourier—Galerkin approzimation. Then

lu — unll < ev/llu — Fu[ulllllu — Fululllr,

for some constant ¢ > 0 independent of u and N.

From this corollary, we conclude that uy is no longer quasi-optimal in the L2(Q2) norm.
For example, when a hyperbolic cross index set is employed, |[u — uy|| = O(N~3(log N )%),
whereas ||u — Fn[u]|| = O(N_%(log N)%). This estimate is corroborated by numerical
example at the end of this section.

In view of the results of this section, we deduce that the hyperbolic cross approximation
converges no more slowly than its full index set counterpart (given sufficient regularity).
This, in combination with the arguments of the previous section, establishes the advantage
of the hyperbolic cross in this context (i.e. reduced computational cost and comparable error
estimates). Hence it shall form our primary consideration from now on.

Our final result of this section assesses the uniform error of the approximation wuy:

Lemma 4.19. Suppose that u € L>°(Q) and that uy is the Laplace-Dirichlet or Laplace—
Neumann Galerkin approzimation based on the hyperbolic cross (2.41). Then, for d =1,

lu = unlloo < cllu = Fn[ulloo,

and for d > 2,

d—

1 d—1
lu — unlloo < eNF (log N) 7 [lu — wy | + [l — Fi[u] <.
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Figure 4.2: Scaled errors N3(log N) =7 ||u—un|| (left) and N3 |ju—uy||; (right) for (4.19) (squares)
and (4.20) (circles).

Proof. Consider the univariate case first. For d = 1, the estimate (4.18) reduces to ||uny —
Fnlulli < ¢|lu — Fy[u]l|so. The result now follows immediately from the decomposition
u—uy = Fn[u] —uy +u — Fy[u] and the imbedding H'(-1,1) — C[-1,1].

Next we consider the case d > 2. Once more, we have ||[u—un||c < [|[Fn[u] —un]|oo+ ||u—
Fn[u]|loo- Now suppose that v € Sy is arbitrary. We claim that ||v]|e < cNé(log N)%H’UH
for some constant ¢ > 0 independent of N and v. In particular, if v = Fx[u] — uy, then the
lemma is verified upon substituting this result into the previous expression (and noting that
lu —unl|]? = | Fnu] —unl||® + |lu — Fnlu]||* > | Fn[u] — unl||? by orthogonality). However,
by the Cauchy—Schwarz inequality,

2

ol < S0 Sl <evlz [ Y SRR ] < eNE(log N)F o],

i€{0,1}4 n€lN i€{0,1}4 nEln
as required. ]

In the Dirichlet case, this lemma establishes an O (N “2(log N )dil) estimate for the
uniform error, provided u € H3_(2); a result which is asymptotically the same order as
|lu — Fnlu]|loo- For the Neumann problem, the corresponding estimate is O(Nfg (log N)4=1)
for d > 2, which numerical examples indicate is sub-optimal. Conversely, the univariate
estimate is quasi-optimal.

In Figure 4.2 we consider the univariate Neumann problem
—u"(z) + ' (z) + 2u(z) = 2%e”, x € (—~1,1), u/(£1)=0, (4.19)
and the bivariate problem with parameters a1 = —1, as = 2, b = 4 and exact solution
u(xy, re) =172 — % [(1+21)%™ + (1 — z1)%e 2] — % [(1+22)%™ + (1 — z2)%e "]

+ o [ =2)? 1=y + (L+2)* (1 +y)7], (4.20)

| @

with f(x1,22) given accordingly. Both the previously derived H!(Q2) and L?(2) error estimates
are confirmed for these examples. Moreover, graphs of the pointwise error, given in Figure 4.3,
verify both the uniform error estimate of Lemma 4.19 for the case d = 1 and the non-optimality
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Figure 4.3: Scaled error N3(log N)~ (4~ Dju(z) — un(z)| against N = 1,...,100 for the problems
(4.19) (left), where = —1 (squares), x = % (circles) and # = 2 (crosses), and (4.20) (right), where
z=(1,-1),z=(-1,1) and o = (0,—}).
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Figure 4.4: Log pointwise error log; |u(z) —un(z)| for =1 <z <1 and N = 20,40, 80 (in descending
order), where uy is the modified Fourier—Galerkin (left) or Laplace-Dirichlet Galerkin (right) approx-
imation to the problem —u”(z) + v/ (z) + 2u(z) = f(z) with boundary conditions «'(+1) = 0 and
u(£1) = 0 respectively.

of the corresponding multivariate result. Indeed, the indication given by this example is that
the approximation remains quasi-optimal in the uniform norm for d > 2.

In the trivial case a = 0, the pointwise error for both the Neumann and Dirichlet approx-
imations is one power of N faster inside the domain than on the boundary (see Chapter 2).
For a # 0, as we indicate in Figure 4.4, the same effect occurs for the Dirichlet approximation,
yet we have no proof of this fact. On the other hand, the Neumann approximation does not
offer a faster convergence rate inside the domain when a # 0, as demonstrated by Figure 4.3.

4.3.5 Numerical comparison

Standard spectral-Galerkin approximations for (4.5) involving Jacobi polynomials, usually of
Chebyshev or Legendre type, guarantee spectral convergence provided the solution is smooth.
The efficient methods of Shen [78, 146, 147], based on such polynomials, can be optimally
preconditioned, and the O (N d) coefficients of the approximation found in O (N d“) opera-
tions.

Conversely, both the modified Fourier and Laplace—Dirichlet methods converge slowly un-
less the solution w obeys higher-order derivative conditions. However, due to their lower com-
plexity (only O (N(log N)?~!) terms which can be found in O (N?) operations), for certain



4.3 Discretisation of second order boundary value problems 113

500 1000 1500 2000 2500 L{ . 500 1000 1500 2000 2500

500 1000 1500 2000 2500

500 1000 1500 2000 2500

500 1000 1500 2000 2500 500 1000 1500 2000 2500

Figure 4.5: Comparison of the modified Fourier (circles) and Legendre-Galerkin (crosses) methods
applied to the Neumann problem (4.5) with exact solution (4.21)—(4.23) (left to right). (top) log L?(9)
error log ||u — uy|| against number of terms, (bottom) log H!(Q) error logyq [|u — un||1-

examples, these methods offer significantly lower errors for moderate values of the parameter
N. We now consider three such examples, all Neumann problems, with parameters d = 3,
b =2, a = 0 and exact solutions

u(z,y, 2) = sin(2z(22? — 2)?)(siny — ycos 1)(2° — 52), (4.21)
u(z,y, z) = o cosdyta’® —p(x,y,2), (4.22)
u(z,y, z) = x? cos(ysin 5zx) cosh z — p(z, y, 2), (4.23)
respectively. Note that in (4.22) and (4.23) the function p mterpolates the Neumann data of

2 22 cos 4y+x

the functions v(z,y, z) = z* cos(y sin 5z) cosh z and v(z,y,2) = e

1
p(@,y,2) =5 [0:(1,y, 2)2% + vy(z, 1, 2)y? + va (2, y,1)27]

— i [vmy(l, 1, 2)2%y? + ve. (1, y, 1) 222 + Uy (2,1, 1)y222] + évwz(l, 1,1)z%y% 2%
In Figure 4.5 we plot the error against the number of approximation terms for this method and
the Legendre-Galerkin method (the Chebyshev—Galerkin method gives similar results). As is
evident, the modified Fourier method offers a smaller error until the number of approximation
coefficients is moderately large. In particular, at least 3375 terms are required before the
Legendre approximations to (4.21)—(4.23), which involve O (N?) coefficients in comparison to
@ (N(log N)Q), become superior.

For d > 3, this effect will become more pronounced. Due to its O (N d) terms and O (N ‘”1)
complexity, the Legendre method becomes impractical for such higher dimensional problems.
Moreover, the techniques to construct Legendre—Galerkin approximations are specific to di-
mension [146]. Conversely, the coefficients of the modified Fourier approximation are found
using only generic iterative techniques, which are essentially independent of d.

Note that these plots do not take into account the operational cost of each method. As
discussed, the modified Fourier method is likely to perform even better if we were to take this
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Figure 4.6: Log error log,, ||u — un|| against number of terms for the modified Fourier and Legendre-
Galerkin methods applied to the problem with @ = 0, b = 2 and exact solutions u; (left), uy (middle)
and ug (right), where w = 10.

factor into account. Having said that, we note that a central issue concerning the modified
Fourier method is the computation of the coefficients f,[f }, meaning that a direct comparison of
the two methods in terms of computational time is premature. The design of efficient, robust
algorithms based on the quadratures developed in [94, 95] is a subject of ongoing research, as
we discuss briefly in Chapter 6.

Having provided examples where the modified Fourier method is advantageous, it should
be noted that such improvement is certainly not in evidence for all problems. In particular,
whenever the solution u has large mixed derivative in comparison to its classical derivative,
the Legendre—Galerkin approach (which is based on a full index set) will outperform the
modified Fourier method (which utilises the hyperbolic cross). This feature is common to all
hyperbolic cross/sparse grid methods. By way of example, consider the functions

ui(x,y,2) = vo(@)or(y)or(2), sy, 2) = vu(@)vu(y)oi(2),  us(@,y,2) = vo(2)vu(Y)ve(2),

where v (x) = %ﬁﬁ)] for t € R, which satisfy [luif, = O (w") and [|t;]|rmx = O (w™)
for i = 1,2,3. Figure 4.6 compares the two methods for these example. For uy, the modified
Fourier method outperforms the Legendre method for moderate values of N. However, this

effect is less pronounced for us, and does not occur at all for ug.

Even for problems where the modified Fourier method outperforms polynomial-based
methods for moderate N, this regime may be rather small (especially for d = 2,3). To
address this issue—thereby making the method effective for a broader range of problems—the
topic of convergence acceleration of modified Fourier approximations is broached in Chapter
5. In Chapter 6, we briefly discuss the application of the ensuing techniques to boundary
value problems.

4.4 Extensions

The second-order, constant coefficient problem (4.5) presents the simplest setting for Laplace
eigenfunction approximations. In this section, we assess the applicability of such techniques
to several more general types of problems. In particular, we first consider variable-coefficient,
second-order Neumann and Dirichlet problems, and in Section 4.4.5 we scrutinise the appli-
cation of such methods to higher, even-order boundary value problems.
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Figure 4.7: (left) scaled pointwise error N3|u(z) — uy(z)| where u is given by (4.25) and x = —1
(squares), x = % (circles), x = —§ (crosses). (middle) scaled pointwise error N*(log N)~*u(z) —up (z)]
for (4.26), where (z1,22) = (1,—1), (1,) and (—%,—1). (right) scaled H' error N3 |u — up| for
(4.25) (squares) and (4.26) (circles).

4.4.1 Variable-coefficient Neumann boundary value problems

The modified Fourier-Galerkin method may be extended in a straightforward manner to the
variable-coefficient problem

ou

Llu)(z) = —Au(z) + a(z) - Vu(z) + blz)u(z) = f(z), z €, %(QQ

=0, (4.24)
where b : @ — R and a : Q — RY are (sufficiently smooth!!) functions of z. Note that
coercivity of the bilinear form T is equivalent to the condition min g {b(z) — 1|la(z)[?} > 0.
Under this condition, convergence may be analysed in an identical manner to the constant
coefficient case previously studied. In particular, the H!(Q) norm error remains O(N 7%)
Once more, numerical results indicate that the uniform error is O(N ~3(log N)9~1).

In Figure 4.7 we demonstrate these results for the univariate problem with parameters

3 2
u(z) = cos 3x + % sin3, a(x)==z, blz)=¢", (4.25)

and the bivariate problem

1
u(r1,y2) = 5 sin 2z — x122(C0s 221 + cos 2x9 + 28in2 — cos 2),

a(x1,m9) =0, b(xy,x2) = cos(xy + x2). (4.26)

We note in passing that previously derived estimates for the condition number also remain
valid in the variable-coefficient setting.

The central question remaining in this case is the computation of the approximation uy.
Once more, we devise a scheme based on an appropriate decomposition of the operator £. To
this end, we write £ = (=A +boZ) + (a -V + (b — by)Z), where by = max,cq b(x), and define
Mc and Ng as the matrices corresponding to these operators.!? Concerning such matrices,
we have the following result:

1n practice, we shall assume that a and b are continuous on Q. However, lower smoothness conditions may
be imposed [142, chapter 6].
12This is a standard approach for variable-coefficient discretisations. See, for example, [47, 147].
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Lemma 4.20. Suppose that p(MélNg) is the spectral radius of the matrix MC:lNG, Then

min, g {b(SC) - i”a(@ng}

p(Mg'Ne) <1 - b
0

In particular, if the operator T is coercive, then p(MélNc;) < 1.

Proof. Suppose that A is an eigenvalue of Mg ! Ng with corresponding eigenfunction u € Sy.
Then

((bo — b)u,u) + (a- Vu,u)
bollull® + [|Vul? '
Note that by — b(z) > 0 for all € Q. An application of Young’s inequality now gives

Jo (bo = b(2) + tlla(@)|]?) u(z)? dz + || Vul?
bol|ull® + (| Vul]?
< MaXeq {bo — b(@) + lla(@)]*} [lull® + [ Vul?
- bollull® + ([ Vul[?
< MaXpeq {bo — b(x) + lla(@)]?} [|lu]? _1_ min,cq {b(z) — ;lla(x)]}
N bo bo ’

as required. ]

A=—

Al <

As a consequence of this lemma, Galerkin’s equations Agu = f for the problem (4.24)
can be solved using the classical Lanczos iteration Mqu*t! = —Nqa* + f, k=0,1,2,...,
where @’ is arbitrary and @* is the k' iterate [66]. Convergence of this iteration to within
a prescribed numerical tolerance is guaranteed by Lemma 4.20. Moreover, since the bound
established is independent of IV, the number of iterations required is also independent of .
We conclude that the total cost of this approach is determined by the number of operations
required to perform matrix-vector multiplications involving Ng.

The matrix Ng is typically dense; thus, direct evaluation requires O (]I N|2) operations.
However, the action of Ng involves finding modified Fourier coefficients of products and
derivatives of finite modified Fourier sums. Hence, this figure can be reduced to O (N dlog N )
by using the FFT in the case of the full index set (2.33) and, in theory, to O (N(log N)d) by
use of the SGFFT in the hyperbolic cross case (2.41).

Conjugate gradients can also be applied to the preconditioned normal equations.' It can
be shown that the diagonal matrix Mg corresponding to —/A + byZ is optimal for the spectral
condition number. However, though numerical results indicate it to be the case, it is not
known whether this holds for the L? condition number.

If the FFT or SGFFT are not to be used, it is necessary to express Galerkin’s equations
explicitly. As expected, the entries of the matrix Ag involve both Laplace—Dirichlet and
Laplace-Neumann coefficients of the functions b(z) and aj(z), j = 1,...,d, where a(z) =
(a1(x),...,aq(z))T. Thus, they may be calculated using the quadrature methods outlined

in Section 2.12. The underlying reason for this observation is that the products <b£f} gb%l and
[¢]

m ( [,l,]b)’, i,l € {0,1}, n,m € Ny, may be expressed in terms of sums of Laplace-Neumann
and Laplace-Dirichlet eigenfunctions.'

'3Commonly, conjugate gradients are preferred over Lanczos iterations [42].
N\ uch like in the classical Fourier case, this observation underpins why fast evaluation of matrix-vector
products can be achieved by a variant of the FFT.
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To demonstrate this, and hence derive an explicit expression for Aq, it is useful to redefine
the univariate eigenfunction qﬁ[om = 1 as opposed to (b([)o] = % This eigenfunction is no longer

normalised; to counter this, we define the scaling parameter c%] by c%o] = % and cg] =1

otherwise. '
With eigenfunctions qﬁ[ﬁ] expressed in this manner, for n,m € Ny and 4,1 € {0, 1}, we have

‘ 1 ,
[ 400 — 2 f o qyil 4[i+] z+l]
Pn O = 2{( 1) ¢n+m zl+¢ (n— m)}’

U
. Qi i) 7 %
ooy = St {(-)-00-Dgl oyttt (4.27)

where 1/)7[3} is the n*® univariate Laplace-Dirichlet eigenfunction. Here the sum i + [ is taken
modulo 2 and ¢!, = ¢l ¢!l = Il yO =yl ana M = 4l for n e N,
It is now possible to give an explicit expression for the matrix Ag. We shall not present

the full multivariate case. Instead we focus on the univariate setting. The extension to d > 2
is conceptually clear, but algebraically convoluted.

Lemma 4.21. The modified Fourier—Galerkin matriz Ag corresponding to the univariate
problem (4.24) is given by

Dl ¢ Blo.o  plo.] o0 ol
Ag = ( o Dl > + ( BlLOl Bl )+ < ClLo ol >7

where DU is the diagonal matriz with entries c[] 1[1] and BUEH Ol ¢ RINHLI=0)X(N+1=0) 1 e
(n,m)™ entries

U

il] _ %m 1—4 [i4-1+1] 1—1+ [14i+l)
BL"J”L_T{( DI a, L+ () a(,l)u(m,n)},

a1
i) L agil i) -
clitl = S { 0M B by il {0.1) nm e N,

Proof. The entry of Ag corresponding to indices 4,! € {0,1} and n,m € Ny is

(ciofl) olf) = [ {6l @ + ala) @) + bo)oll(a) | oll(o) dz

The result now follows immediately from (4.27). O

4.4.2 General second order Neumann boundary value problems

Unfortunately, the modified Fourier-Galerkin technique is limited to problems of the form
(4.24). Following the approach of [142, chapter 6], a significantly more general setting is
presented by the following problem:

d d

= — Z O, (aiyj&,;ju) — Zbl@xiu +cu=f, Blu]=0, (4.28)
ij=1 i=1

where a; j,b;, ¢ : 2 — R are given functions of sufficient smoothness and Blu] are appropriate

boundary conditions. In general, the operator (4.28) is nonseparable. Such an operator often

occurs when co-ordinate mappings are employed [42].
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Associated with the operator £ is the bilinear form

d d
T(u,v) = Z (@i,jO,u, Oy jv) — Z (bi0p,u,v) + (cu,v), Yu,v e H(Q). (4.29)
ij=1 j=1

Appropriate boundary conditions can be assigned by equating the weak form T with the
operator L. Since T'(u,v) = (L[u],v) for all u,v of sufficient smoothness, it is readily seen
that Dirichlet boundary conditions Blu] = u|pq can be imposed in this setting. However, the
appropriate generalisation of Neumann boundary conditions involves the so-called co-normal
derivative of u:

d
Blu] = > fia;j0r,u] 5, (4.30)
i,j=1

where 7 is the unit normal vector. If a; ; = 0 whenever i # j, these readily reduce to the
standard Neumann boundary conditions, and Laplace-Neumann eigenfunctions may be used
for discretisation. However, such eigenfunctions do not form a suitable basis for approximation
of the general problem.

Of course, the boundary conditions (4.30) are natural, and so can be enforced in a weak
manner rather than by the choice of approximation basis. However, this approach will yield
a poor rate of convergence if the modified Fourier basis is employed (clearly, the co-normal
derivative of the Galerkin approximation uy will not converge uniformly to the corresponding
derivative of u).

This raises the question of whether or not a simple basis of eigenfunctions satisfying the
boundary conditions (4.30) can be constructed. However, this can be almost immediately
disregarded: the boundary conditions are nonseparable, so such eigenfunctions do not arise
from Cartesian products, thus limiting their practical use.

4.4.3 General second order Dirichlet boundary value problems

Aside from Neumann boundary conditions involving co-normal derivatives, the operator (4.28)
is also frequently endowed with homogeneous Dirichlet boundary conditions: Blu] = u|aq =
0. Since such boundary conditions are separable, and identical to those of the simple case
(4.5), Laplace—Dirichlet eigenfunctions form a suitable discretisation basis. In this section, we
describe some of the salient features of this approach.

It is first necessary to derive a coercivity condition for the operator (4.29). As outlined in
[142, chapter 6] we assume that the operator T' is elliptic on €. In other words, there exists
a positive constant o such that

d
3 aij(@)6g = all€®, Ve = (6,....6) € RY,
ij=1

for almost every x € ). With this in hand, we now consider the other terms of 7. Since
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Figure 4.8: Error in the LaplaceDirichlet Galerkin approximation. (left) scaled error N3|u(zg) —
up(zo)| for N =1,...,100, where o = % (squares) and zg = —31 (circles) respectively. (right) scaled
errors N2||u — un oo (squares) and N2 |ju — uy|| (circles).

(0iOg,u,u) = —% (8%. b;, u2), the ellipticity condition gives

d
Z O, bi, u?) + (cu,u).

=1

l\.')\r—t

d
u) = Z (ai,jﬁxiu, 83;Ju +
i,j=1
’ d
> o[ Vu|]? +mm{§j + () }lull®.

Hence, provided minreg{zgzl Oz;bi(w) +c(x)} > — &5, where C is the constant in Poincaré’s
inequality, the operator T is coercive.

We may now discretise this problem in the standard manner with Laplace—Dirichlet eigen-
functions. The resulting method admits similar analysis to that given in the constant coeffi-
cient case. Once more, the spectral condition number is O (N 2) and the matrix Mg corre-
sponding to the operator —A + bgZ, where by > 0 is arbitrary, is an optimal preconditioner.
Analysis of the convergence rate of this approximation may also be carried out.

Furthermore, efficient solution of Galerkin’s equations can be achieved by the minimax
principle [47, 147]. This is based on the splitting Aq = Mg + Ng, where the parameter
bo appearing in Mg is chosen appropriately to ensure convergence of the iterative scheme.
Alternatively, conjugate gradients can be employed.

Application of the Laplace-Dirichlet Galerkin approximation to the univariate problem
—(a(z)d/(z)) = f(z), u(£l) = 0, where u(z) = 2%* —3e™* + (2e7! +e) + (e7! —2¢) x
and a(z) = 1 + €7, is considered in Figure 4.8. As demonstrated, the uniform and L?(—1,1)
norm errors are O(N~2) and O(N —%) respectively. Moreover, much like the case of the
approximation Fy[u], the pointwise convergence rate is one power of N faster away from
the endpoints, i.e. O(N~3). Complementing these results, Table 4.2 verifies both O(N?)
condition number of the Galerkin matrix and its optimal preconditioning via the diagonal
matrix Mg.

4.4.4 Other boundary conditions

As discussed in Section 2.11, Laplace eigenfunctions techniques can be applied to a variety of
problems with different boundary conditions. The key element is that the boundary conditions
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N=10 | N=20| N=30| N =40
K(AG) 507.883 | 2187.79 | 5113.48 | 9313.57
N—2k(Ag) | 5.07883 | 5.46946 | 5.68165 | 5.82098
/i(A(}Mal) 2.83349 | 2.89153 | 2.90876 | 2.91682

Table 4.2: Condition numbers for the Laplace-Dirichlet Galerkin matrix Ag and the preconditioned
matrix A(;,Mal.
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Figure 4.9: Pointwise error log;, |u(z) — un(x)| against « € [—1,1] for N = 20, 40,80 (in descending
order), where uy is the Galerkin approximation to the problem with mixed (left) and Robin (right)
boundary conditions.

be separable, thus endowing the eigenfunctions with a tensor-product structure. As previously
suggested, even for second-order problems, there are a whole host of multivariate nonseparable
boundary conditions, whose numerical treatment requires considerable care, regardless of the
particular approximation scheme used.

To illustrate the application of this approach beyond Neumann or Dirichlet boundary
conditions, consider the constant coefficient problem (4.19) with either the mixed u(—1) =
u/(1) = 0 or Robin «/(£1) 4+ 3u(+1) = 0 boundary conditions. Figure 4.9 presents numerical
results for the discretisation of these problems based on the Laplace eigenfunctions (2.52) and
(2.54) respectively. In correspondence with our expectations (see Section 2.11), the approxi-
mation to the Robin problem offers an O(N—3) uniform error, whereas this figure is O(N~2)
for the problem with mixed boundary conditions. Note that, as with the Laplace—Dirichlet
case, the approximation to the mixed problem converges faster away from the endpoints. Yet,
much like in the modified Fourier case, this effect does not occur in the Robin setting.

4.4.5 Higher-order problems

Higher-order boundary value problems often arise in the mathematical modelling of physical
phenomena. Even-order differential equations, in particular, arise in astrophysics, structural
mechanics and geophysics [55, 79]. Typical examples of such problems include

A*u—alu+bu=f, wulp=n-Vulr=0, (4.31)

which serves as a model for the clamped rod problem (and also arises in the time discretisation
of various models for flame propagation [147]), and the sixth order problem

—(A=bPu=f ulp=n-Vulp=Aulr =0, (4.32)
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frequently occurring in astrophysics [15, 30]. Note that both (4.31) and (4.32) are special
cases of the general 2¢*" order Dirichlet problem

Llu]=f, Byu =0 r=0,...,q—1, (4.33)

where By, [u] = ATu|r and Bay41[u] = n. VAT ulr.

Due to the large number of boundary conditions, finite difference or finite element schemes
for (4.33) are typically cumbersome to implement, as are spectral collocation methods [79].
To counter this, basis functions are sought that individually satisfy boundary conditions.
Though spectral-Galerkin schemes for such problems can be constructed from generalised
Jacobi polynomials [78], there are, in general, far fewer effective methods for higher-order
problems than for the second-order case.

We now turn our attention to the discretisation of such problems by Laplace eigenfunction
techniques. Consider the univariate 2¢'" order problem

Llu](z) = f(z), ze(-1,1), u(£l)=... a0 D(£1)=0. (4.34)

To design an approximation scheme, we first seek basis functions that match boundary condi-
tions individually. Thus, given a finite set of Laplace eigenfunctions, we construct new basis
functions obeying such conditions by taking appropriate linear combinations. Automatically,
Laplace-Dirichlet eigenfunctions satisfy [4] boundary conditions and Laplace-Neumann [{].
Linear combinations involving as few eigenfunctions as possible are naturally preferable (they
lead to lower bandwidth matrices). This indicates that when ¢ is odd, we should use Laplace—
Dirichlet eigenfunctions. Conversely, when ¢ is even, we choose Laplace-Neumann eigenfunc-
tions (due to their faster rate of convergence).!®

In either case, the remaining boundary conditions are satisfied by forming appropriate

linear combinations. We write
ol (z) = ¢l ( Z P (),

where qﬁ[rf] are univariate Laplace—Dirichlet (respectively Laplace-Neumann) eigenfunctions,

[é ]

and the values as
q=2,

€ R enforce the remaining boundary conditions. In particular, when

3%(2) = cosnmx + cos(n + )mz, dM(z) = sin(n — D + sin(n + 3)7z, (4.35)

and, for ¢ = 3,

M —
3% () = cos(n — 3T + 2Z 1

cos(n + 3)ma, oll(z) = sinnrz + r sin(n + )7z
n+1
The simple extension to the d-variate cube follows immediately via Cartesian products.
Suppose that we define the finite-dimensional space Xy = {@E] :n € Iy,i € {0,1}9}.
Note that Xy C SNﬂgJ. Our Galerkin approximation uy € Xy to (4.34) is then given

15Polyharmonic-Dirichlet eigenfunctions are seemingly a natural choice for such problems. Indeed, in the
constant coefficient case at least, there is no barrier to their use. However, unlike the Laplace case (see Section
4.4.1), the entries of the discretisation matrix corresponding to a variable-coefficient problem are not known
explicitly, and, as of this moment, there is no fast method for computing such values.
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by the relation T(uyn,®) = (f, ®), V® € Xy, where T is the weak form corresponding to
L. Provided the form T is H{(€)-continuous and coercive, we immediately obtain the error
estimate ~
- — inf - o 4.36
lu—unlq < w @16%(]\] |u la» ( )
where | - |, is the inner product on H{(Q). Note that this infimum is attained precisely when
® = Hy|u], where Hy : L2(—1,1) — Xy is the orthogonal projection onto Xy .
For the problems (4.31) and (4.32), the corresponding weak forms are given by

T(u,v) = (Au, Av) 4+ a (Vu, Vo) + b(u,v), Yu,v € H3(Q),
and
T(u,v) = (VAu, VAv) + 3b (Au, Av) + 3b% (Vu, Vo) + b (u,v), Vu,v € Hy(Q),

respectively. They are continuous and coercive, provided a,b > 0 for (4.31) and b > 0 for
(4.32).

Returning to the general setting, we note that, if the operator L involves only even-
order derivatives, as is the case with (4.31) and (4.32), then the corresponding Galerkin
matrix Ag is banded, with bandwidth 1+ 2|2]. In particular, for (4.31) and (4.32), Aq is
tridiagonal, hence easily solvable.'6 In general, the matrix Ag is dense with condition number
k(Ag) = O(N?9). Hence, the design of effective preconditioners is of paramount importance.
Yet optimal preconditioning, and therefore also fast solution via conjugate gradients, is readily
obtained upon considering the banded matrix corresponding to the highest-order derivatives
in L.

We now wish to assess the rate of convergence of this approximation. For the sake of
simplicity, we restrict ourselves to the univariate, ¢ = 2 case. Identification of the projector
Hy[u] for general 2¢'" order multivariate problems is rather unpleasant, so instead we focus
solely on this scenario:

Lemma 4.22. Suppose that Xn = {@E] :n=0,...,N,i€{0,1}}, where the functions !
are given by (4.35), and that Hy : L?(—1,1) — Xy is the orthogonal projection. Then

1 N+1

Hylf)(x) = Fralfi@) = ay > (1)l (@),
=0 n=0
where ak} = m{ Y FN+1[f](1) + Fn41[f1(=1)}. In particular, if uy € Xy is the
modified Fourier—Galerkin approximation to the univariate problem (4.34) with ¢ = 2, then
lu —upnl2 < CHu||4N_% for some positive constant ¢ independent of N and u.

Proof. For the first part, it suffices to show that H[f] € Xy and that (Hx[f], @%]) = (f, @,[i]),
n=20,...,N, i€ {0,1}. Both follow immediately from the properties of the functions ¢£§}

and @k] .

18T theory, rather than enforcing a Galerkin condition, we could define the approximation uxy € Xy via a
Petrov-Galerkin criterion: T'(un, ¢) = (f, ¢), V¢ € Sn. This would lead to a sparser matrix (with only 1+ |1 |
nonzero diagonals). However, the self-adjointness of the operator £ is now lost when passing to the discrete
problems—a less than desirable property.
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For the second result, in view of (4.36), an estimate for |u—u /|2 is provided by |[u—H n[u]|2.
Note that

1 N+1
u(w) = Hnlu)(z) = {u(@) — Fxaful@)} + Doy > (1)l @),

=0  n=0
where agl\; = m{ ) Fn41[u](1) + Fnyalu](—=1)}. Since u(£1) = 0 and o/(+1) = 0,
we have Fy[u](+1) = O (N~?). Hence a[] O (N *). It now follows from Lemma 2.25 that

1 N4l
fu— M [l = u— Py [ulld + 3 _(@)* D ()?
1=0 n=0

N
< eNfulf + N~ ullf Y0t < cllul NP ullf,

n=1

as required. ]

This lemma covers the convergence rate of the modified Fourier—Galerkin approximation
to the clamped rod problem (4.31), for example. However, it turns out that we can provide a
far more accurate assessment in this case. Specifically, the banded structure of Ag allows us
to determine an explicit expression for the Galerkin approximation wuy:

Theorem 4.23. The modified Fourier—Galerkin approximation uy € Xy to the univariate
problem (4.31) is given by

1 .

F ul(1) + (—1)"F ul(—1

UN(x>:-FN+1[u]($)_Z N41[u](1) + (=1)' Fyqa[u] (1)

=0 fN+1[p[Z]](1) + (_1)iFN+1[p[i]](_1)IN+1[p[i]](w)a (437)

; —[1-
where pll is the smooth function with modified Fourier coefficients plil,, =0, pll, =
(*1)n+i()\%])_1 and )\%] = (#21)2 + a;z,[;] + b. In particular,

_ T
lu — unlloo < cljullaN 3 |lu —unlr < cljullgmax{N""2, N 3}, r € Ng,

where ¢ > 0 is independent of N and u.

Proof. We first verify that un(£1) = 0. We have

un (1) + (=1)'un(=1) = Fyafu] (1) + (=1)' Fsa[u) (~1)
1

3 PR 0 + 0}

Note that pl¥ is even, whereas pl!l is odd. Hence Fn1[p](1) + (1) " Fn1[p?](~1) = 0.
It now follows that ux (1) + (—=1)lun(—1) =0, [ = O 1, as required.

Next, we must verify that (Llun], ® ol n) = (f,® ) forn=0,...,N, i =0,1. Note that
L’[qbg]] = )\%]qﬁgl. Hence

unl ol = yilghl TN+ (D Fnaful(=1)
(ctemd.oll) = Xl - T oA e Y
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Figure 4.10: Error in the approximation uy to the problem (4.31) with a = b = 0 and exact solution
(sindz — zsin4)?. (left) scaled errors N3||u — un||oo (squares) and N3|u(zg) — un(z0)|, where 2o = 0
(circles) and g = -5 (crosses). (right) pointwise error |u(z) — uso(z)| for =1 <z < 1.

Recalling that ol gbn + gan, we obtain (Llun], @%}) Al )\E]Jrl g]ﬂ Now consider
(1]
U

n . Using the asymptotic expansion (2.11), we have

~l1]) 1 A A <_1)n+i+1 " i " 1 (4) L[z
uiﬁ———( o) = e CACR SRSy e (u®, ).

Since L[u] = f, this gives

1= (e ) = (5. o o)
)\H [z] _|_( )n—l—z{ ///(1) + (_1)z+1u///(_1)} )

It follows immediately that )\M H + )\Z]H Ariﬂ = fn + f[llrl = (f, CIJE]), thus completing the

first part of the proof. Error estimates are obtained from standard properties of the modified

Fourier projector Fy41[-] and the fact that u(+1) = /(+1) = 0. O

In Figure 4.10 we confirm the result of this theorem. As illustrated, the uniform error is
O (N _3). Moreover, the pointwise error does not decay at a faster rate in this case, a fact
which is easily verified upon scrutinising the expression (4.37).

The application of Laplace—Dirichlet eigenfunctions to the sixth order problem (4.32) is
considered in Figure 4.11(a). Once more, we observe that the uniform error is O (N7?), a
result which can be established in the same manner as the biharmonic case studied in Theorem
4.23. Note also that the pointwise convergence rate is not, in general, faster than O (N _3).

Figure 4.11(b) gives numerical results for the application of this method to the bivariate
clamped rod problem (4.31). As in the univariate cases, the uniform error remains cubic:
when a hyperbolic cross is used, |[u — un|joc = O (N3 log N).

We mention in passing that, in certain applications, the boundary value problems (4.31)
and (4.32) are alternatively specified with so-called second boundary conditions of either
Dirichlet or Neumann type. In other words,

Aulp=0, r=0,....,q—1, or n.VA™ur=0, r=0,...,q—1, (4.38)

respectively [15, 30]. Solution of such problems directly via polynomial-based methods is
typically unwise. Discretisation matrices suffer from extreme ill-conditioning, and the re-
sultant accumulation of round-off error typically destroys any approximation quality [146].
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Figure 4.11: (a) error in the approximation uy to the problem (4.32) with b = 2 and exact solution
u(x) = 5(e” —cosh 1 —xsinh 1)3. Scaled errors N3||u—un||oo (squares) and N3|u(xg) —un(zo)|, where

zo = 0 (circles) and zg = —1 (crosses). (b) approximation of the bivariate problem (4.31) with a = b =
0 and exact solution u(xl,:z:g) (cosha; — cosh1)? (23 — 1)2 Scaled errors N3(log N)7!ju — un||oo
(squares) and N3(log N)~|u(z¢) — un(zo)|, where 2o = 0 (circles) and g = —3 (crosses).

Usually such problems are treated by solving decoupled systems of second order equations.
Nonetheless, direct solution of such problems is extremely easy with Laplace eigenfunctions.
Laplace—Dirichlet or Laplace-Neumann eigenfunctions automatically satisfy the boundary
conditions (4.38), thus immediately permitting discretisation. In particular, for (4.31) or
(4.32) the Galerkin matrix is diagonal. All the properties of the ¢ = 1 case studied previously
are easily generalised to this particular setting.

This section completes our study of modified Fourier—Galerkin methods for boundary value
problems. As commented in Section 4.3.5, convergence acceleration is a primary step towards
the design of increasingly effective methods based on modified Fourier expansions. The next
chapter is devoted to this task.






Chapter 5

Accelerating convergence

5.1 Introduction

A central drawback of expansions in Laplace or polyharmonic eigenfunctions, as demonstrated
in previous chapters, is that the rate of convergence may be slow. Nonetheless, the analysis
provided in Chapters 2 and 3 highlights the precise criteria that determine such convergence
rates: namely, derivative conditions. The purpose of this chapter is to introduce and analyse
a technique to accelerate convergence based on these conditions.

There is an abundance of devices for the convergence acceleration of Fourier-like series.
We defer a discussion of the relative merits of such methods to Section 5.10. The primary
technique we consider in this chapter, the polynomial subtraction device, is arguably one of the
simplest and best known in its most basic form. However, we present a number of significant
generalisations and refinements of this approach, including a full extension to functions defined
on the d-variate cube. Outside of function approximation, a central motivation for developing
such a technique is its potential for incorporation into spectral discretisations of boundary
value problems based on modified Fourier expansions—the main application considered in
this thesis. We return briefly to this topic in Chapter 6.

Unfortunately, polynomial subtraction has a number of well-documented drawbacks [54,
62]. Subsequently, we shall describe these issues in greater detail. Nevertheless, through
the work of this chapter, we will demonstrate how these issues can be successfully bypassed,
leading to a robust, effective method for accelerating convergence. Moreover, the incorporation
of a hyperbolic cross index set leads to a highly accurate approximation scheme for multivariate
functions comprising relatively small numbers of terms.

For reasons of clarity and simplicity, modified Fourier expansions form the principal con-
cern of this chapter. There are no theoretical barriers to adjusting this device for use with
other eigenfunction expansions (including, for example, the polyharmonic expansions of Chap-
ter 3). Needless to say, the vast majority of existing literature on convergence acceleration
deals with Fourier series. We mention in passing that both the theory and practical aspects
presented in this chapter are equally applicable to this case with only minor adjustments (the
main theoretical distinction being a convergence rate one power of N slower than that ob-
tained from modified Fourier expansions, a difference which provided the original motivating
factor for study of the latter).

127
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Convergence acceleration of modified Fourier expansions! was first considered in [87],

where the polynomial subtraction technique (in its most basic form) was extended to mul-
tivariate expansions. The key problem with this device is that it requires rather extensive
knowledge of the function being approximated, which, in general, is not available. In [4],
an extension of this approach, which successfully circumvents this issue, was developed and
analysed (based on the work of [54] and [16]). The majority of this chapter originates from
the material presented therein.

The key results of this chapter are as follows:

1. If the first £ € Ny odd derivatives of a function f are known explicitly on the boundary
of the d-variate cube, then the k™ polynomial subtraction approzimation of f can be
constructed using only the modified Fourier coefficients ﬁ[f } and such derivatives. The
corresponding uniform convergence rate is O (N _Qk_l).

2. Such derivatives can be approximated by linear combinations of the coefficients f,[f I, The
resulting approximation, the k" Eckhoff approzimation of f, converges no slower than
the corresponding polynomial subtraction approximation. In other words, using only
the coeflicients fn}, an approximation can be constructed with a uniform convergence
rate of O (N 2k= 1).

3. Provided certain parameters are selected according to an explicit criterion, the pointwise
convergence rate of the k" Eckhoff approximation inside the domain Q = (—1,1)¢
O (N _3k_2), a full factor of O (N k) faster than the corresponding polynomial subtrac-
tion approximation.

4. The cost of constructing the standard Eckhoff approximation is O (de d). However, a
hyperbolic cross index set can be incorporated into this approximation, thereby reducing
this figure to O (de (log N )dil). The uniform convergence rate is unaffected, aside from
a logarithmic factor.

5. Standard implementations of both polynomial subtraction and Eckhoff’s method employ
certain polynomials to interpolate the requisite derivatives of the function f. This leads
to extreme ill-conditioning. However, a vast improvement is obtained by replacing such
functions with Laplace—Dirichlet eigenfunctions. Combined with a judicious choice of
various parameters and a least squares procedure, this yields a robust, effective method
possessing both high accuracy and good numerical stability.

The eventual objective of this chapter is the construction and subsequent analysis of Eckhoff’s
approximation for functions defined on the d-variate cube. Before doing so, however, we
commence with the case of the unit interval. Moreover, since Eckhoff’s method is based on
the polynomial subtraction technique, we first describe this device in this domain.

5.2 Univariate polynomial subtraction

As established in Chapter 2, if a univariate function f € H2?**2(—1,1) obeys the first k
Neumann derivative conditions f**+1(+1) = 0, 7 = 0,...,k — 1, then its modified Fourier
expansion converges uniformly at a rate of O (N _2’“_1), as opposed to O (N _1) (see Theorem
2.20). Suppose now that f does not satisfy such conditions. We write f in terms of its

'We stress that this refers to modified Fourier expansions. Convergence acceleration of classical Fourier
series has a much more extensive history, as we describe in further detail in Section 5.10.
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Lanczos representation f = (f — gx) + gx [112, 118], where the function g is chosen so that
fOrHD(£1) = (2r+1)(:|:1), r=20,...,k—1. Since f— g obeys the first k derivative conditions,
the new approximation

Fnelf] = FNLf = gk + gr (5.1)

converges uniformly to f at the faster rate of N~2¥=1. This is the polynomial subtraction tech-
nique. We refer to Fy x, as defined in (5.1), as the k™ polynomial subtraction approximation
of f (for convenience, we interpret Fno[f] as Fn[f]). This idea dates back to Krylov [109],
and was studied more formally in [102, 112]. Since then, it has been widely considered in the
context of Fourier series [19, 67, 97, 118]. Its application to modified Fourier expansions was
originally considered in [87, 94].

Faster convergence of Fy [f] to f in various norms is guaranteed by Theorem 2.20 and
Lemma 2.25. For clarity, we now restate these results explicitly in terms of Fn [f]:

Theorem 5.1. Suppose that k € Ng, f € H**2(—1,1) and that Fni[f] is given by (5.1).
Then, the error || f™ — (Fni[f1) oo is O (N""27Y) for r = 0,...,2k. If, additionally,
f € H263(—1,1), then the convergence rate of (]:N,k[f])(r) to ) is O (N’”_%_z) uniformly
in compact subsets of (—1,1) forr=0,...,2k+ 1.

Theorem 5.2. Suppose that f € H%+2(—1,1) and that Fyn[f] is as in Theorem 5.1. Then
If — Fnilflllr is O(NT—2F= 3) forr=0,...,2k+1.

5.2.1 Construction of the subtraction function

Vital to the application of this technique is the construction of the function gg. To accomplish
this, it is convenient to first recall the values

AL = (27 [FEHD @) + () D)) e {01} reNo, (52)

which were introduced in Section 2.7. Note that f(?+1)(4£1) = 0 if and only if Al [f] =0.
The slow convergence of modified Fourier expansions stems from such values being non-
zero. In other words, there are ‘jumps’ in the odd derivatives of f at the endpoints x = +1.
For this reason, the values .Ar [f] are often referred to as jump values.? Additionally (and
intimately related), such values also determine the rate of decay of the modified Fourier

coefficients f}[f ], as considered in Chapter 2. Since

k— 1 A
a1 —1)nti —1)k —==lil
= Z oA+ %f@’%, i€{0,1}, neN, (5.3)
r=0 /J' T+1 (Nn )k
it is apparent that fy flil — ( _2]"_2), provided the first k jump values vanish. Equivalent

statements can also be constructed regarding the smoothness of the periodic extension of the
function f (see Section 2.3).

The definition of the function gi may be restated in terms of such values. That is to say,
we seek a function g such that

Allge) = AVf) =00 k=1, i=0,1, (5.4)

2This interpretation and terminology is standard practice in the area of computational Fourier analysis that
deals with the resolution of the Gibbs phenomenon [72, 156].
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(1] (7] [i]

To construct gz, we introduce (smooth) functions py’, ..., p,.;, where p;" is even (respectively
odd) if ¢ = 0 (i = 1), that satisfy the conditions

Al [p[;’]} = Gpe, 1,5 =0,...k—1, i€{0,1} (5.5)
We say that pg], . ,pL] 1 are cardinal functions for the first k derivative conditions. With

this in hand, we define g; by

e
—

1
=33 AP ), 2 el-1,1]. (5.6)

1=0

ﬁ
Il
=)

In standard implementations of this device, the r*" cardinal function p[] is specified to be a
polynomial of degree 2(r+1)—i [16, 54, 112]. This explains the name ‘polynomial subtraction’.

In this case, we refer to the functions {p,[f]} as cardinal polynomials.

Having said this, a little care is necessary. It is not immediately obvious that such poly-
nomials exist. As discussed in [94], the condition (5.5) is an example of a so-called Birkhoff-
Hermite interpolation problem [116] (the interpolation of non-consecutive derivatives by a
polynomial). In general, such problems are not guaranteed to have a solution. Despite this
warning, however, it is easily confirmed that this particular problem is uniquely solvable [94].3

The first few cardinal polynomials are given by

0 1 1
P @) = ZEQ’ p%”(x) = 3"
0] 1 202 Wy = L2

z? (z* — 522 +7), p[;]( ) = z(z? —5)2,

~ 1440 240
from which it can be explicitly verified that the modified Fourier coefficient of pg}, which we
write pr[] (note that, since pk] is even (respectively odd) for i = 0 (i = 1), the coefficient of

[i]

pr' corresponding to qﬁnl =i i Z€ero), satlsﬁes ol = (=1 )””(u%])_“l. In particular, recalling
the expansion (2.11) of the coefficient fn ,

flil = kzlAmmAm G e S G Gt s BB (n*3). )
n g T Dryp (u%])k n ( [’])k n Gkn . .

Hence, the function g, can be viewed as an approximation to f which replicates its modified
Fourier coefficients to high order. This viewpoint is the basis for the generalisation of the
polynomial subtraction technique that we consider in the sequel, namely Eckhoff’s method.

g provide the most simple interpretation, there is no need
for this restriction. Suppose that the (smooth) functions qg}, cee q,[g] , have the property that
the interpolation problem

find {af!:ie{0,1},r=0,...,k—1}

Though the cardinal functions p;

k—1
such that ZaE]A,[f] [qg]} = bg], ie{0,1}, r=0,....,k—1, (5.8)
s=0

3The resultant polynomials are shifted Bernoulli polynomials [112]. For this reason, polynomial subtraction
is also referred to as the Bernoulli method [62, 67].
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has a unique solution for all choices by '€ R. Then we may construct g as a linear combination
of such functions:

1
gr(@) =3 > Al flafl @), @ e [-1.1],

where the values AU [f] enforce (5.4).* We refer to {qy} ci € {0,1},r = 0,...,k — 1} as
a subtraction basis. Given such a basis, appropriate cardinal functions py] can always be
constructed by taking suitable linear combinations of the functions q,[f]. For example, the
aforementioned cardinal polynomials are derived from the subtraction basis consisting of the
monomials ¢!’ (z) = g2(r+D)—1,

The resulting approximations Fy [f] based on either the cardinal or non-cardinal formu-
lations are identical. However, as we demonstrate in Section 5.9, a significant advantage is
gained by allowing this general form (an idea which was suggested in [54]). To this end, we

briefly introduce two other subtraction bases. The first is
CL[}] (z) = T2(T+1)—i(x)a i€{0,1}, 7€ Ny, (5.9)

where T}, is the m'" Chebyshev polynomial.” The second consists of Laplace-Dirichlet eigen-
functions,

q%(z) = cos(r + Dz, W(z) =sin(r + Vmz, r=0,...,k—1. (5.10)
It is readily verified that both sets of functions form subtraction bases:

Lemma 5.3. Suppose that the functions q,[j] are giwen by (5.9) or (5.10). Then the interpo-
lation problem (5.8) has a unique solution for all choices bk} € R.

Proof. Suppose that the functions q,[f] are given by (5.10). Then
AP [gfl] = 2(-1)41 (5 + 5517 e,

The k x k matrix with (r, s)'" entry Al [qg]} is of the form (V)T DU where VI is a k x k
Vandermonde matrix with entries (r + 21)272° and DI is a k x k diagonal matrix with
entries 2(—1)**1(s + &1 )m. Hence, the result for (5.10) now follows immediately.

For the Chebyshev polynomials (5.9), existence and uniqueness is a direct consequence of
the fact that the related Birkhoff-Hermite interpolation problem is uniquely solvable with a
polynomial of degree 2k. O

We scrutinise the bases (5.9) and (5.10) in greater detail in Section 5.9. As we demonstrate
numerically, the use of Laplace—Dirichlet eigenfunctions yields greatly superior numerical re-
sults over approximations based on subtraction bases derived from polynomials. Hence, the
duality enjoyed by the Laplace—Dirichlet and Laplace-Neumann bases (in the sense of Lemmas
2.4 and 2.5) is not only of theoretical interest, it also has practical consequences.

“In general, the values Al [f] will also depend on k, unlike the jump values Al [f]. However, this presents
few analytical or computational difficulties. For this reason, we do make this dependence explicit.
SWe could also use Legendre polynomials with very similar results.
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5.3 Eckhoff’s method for univariate expansions

There are three well-documented problems with the polynomial subtraction technique, which
we now describe. First, the method requires exact jump values. Ordinarily, such values are
unknown. In many applications, only the modified Fourier coefficients of a given function
may be specified. Moreover, even if arbitrary pointwise values of the function can be calcu-
lated, approximation via finite differences is not recommended for this purpose [118]. For the
particular application considered in this thesis, the spectral approximation of boundary value
problems, modified Fourier coefficients can be calculated, but both derivatives and pointwise
values are not explicitly available. To address the convergence acceleration of the modified
Fourier-Galerkin method introduced in Chapter 4 (a task we discuss briefly in Chapter 6),
we must first develop a more sophisticated polynomial subtraction technique for the related
task of function approximation.

The second drawback of polynomial subtraction, as we demonstrate in Section 5.4, relates
to higher dimensions. In addition to pointwise jump values, various partial derivatives need
to be known over (d — 1)-dimensional subsets of the boundary. In practice, these may be
approximated by lower dimensional techniques. However, to do so requires exact knowledge
of O ((k + N)?) particular values (modified Fourier coefficients of derivatives evaluated on the
boundary), where N is the truncated parameter used. Thus, the situation is even worse in
higher dimensions, making the need to develop techniques to approximate such values even
more pressing.

A final handicap of the polynomial subtraction device is that, for practical purposes,
empirical evidence suggests that the parameter & must remain small [62]. Larger k (i.e.
higher derivatives) often leads to a loss of accuracy, even if exact jump values are used. This
restricts the potential convergence rate of the approximation, thus limiting its applicability.

As noted in [54], the previous lack of robust methods for the approximation of jump values
is the central reason why the polynomial subtraction technique has not been more extensively
utilised (see also [118, p.101] and [62]). In this chapter, to circumvent these aforementioned
problems, we adapt Eckhoff’s method to this task [52, 53, 54]. This approach is based on the
observation that the modified Fourier coefficients themselves contain sufficient information to
reconstruct the jump values. Hence, such values can be approximated to sufficient accuracy
using only coefficients and suitably constructed extrapolation techniques.

After introducing the univariate version of Eckhoff’s method for modified Fourier expan-
sions, we next establish an extension to the d-variate cube (Sections 5.4—5.8). In Section
5.9 we address numerical issues—the third drawback mentioned previously—and, as a result,
demonstrate how to obtain both high accuracy and improved numerical stability.

5.3.1 Eckhoff’s method for the approximation of jump values

Before introducing a technique to approximate the exact jump values (5.2), we must first
justify why inexact values can be used without deteriorating the convergence rate of the
approximation Fy x[f]. We do this as follows. First, recalling that Fy|[f]® converges uniformly

SFor convenience, throughout this chapter, replace N by N — 1 in the definition of Fn[f] as given in (2.4).
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to f, it follows from the expansion (5.7) that
1
f@) = Fulfl@) = 32 3" Al (@) - Fupil)@)) + 0 (N571), zel-1,1]

Now, suppose that the values Al [f] are approximated by values Al [f] and that gy is con-
structed as in (5.6) using these approximate values. Then, it follows from (5.1) and the above
expression that

k—1

f(x) = Fnilf 2132( Iy A@m)( [ (2) — Falpi)(a ))+O(N*2k*1).

i=0 r=0

Consider, for example, the uniform error. Since ||p£~ﬂ — fN[pLi]]Hoo = O (N~*~1), to obtain

an O (N _Qk_l) uniform error with the values fl,[ni] [f], we require that
Al = A1+ 0 (NQ(T—’“)) . r=0,....k—1, i€{0,1}. (5.11)

In other words, rather than using exact jump values, it suffices to employ sufficiently accurate
approximations. To accomplish this prescribed accuracy, we adapt Eckhoff’s method [52, 53,
54], as we now describe.

Eckhoff’s method is based on (5.7). In essence, we seek values Al [f] that satisfy this
relation approximately. To do so, suppose that N <m(0) <...<m(k—1) <aN, m(r) € N
are given values and a > 1 is constant. We define /_lw [f] as the solution of the 2k x 2k linear

system
k—1

S b AN =0 r=0, k=1, ie{o1}. (5.12)
s=0
From a practical standpoint, this linear system decouples into two k X k linear systems cor-
responding to i = 0 and ¢ = 1, which can be solved in parallel. Henceforth, we write VI for
the k x k matrix with (r,s)™ entry ps[ 1 m(r)- Note that the choice of the values m(r) is essen-
tially arbitrary. However, particular choices lead to better numerical stability and a so-called
auto-correction phenomenon [138], an issue that we address in Section 5.7.
Nonsingularity of the linear system (5.12) can be immediately guaranteed:

Lemma 5.4. For sufficiently large N, the linear system (5.12) is nonsingular. Moreover, if

(2] [i]

Do s -1 Dy are cardinal polynomials or arise from the subtraction basis (5.10), then (5.12)
s nonsingular for all N.

Proof. Suppose first that P(gi], e P,Ei]l (for the sake of clarity, we use this notation) are
) = (_1)m(r)+i(ﬂ,[ﬁ(r))_s_1, vl = DUV where DU

is the diagonal matrix with entries (—1)m(T)(u1[ﬁ(r))*1 and VU is the Vandermonde matrix

cardinal polynomials. Then, since Psg(r

with entries (u [i]( ))’S Nonsingularity (for all N) now follows immediately.

[i ] [i]

Suppose now that py’,...,p,.; are arbitrary cardinal functions. Then, since plﬂ = Py] +
(p i P,U), we may write VI = Wl + (VI — W), where W is the matrix with (r, s)*
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entry E,[:i(r). To prove the result, it suffices to show that ||(W)=1 (VI — Wl)|| = o(1) for
large N, where ||| is any matrix norm.

Note that the s™ column of VI — W has entries (ps/—\Ps)v[:i(r). Moreover, ps — P; obeys
the first k derivative conditions. Hence, it can be shown that (W!!)~! applied to this vector,
which is just the vector of Eckhoff’s approximation to the jump values of the function ps; — P,
is o(1) (see Theorem 5.5). Using this, we deduce the result.

Suppose now that the functions q,[«i] are given by (5.10). Then, due to (5.8) and Lemma
5.3, it suffices to prove nonsingularity of the matrix with (7, s)*" entries

é\[z} _ 2(_1)mfr)+s+1(s_|_ %)
")~ Tom(r) — 52— o+ 5 =

After appropriate multiplication by a nonsingular diagonal matrix, we obtain the matrix with

entries .

[(m(r) = )% = (s +1539)°] .
This is a Cauchy matrix: hence, nonsingularity follows immediately. O

The fundamental aspect of Eckhoff’s method, the linear system (5.12), is rather familiar. A
similar idea is used in the Richardson extrapolation process [148]. However, the key difference

herein is that we seek not just the limiting value of the sequence ﬁ[f ], but also the first k terms
of its asymptotic expansion. Despite misgivings (see [148, p.33], where the instability of such
a process is discussed), this can be done in a reasonably robust manner, as we demonstrate
in Section 5.9. '

With values fb[f ] [f] given as the solutions of (5.12), we refer to the resulting approximation
Fnklf] = FnIf — gk] + gk as the k' Eckhoff approzimation of f. In the forthcoming section,
we study the convergence rate of this approximation. As we discuss further in Section 5.9,
linear systems involving the matrices V1 can be solved in O (k‘z) operations. The overall cost
of forming Eckhoff’s approximation is therefore O (max{kQ, kN }) Typically, k < N, so this
figure reduces to O (kN).

Standard implementations of Eckhoff’s method employ cardinal polynomials [16, 54]. For
previously described reasons, we have presented Eckhoff’s method in a more general form
involving arbitrary cardinal functions. However, though the cardinal function formulation
is the simplest version to consider in analysis, for computational purposes, it is often more

convenient to present the method in terms of the subtraction basis qTM. In this case

1
gr(@) = 3> Al flafl@), @ e [-1.1],

and the values A [f] are specified by the linear system

N
—_

G AD[f) = f . r=0, k=1, ie{01}. (5.13)

»
Il
=)

The resulting approximation is identical to the cardinal function formulation, but typically
exhibits improved numerical behaviour (see Section 5.9).
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Throughout this chapter, we study the continuous version of Eckhoff’s method (5.12)
based on modified Fourier coefficients. An analogous version can also be developed for discrete
modified Fourier data. In the Fourier setting, this has been studied in [54, 129].

5.3.2 Convergence rate of Eckhoff’s approximation

Eckhoff’s method was originally presented for univariate Fourier series in [52, 53, 54]. Analysis
of convergence was carried out in [16]. The key result demonstrates that the values Al [f]

approximate the true values Ay] [f] to the accuracy prescribed in (5.11). For the modified
Fourier case, we have:

Theorem 5.5. Suppose that m(r) = c¢(r)N + O (1), where ¢(r) > 1 and that at most | < k

of the c(r) are equal. Suppose further that f € H**+tH1(—1,1). Then the coefficients Al [f]
obtained by Eckhoff’s method satisfy (5.11).

A proof of this result was originally given in [16]. Adaption to the modified Fourier case of
the techniques used therein presents few conceptual challenges. Nonetheless, since there are
several key differences, we now present the salient aspects of the proof for modified Fourier
expansions.

Proof of Theorem 5.5. For the sake of brevity, we assume that cardinal polynomials are used
(extension to arbitrary subtraction bases is simple). In this case, as in the proof of Lemma

5.4, we write VIl = DUV where V,«[g» =y and z, = (“Lﬂ(r))il'

Upon replacing the coefficient in the right-hand side of (5.12) by its asymptotic expansion
(5.7) and rearranging, we obtain the linear system of equations

k‘
>_.

A - . —i]
V3 (ABLf] = AL) = (1O FOR, e =0,k

g
Il
o

We now expand the right-hand side once more a total of K times, where 2K <[+ 1, to give

k—1 k+K—1 .
~r . . — 1]
VI (AR = ALA]) = 7 ap A (AR K R R) ) (5.14)
s=0 s=k
The entries of the inverse of a Vandermonde matrix can be exactly prescribed. In fact, the
(r, )™ entry of (V=1 is precisely

k—1
— g () H —xj) Z vl (5.15)
§=0
J#s
where the values 7q, . . ., 7% are symmetric polynomials of xg, ..., xr_1, defined by the relation

ko A k-l x —x,) [16]. For future use, we note that v, = @ (N2("=%)) . Suppose now
> =07 r=0 ) gl pp
that we define the parameter

k-1 k-1
Zaz H —xj)fl.

7=0
J#s
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Then, upon inverting the linear system (5.14) using (5.15) and substituting w,, we obtain

4 - k+K—-1 r
AU = A = D7 > vjwerjra
s=k j=0
‘ k-1 1 k-1 T )
A+ ()N () pRR ) kR T T (s — )Y el (5.16)
s=0 =0 §=0

i#s

We estimate the two terms of (5.16) separately. For the first, we recall from [16] that w, =
O (Nz(k*’"*l)) for all » € Ny. Hence

k+K—-1 r E+K—1 r
Z Z’Yij-i-j—r—l =0 Z Z N2G—k) p2(k—s—j+r) | _ O (NQ(rfk)) ’
s=k j=0 s=k j=0

as required. Now consider the second term of (5.16). If m(r) = ¢(r)N + O (1), then ,u[rﬂ(r) =

c(r)?(N — £)?7x? + O (1). Since z, = (ugm)_l, simple arguments demonstrate that

k-1

H(fb’s —z) =0 <N2k+l—3> :
5=0
J#s

where [ is the number of equal values ¢(r). Hence, the second term of (5.16) is of order

1 k-1 r
f(Q/(k?())[Tj(s) Z N2(r+2—k—K) nr2k+1-3 Z N20G—k) N—2i
s=0 j=0

(2]

m

-0 (f(z/(lc+\l<)) (S)NQ(r—k)Nl-i-l—QK) .

If [ is odd, 2K = [+ 1 and the result follows immediately. For even values [ = 2K, we have

— 7

(4]
f2EHE) ¢ H1(—1,1), so the coefficient f(2(k+K))m(s) = O(N~'). Hence the result is also
obtained in this case. O

There are several key differences between this result for modified Fourier expansions and
the corresponding Fourier case. Most notably, since modified Fourier sine and cosine coef-
ficients both have asymptotic expansion in even powers of n~!, we do not require different
regularity for even and odd values of the parameter . Moreover, Theorem 5.5 only establishes
the estimate (5.11). As described in [16], the imposition of two additional degrees of smooth-
ness would have allowed us to determine the exact coefficient of N2("=%) in this equation.
This facilitates the derivation of precise asymptotic estimates for the L2(—1,1) norm error
of Eckhoff’s approximation, as studied in [16]. However, since our interest lies with minimal
regularity, we shall not pursue this further.

With this in hand, we may now provide estimates for the rate of convergence:

Theorem 5.6. Suppose that | and f are as in Theorem 5.5, and that Fny[f] is the k'!
3

Eckhoff approzimation of f. Then ||f — Fnx[f]ll» is O(N""272) forr =0,...,2k + 1.
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Proof. Suppose that we write F§, . [f] and F x[f] for the approximations based on the exact

jump values AW [f] and their approximations A[ﬂ [f] respectively. In view of Theorem 5.2, it
suffices to consider the difference F§ ,[f] — Fi k[f]. We have

1k
| Fx k] = Fnelf]llr < ZZ ATLAY (I — Fa o) (5.17)
i=0 r=0

Now suppose that an arbitrary function h € C*[—1, 1] satisfies the first s € Ny derivative
conditions. We claim that

Ih— Fnlh]|, =0 (N’“—2S—%> . VreN. (5.18)

When r < 2s + 1, this result follows immediately from Lemma 2.25. Now suppose that
r > 2s+ 1. Since Hh FN[ e < ||B]|r + || Fn[R]|| it suffices to consider || Fu[h]||.. Moreover,
recalling that hyp =0 ( 2), we obtain

1 N-—
IFNAIIE < Z (14 plhyr |l < ¢ Z A2t _ 0 (N8
=0 n=0

which gives (5.18). Substituting (5.18) with h = p[z] into (5.17) and using Theorem 5.5
immediately completes the proof. O

Theorem 5.7. Suppose that f and Fyi[f] are as in Theorem 5.6. Then, the error ||f(’”) —
(Fxalf) Ol is O (N251 for =0, .., 2.

Proof. This follows immediately from Theorem 5.6 and the Sobolev interpolation inequality
1hllco < e/IIBl[lIR]]1, YA € HY(=1,1), where ¢ = % O

In Figure 5.1, we demonstrate the improvement offered by Eckhoff’s method over the
original (k = 0) modified Fourier approximation. For both functions considered, using only
N = 15 and k = 3 we obtain 8 digits of accuracy. In comparison, less than two digits are
witnessed for the original modified Fourier approximation. We mention in passing that, for
the numerical examples presented in this and all sections up to Section 5.9, we use additional
precision where necessary. The practical implementation of Eckhoff’s method requires further
study to lessen the impact of numerical instability, a topic we consider further in Section 5.9.

Theorems 5.6 and 5.7, in comparison to Theorems 5.1 and 5.2, demonstrate that Eckhoff’s
method leads to no deterioration in the convergence rate of the approximation over polynomial
subtraction. In [16], the authors also compare the size of the error constants in || f — F§, . [f]ll
and || f—Fnk[f]]|. They establish that approximating the jump values in this manner not only
leads to the same convergence rate, but also does not increase the error constant unduly. For
this reason, we address only the asymptotic order of convergence throughout the remainder
of this chapter.

Another consequence of Theorems 5.5-5.7 is that, for certain choices of m(r), Eckhoff’s
method requires additional smoothness to obtain the same convergence rate as the approxi-
mation based on the exact jump values. A remedy for this is to employ distinct values ¢(r).
Typical choices of such values are

m(r)=(r+1)N, r=0,....,k—1, (5.19)
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f(z) = 22 sin 5z + cos 6 f(z) =e " cosbx

Figure 5.1: Eckhoff’s method based on m(r) = N + r and cardinal polynomials p[ri]. Log error

logyo |f(z) = Frisk[f](x)] for =1 <z <1and k=0,1,2,3 (in descending order).

8.x107M 1 1.x10°4} 7.x107'°
6.x10°"°
6.x 1011 8.x107%} 5 % 10°%
T 6.x1075} 4.x10°%
4.x10 -16
4.x10°35} 3.x10 .
il 2.x107
2x10°" 2.x10°5F .
L ‘ L
-10 05 05 10~ -06 -04 -02 02 04 06 -04 -02 02 04
Figure 5.2: Graph of | f(z) — Fas 4[f](z)] for =1 <z < 1 (left), =3 < 2 < 3 (middle) and -4 <z < 1
(right), where f(z) = Ai(—3z — 4) and Ai is the Airy function [1].
or, given some arbitrary value w = 2,3,.. .,
m(r) =w'N, r=0,...,k—1. (5.20)

However, Eckhoff’s method, when based on equal values ¢(r), and, in particular, m(r) =
N+r,r=0,...,k— 1, conveys a significant advantage over polynomial subtraction, despite
necessitating higher regularity. It turns out that, even though the uniform and H"(£2) norm
errors remaining of the same order, the error in compact subsets of ) is much smaller. In fact,
if the values m(r) = N +r are chosen, the error is O (N=32) in comparison to O (N~2+72),
a full factor of N* smaller.

In Figure 5.2, this auto-correction phenomenon is demonstrated numerically. In this ex-
ample, we use the values m(r) = N + r and cardinal polynomials py}. As we observe, the
error away from the endpoints £ = +£1 is much smaller. Figure 5.3 highlights the advantage
offered by Eckhoff’s method over polynomial subtraction in this respect; near the endpoints,
both approximations offer similar error, whereas inside the interval, Eckhoff’s method greatly
outperforms the latter.

In reference to Eckhoff’s method, the auto-correction phenomenon was observed numeri-
cally in [129] and demonstrated theoretically in the univariate, Fourier case in [138]. In Section
5.7, we extend this result to the multivariate modified Fourier setting.

This completes our discussion of the univariate version of Eckhoff’s method. We devote the
next part of this chapter to the significant generalisation of this method to functions defined
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10 -05 10 -os 05 10

—10}+

—12F

Figure 5.3: Graph of log,|f(z) — Fisx[f](z)| for —1 < z < 1 and k = 2,4,6, where Fyn [f] is
either the £ polynomial subtraction (thin line) or Eckhoff (thick line) approximation and f(z)
Ai(—3x — 4).

in the d-variate cube. As in the univariate setting, our first consideration is the polynomial
subtraction technique and its multivariate extension.

5.4 Multivariate polynomial subtraction

To accelerate the convergence rate of multivariate modified Fourier expansions, it suffices to
interpolate the first £ odd partial derivatives of the function f on the whole of the boundary
I' (see Chapter 2). If this is achieved with a function g, then the k" polynomial subtraction
approximation Fy[f] = Fn[f — gx] + gr will converge to f at a faster rate. For ease
of reference, we now restate the result of Chapter 2 regarding the convergence rate of this
approximation. For the moment, we assume that a full index set (2.33) is employed (we
consider hyperbolic cross approximations in Section 5.8).

Theorem 5.8. Suppose that f € H2*F2(Q) and that Fu x[f] is the k™™ polynomial subtraction
approxzimation of f. Then || f — Fyi[f]ll» is O(N™"2672) for r = 0,...,2k + 1 and |D?(f —
FNilf])loo is © (NIBlo=2k=1) for 8| < 2k. If, additionally, f € H2F3(Q), then DP{f(x)—

Fni(fl(x)} is O (N|f3|°°_2k_2) uniformly in compact subsets of Q0 for |Blo < 2k + 1.

In the univariate setting, as demonstrated in Section 5.2.1, it is simple to construct the
function gi. With a little effort, this can also be accomplished in higher dimensions. Relevant
techniques originate in the field of computer-aided geometric design and are related to so-
called Coons patches [57]. In the context of modified Fourier expansions, this concept was
first studied in [87].” A general construction was given in [4], and we shall closely follow this
approach.

To this end, suppose that py], r € Ny, are the univariate cardinal functions of Section

5.2.1. Given t € [d], iy € {0,1}/"l and r; € N'Jl, we define p,[ﬂif] as the composition

plid(ze) = [T o ().

jet

"Bivariate polynomial subtraction for Fourier series has been the subject of a number of studies, including
[17]. However, to the best of our knowledge, the extension to arbitrary d > 2 has not been studied rigorously.
Once more, we mention that the work of this chapter is easily adapted to Fourier series with only minor
modifications.
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We also recall the definition (2.25) of the operator B[m [f] = B,[jfll][. . [81[“17‘:\‘} [f]]--.], where
(_1)TJB£"LJ]][f] :f(xla sy Lj—1, 17‘Tj+17 s ,fL'd)
+ (_1)ij+1f($17 s Tji—1, -1, Ljt1y--- 7:Cd)7

fori; € {0,1}, r; e Npand j =1,...,d.
A suitable function g; can now be immediately specified:

Lemma 5.9. Suppose that f € H**(Q) and that

=> > Z DB £ (ap)plid (2), 2 € Q, (5.21)

teld] i, €{0,1}t |rt|oo=0

Then f — g satisfies the first k Neumann derivative conditions (2.12). Equivalently,
Bl g =BY S, ry=0,.. k-1, j=1,....d (5.22)

Proof. 1t suffices to prove that gj, satisfies (5.22) with j =1, i; = 0 and r; = s. We split the
terms of (5.21) corresponding to different ¢ € [d] into the three following cases: (i) ¢ = (1),
(ii) t = (1,u), where uw € [d], 1 ¢ u, and (iii) t = u.

Consider case (i). The contribution of the corresponding term to B[ ][gk]

1 k-
ZZ (BB 2. 2pl )] (oo 2a) = B[ ). . ),

where equality follows directly from the properties of the cardinal functions p[ 1. 1t now suffices
to prove that the contributions of cases (ii) and (iii) cancel. For case (ii), this is

1

> Y Yy DB (B ) p (20)] (22, - )

i, €{0,1}ul |ry|oo=041=071=0

= > Z 1) B 1] )l (),

1w €{0,1}1ul |ry|oo=0

where (0,7,) = (O,z’ul,...,iulul) and (s,7ry) = (s,rul,...,ru‘ul). It is readily seen that this
term is precisely the negative of the contribution of case (iii). O

As in Chapter 2, the bivariate case will serve as our primary example. In this setting, the
function g;, is given explicitly by

1 k-1 1
Z p [%1] |(z2) + Z Z B[w] [12]( 2)
11=07r1=0 i2=017r2=0

k—1

1
Z Z B[zl] |:B[12 }pglﬂ(ﬂ@l)]?gf} (%2) (523)
=0

i1,i2=071,r2=
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We remark in passing that the phrase ‘polynomial subtraction’ is a misnomer in the multivari-
ate case: as evidenced by (5.23), the function g is no longer a polynomial for d > 2. Herein
lies the main problem with this device. Computation of the function g, as given by (5.21),
requires knowledge of the exact derivatives of the function f over (d — 1)-dimensional subsets
of the boundary. Classically, this has been considered, somewhat erroneously, as a limitation
of this technique [62]. The intention of this chapter is to show that this is not, in fact, the
case: approximations of arbitrary order can be constructed using only multivariate modified
Fourier coefficients.

An obvious means to alleviate this problem (which we now introduce since it will be used in
the sequel) is to approximate such lower dimensional functions using polynomial subtraction
(an approach mentioned briefly, but not analysed, in [87]). Doing so requires knowledge of
functions over (d — 2)-dimensional subsets of the boundary. However, we may repeat the
same process, replacing exact functions by polynomial subtraction approximations, until we
obtain an approximation that uses only derivative values over the 0-dimensional subsets of
the boundary consisting of the vertices (+1,41,...,41) and the modified Fourier coefficients
of higher dimensional derivative functions.

To differentiate between the two approaches, we refer to the approximation based on
(5.21) as ezact polynomial subtraction and the approximation obtained by the above process
as approzimate polynomial subtraction. We write gi, Fy .[f] and gf, Fg .[f] respectively.
Note that for d = 1 both approximations coincide. 7 7

In the bivariate setting, we merely replace the univariate functions B[“] [f] and B[Zﬂ [f] by
their k" polynomial subtraction approximations. This yields the new function gy given by

D=3 3 o) P B e+ 3 3 Pk (B (oo

11=07r1=0 12=07r9=0
1

D> Bl (B[] pl) (o1 )pk] (22).

i1,i20=0711,r2=0

For d > 3, we define the new approximation inductively. If 'FJC\L/,k['] is known for d — 1, we
define the d-variate approximate polynomial subtraction function gj; by

-y ¥ Z 1+ Fe [B;itl[f]] (@pld (), e (5.24)

teld] i€ {0,1}1t! |rt]oo=0

In its present form, this subtraction function is not fit for practical purposes. Instead, we seek
a version of gj that is not inductively defined. The derivation of such a form indicates the
appropriate generalisation of Eckhoff’s method to the multivariate case, as we subsequently
consider.

To obtain the function g explicitly, it is first necessary to remtroduce the values .Art gl f1,

which occur in the asymptotic expansion of the coefficients fn (see Section 2.7 and, in par-

ticular, (2.26)). Given such values, it will also be of use to notice that we may re-write the

expansion (2.27) in terms of the functions th] (as in the univariate case (5.7)). If p;, ! bl ig the

[i¢]

modified Fourier coefficient of py, correspondlng to indices 4; and ns, then

- % Al o ().

teld]* |7t]oo=0
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[i¢]

Once more, the remainder term vanishes, provided pr,’ consists of cardinal polynomials.
With this in hand, we may now give an explicit expression for g:

Lemma 5.10. The approzimate polynomial subtraction function g is given by

k—1
=D > > Z A PR () @iE) (). (5.25)

1€{0,1} te[d] |re]oo=0 Inzleo=0

To prove this lemma, we require the following notation. Given ¢ € [d], we write [t] for the
set of tuples u € [d] with u C ¢ (in other words, if j € u then j € t). We write [t]* = [¢] U {0}
and u € [t]* for the tuple of elements in ¢, but not in u. Further, given t,u € [d]*, we write
t Uu € [d]* for the ordered tuple of elements j = 1,...,d in ¢ or in u, ¢t N u for the tuple of
elements in both ¢ and u and t\u for the tuple of elements in ¢, but not in w.

Proof of Lemma 5.10. We prove this result by induction on d. For d = 1, since gj; = g; and

g [f] = B [f], there is nothing to prove. Now assume that the result holds for d — 1. Then,
by definition

Y Y Y DLFR 4 [BELS)] (@opli o). (5.26)
teld) i, {0,114 [re|o0=0
Since B;it] [f] is a function of at most (d — 1) variables, we may use the induction hypothesis to

derive an expression for Fy [87[«?][ f]} (z7). To do so, we require several observations. First,
we note that

A, (B = (M [T [ s (D8] o) o, e

JET

Since @ = t\u = tUwu, and the operators 87[«”} and B[ ] commute with each other and with
differentiation in the independent variables, we have

A, [BEA) = (Mo [T [ i) (D] ol o) dae = AL 1)

JEU

Our next observation is as follows: if h is a function of at most (d — 1) variables, and g} is
the approximate polynomial subtraction function for h, then

N-1
Fxlh—gil@) = > > Alpell@), xe[-1,11"
i€{0,1}9-1 |n|oo=0

where A%}[ h] is the value A[th] n;|h] defined in (2.26) corresponding to ¢ = (). This follows
immediately from the induction hypothesis and the expressions (2.27) and (5.25).

Returning to Bq[it] [f], and using these observations, we obtain

i BRI @) = Y > A e

i7€{0,1}l [nglec=0

k—1
DD DS EEI A 11PN () i) ().

i7€{0,1} u€[t] |ruloo =0 |na)cc=0
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Substituting this into (5.26) gives

k—1
= > > 't'“{ 3 Z AU I () L) ()

i€{0,1} te[d] [7t] 00 =0 |n7]| 00 =0

2 2 A I <xtuu>¢g;1<xu>}. (5:27)
ue[ﬂ |7'tUu|<>o:0 |na|oo:0

To complete the proof it suffices to show that, for any v € [d], the coefficient of the corre-

sponding term .Arv nol f]pkf ]( v) [z”](azv) in (5.27) is precisely 1. The first term of (5.27) gives

a contribution of (—1)I*I*1. For the second, the terms that give contributions are those with

tUwu = v. Since t,u # (), and there are ( ’1l)| > possible choices of such u with |u| = [, this

gives a total contribution of
|v[—1

(—1)! < @‘ >+....+< ’v‘“ﬂl > 1t Z < > D) =1— (-l

Summing together this and the previous contribution now yields the result. O

The result of Lemma 5.10 not only gives an explicit way to compute the k" approximate
polynomial subtraction function, it also demonstrates that faster convergence can be achieved
by suitable approximation of the values A[@,nf[ f]- We consider this task in the sequel. This is a
far less daunting prospect than the exact polynomial subtraction standpoint, where functions
of (d — 1) variables need to be approximated. For this reason, the values A,[}t]nt[ f] can be
viewed as the appropriate generalisation of the univariate jumps Ai?'} [f]-

For approximate polynomial subtraction to serve as a potential alternative to its exact
counterpart (and since we shall require such estimates in the sequel), it remains to demonstrate
that the convergence rate is not affected. We have

Theorem 5.11. Suppose that f € H22(Q) and that .F]C{,k[f] is the kth approximate polyno-

mix

mial subtraction approzimation of f. Then || f —FR p[f]ll- s O(N"™ 2k ) forr=0,...,2k+1
and HDﬁ(f — .F]‘f,k[f])Hoo s O (N|ﬁ|°°*2k*1) for |Blec < 2k. If, additionally, f € H2k+3(Q),

miz

then DP{ f(z) — ]‘{,k[f](ac)} 15 O (N‘B|°°*2k*2) uniformly in compact subsets of Q for || <
2k + 1.

Proof. By Theorem 5.8, it suffices to consider the difference F5, . [f] — Fy 1[f]. We shall use
induction on d. For d = 1 there is nothing to prove. Now suppose that the result holds for
d— 1. We have

zevk[f](ﬂf) — Frxlfl(@) = gi(@) — gi(z) — Fn gk — 98] ().
Since m][l] = ff\,k[ ] = Wl for all i € {0,1}¢, n € Iy and arbitrary functions h, it
follows that F; Nlgr — gi] = "0. Hence
Il l(@) = Fiplf1(2) = gi( ) — gi(x)

Y Y Y DI (B 1) = Fiop | B (20) phi) a0).

teld] ire{0,1}t |rt|oo=0
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For f € H2*+2(Q), we have B[] € H2k+2(—1,1)4 I (see Section 2.5 or [5]). Since |¢| > 1,

mix

we may use the induction hypothesis on each such term to obtain the result. O

In view of Theorem 5.8, we deduce that the various convergence rates remain the same.
However, although the approximate polynomial subtraction process achieves a significant
improvement over exact polynomial subtraction, it still requires explicit knowledge of the

values Av[}t]nt[ f]- In general, these are unknown. Since there are

zdz< >kJNdJ d{(k+N)d—Nd}:O<kNd_1>, k< N,

such values in total, the need for a method of approximation becomes more vital as d increases.
We shall achieve this by a suitable extension of Eckhoff’s method, which we now introduce.

5.5 Eckhoff’s method for multivariate expansions

We now extend Eckhoff’s method to the multivariate setting. The bivariate version of this
method was originally developed, without analysis, in [128, 130, 131]. In this section, we first
establish an extension for general d, and in Section 5.6, we provide pertinent analysis.

As indicated by the form of approximate polynomial subtraction function gf, we seek

[i]

approximations AE} [f] to the values Ay, . [f]. To this end, we define the subtraction function
k—1
= > 2 > Z AL 105 ()i (). (5.28)
i€{0,1}4 te[d] |r¢|oo=0 |ngcc=0

and the approximation Fn [f] = Fn[f — gk] + gk In the univariate setting, it follows from
(5.12) that the function gy satisfies the condition

Gl = fl n =m(0),...,m(k—1), ie{0,1}. (5.29)

For the d-variate extension, we enforce a similar condition. Suppose that we define the finite
index set Mj, C N by

My = U {n=(m,...,nq) e N*:nj=m(rj), r; =0,....k =1, j € t,[nglc < N}. (5.30)
te(d]

We now impose the condition
Gl = Il vneM;, ie{0,1} (5.31)

For d =1, (5.31) reduces to (5.29). For d = 2, we obtain the following system of equations

~ 1] il _ : 2
gkm(’m) m(’l‘g) fm(?"l),m(rg)’ r,r2 = 07 R k - 17 (S {Oa ]-} ’
kg(m Q:jn”(mnz, r=0,....k—1, na=0,....N—1, ic{0,1)2
gkﬂmz f}ijm m=0,....,N—1, r=0,....,k—1, iec{0,1}%  (5.32)
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............................. 70y,
K0 60
25 50
20 40
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Figure 5.4: Left diagram: the index set M5 with N = 25 and m(r) = N + 2r. Right diagram: the
index set Myp with N =50 and m(r) = N + 2r.

Figure 5.4 shows the typical form of the index set M}, for d = 2. Note that, as in the univariate
case, the system of equations (5.31) completely decouples for different values of i € {0, l}d.
For both practical and analytical purposes, we need to expand the left-hand side of (5.31).
Given u € [d], sy € {0,...,k —1}/"l and ng € {0,..., N — 1}/% the corresponding term of
gr(z) is
A 108 ol o) = AL, L7 T T 2 o) [T o

JEU Jj¢u

This term gives a non-zero contribution to the left-hand side of (5.31) precisely when ¢ C u,
where ¢ € [d] is the tuple associated to n € Mj. Hence

gk[l] = Z Z su,nu ﬁs\]Zj}

U€E[d] |Su]|oo=0 ]Eu
tCu

- Y AT S Ak 539
Istloo=0 j€t 1€ [, ]o0=0 jeut

Here r;, j € t is the index used in the definition (5.30) of n € My, and VI is the matrix
introduced in Section 5.3.1.
For d = 2, substituting (5.33) into (5.32) gives

i i _ ¢l —
Z VTl,lSl 7’2?8]2"481,82 [f] - fm(r1),m(r2)7 ri,r2 = 0,00k =1,

s1,52=0

k— k—1
Z ‘/;'[17/1;1 {AL21 n9g + Z A;}’SZ pT’ng]} - f"ELl](T'l),NQ’ Tl = O, ey k; - 17

s1=0

’I’LQZO,...,N—L

k—1 k—1
ICRECMURS oEEMI T B I S A
s2=0

TQZO,...,k—l.
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In this case, it is obvious how to solve these equations. We first obtain /L[}lm [f] from the
first equation, and then substitute the result into the second and third equations, solving for
Aq[fllm [f] and .,éwzl,m [f] respectively. The same can be done in d > 3 dimensions. Starting
from the equation corresponding to t = (1,2,...,d), we find /L[}t] [f]. Using this, we solve the
equations corresponding to |t| = d — 1, |[t| = d — 2, and so on. Continuing in this manner, we
obtain all the coefficients AE}M[ f]-

Alternatively, it may be easier to use the following explicit expression for such values:

k-1
FENUED EVETED DD DI IR ) (U= | f s SCES

u€|d] 72\ /00 =0 [Su |0 =0 JEU jEU\t
tCu

where (m(sy);ngz) has j' entry m(s;) if j € u and n; otherwise. We defer a proof of this
formula until Section 5.8 (see Lemma 5.36).

Though straightforward in theory, it is fair to mention that the construction of Eckhoff’s
approximation becomes increasingly cumbersome to implement for large d. However, as we
demonstrate in the sequel by numerical example, it is certainly practical for d = 2, 3.

Observe that, to find the coefficients flgﬂ,n{ [f], we have to solve linear systems involving
the matrix V1. One immediate benefit of Eckhoff’s approach is that the coefficients can be
found by solving essentially one-dimensional linear systems. Since we need to solve many such
systems, it may be easiest to find (V)= first and use (5.34). On a related topic, we note
that the existence and uniqueness of a solution to the linear system (5.31) are completely
determined by the nonsingularity of the matrix V7 (see Lemma 5.4).

In the univariate setting, the operational cost of forming Eckhoff’s approximation is
O (max{k? kN}). For the multivariate case, this value is O (max{k?t?, k?N?}). When
k < N, this figure reduces to k?N¢. In comparison, forming the approximation Fy[f] in-
volves O (N d) operations, so the increase in complexity is relatively mild for moderate values
of k. Nonetheless, the value N¢ grows exponentially with d. In Section 5.8, we assess how
this figure can be dramatically reduced by the use of hyperbolic cross index sets.

Having obtained Eckhoff’s approximation for arbitrary d > 2, we now turn our attention
to the convergence analysis of this approximation.

5.6 Analysis of Eckhoff’s method

Here, and for the remainder of this chapter, we use the notation A < B to mean that there
exists a constant ¢ independent of N such that A < ¢B.

We commence our analysis of the multivariate version of Eckhoff’s method with the fol-
lowing lemmas, the first of which is a generalisation of Theorem 5.5:

Lemma 5.12. Suppose that h € H2HH1(Q) obeys the first k Neumann derivative conditions

miz

(2.12), where 1 is the number of equal values c(r), and that t € [d]. Suppose further that the
values Er[altf}nf, ry € {0,.. — 1M, nz e N‘ | are defined by

Z [T vk elin, = wil,

|5t|o<>70 jEt
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where nj =m(rj), r; =0,...,k —1, when j € t and n; € Ny otherwise. Then
j 2(|re|—k|t]) = —2k—2
57[?]71{ < N2(rel—kl an 7

_2k—2 _ -—2k—2
where 7y = [1;¢: 75

To prove this result, we first require the following trivial lemma:

Lemma 5.13. Suppose that the coefficients a, € R, n € N¢, satisfy |a,| < n=2k—171 =

H?:l nj_%_l_l, where | is the number of equal values c(r). Then

-1 d
Z H(V[ij]);ﬁsjan < N2UTI=kd) - phere n = (m(s1), . .., m(sq)).
[8]cc=0J4=1

Proof. Using (5.15) and elements of the proof of Theorem 5.5, it is easily seen that (V[if] )T_JIS] =
O (N?rit+1) | The result now follows immediately.

O

Proof of Lemma 5.12. We first establish this result for ¢ = (1,2,...,d). In this case, we write

g[z] _ Z H V[Z]] rj,s 1 where n = (m(s1),...,m(sq)).

Isloo=0J=1

We now prove this result by induction on d. For d = 1, the result follows immediately from
Theorem 5.5. Now suppose that the result holds for d — 1. We first construct the subtraction
function ki SO that gp - interpolates those odd derivatives of h on the boundary I' with
indicesr =k, k+1,....,k+ K — 1, where 2K <[+ 1. It follows that

B = g e+ RUL, (5.35)

where
d .
R = [ ()R DF R,
j=1

Note that \Rq[i] [h]| < n~2~171 In particular, if n; = m(r;) for j = 1,...,d, then ]RB] [h]] <
N~(k+4Dd The bound

k-1 d
Z H(V[ij])*l RUR)| < N2(ri=kd)
r5,8;%n ~ )

Isloo=07=1

now follows immediately from Lemma 5.13. Hence, to establish the result, it suffices to

consider the term
d
[i]
H V[Zy] Twsj 9% -
7j=1
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By definition, the subtraction function gj, , is a sum of separable functions of the form g(x) =
g1(z4)g2(xq), where u € [d] with |u| < d and g; € H2AHA1(—1 1)lvl| gy € HERHAT (1 1)d-lul
(see Lemma 5.21). Hence, applying the induction hypothesis to the functions gi, go gives

d

k—1
S 0= X [0kl S [l

|5‘oo:0j:1 |5u|oo—0.]€u |Su‘oo—0.7€u
2(|ru|—k 2(|ral—klal) — ar2(|r|—kd
< N2rul-klub) p2(ral e — p2(rl-ha)|

which completes the proof in the case t = (1,...,d).

Now suppose that ¢ € [d] is arbitrary. The corresponding result is proved in an almost
identical manner. Once more, we use induction on d and write A as in (5.35). As before,
|R%] h < N_(2k+l+1)|t‘ﬁg%*2. Hence, an application of Lemma 5.13 gives the requisite
bound for this term.

To bound the contribution of gk x> We again write gp - as a sum of terms g(z) =
91(4)g2(xz). The induction hypothesis therefore gives

-1 /\[1] < 2(\7"mu—k|tﬂu\)——2k 2 2(|rmu—k|tﬁu|)——2k 2
Z H T]?‘SJ N u\t N u\
|sloo=0 JEL

2 —k|t]) = —2k—2
— N2(rl-Kihp-2k-2,

as required. ]

Lemma 5.12 may appear somewhat abstract. Yet, its relevance will become apparent in
due course. Returning to Eckhoff’s method, we now require the following:

Lemma 5.14. Suppose that t € [d], r; € {0,... .k — 1} nze {0,...,N — 1}'5‘ and

En 1= Z (Alfl,nﬁ[f]— )Hprj[”], (5.36)

U€[d] |7\ t]0c=0 jEuU\t
tCu

where the values Awmf[f] are the coefficients of Eckhoff’s approximation. Then

Z [Tvi,eld, 11=-> Z Al il ne My, e {01} (5.37)

|st]co=0 jEL w€[d])* |Su|oo=0
tZu

Proof. Consider the right-hand side of (5.31). Using the expansion (5.4) gives

=2 Z Al flpeid + > Z AP e ne My, ie {0, 1%

u€ld] |suloo=0 u€ld]* |su|oo=0
tCu tZu

Equating this with (5.33) and rearranging yields the result. O
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The terms Er[,?,ng[ f] may, at first glance, appear obscure. However, as the following lemma
attests, they play a fundamental role in the analysis of convergence of Eckhoff’s approximation.
Before stating this lemma, we first mention that, to estimate the convergence rate of the
multivariate Eckhoff approximation Fy j[f], it suffices to consider the difference F3 . [f] —
Fnk[f], where Fy , [f] is the approximate polynomial subtraction approximation introduced
in Section 5.4 (see Theorem 5.11). In view of this, we have

Lemma 5.15. The difference Fy ,[f](x) — Fnx[f](x) is given by
Figlf1(@) = Fr el fl(2)

S Y Y Y e ol o) [T {ph @) = Fulpr () } - (5.38)

i€{0,1}4 te[d] |7t |oo=0 |nf|oo=0 jet

Proof. We may write

Nx[f1(@) = Fnelfl(@) = hi(z) = Fn[he](2), (5.39)

where hy, is the smooth function

k—1
Sy Yy ¥ (A, 11 = AL, (1) pE) (o) ol ).

1€{0,1}2 te[d] |r¢|oo=0 |nf|cc=0

To prove the result, it suffices to demonstrate that the right-hand sides of (5.38) and (5.39)
have equal modified Fourier coefficients for all indices i € {0,1}% and n € N&. It is readily
shown that both have vanishing coefficients whenever n € Iy, so we consider the case n ¢ I.
In this setting, there is some u € [d] such that n; > N whenever j € v, and n; =0,...,N —1
otherwise. Using identical arguments to those used to obtain (5.33), it can be shown that the
coefficient of the right-hand side of (5.39) is

k—1

A[’L} — iy, 7

P = 3 Bront € 0 1F): (5.40)
|7’u|oo:0

We now consider the corresponding coefficient of (5.38). For each t € [d], due to the function
k’?, we must have u C t; otherwise, the corresponding term vanishes. However, due to the
product, it follows that ¢t C u. Hence, ¢ = u, and the modified Fourier coefficient of (5.38)

reduces to (5.40), completing the proof. O

We are now in a position to provide analysis for Eckhoff’s approximation. Somewhat
counterintuitively, we first perform our analysis for a function f that satisfies the first &
derivative conditions. This is the content of the following two lemmas. The general case is
the verified upon writing f = (f — g7) + g, where gf interpolates the first £ odd derivatives
of f on the boundary I'.

Lemma 5.16. Suppose that f € H2k+l+1(ﬂ) satisfies the first k derivative conditions and

that E,U,n{[f] is given by (5.36). Then 87[1]7n5[f]| S N2(rel=klthp - 2k=2
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Proof. Since f obeys the first k derivative conditions, Aq[}lnf[ f] =0 when ¢ # (). Hence

Z [Tviei, 1l = —Ad[f), neMy, ie{o1)

‘stloo—o _]Et

Since AL? [f] = f,[ﬂ in this case, an application of Lemma 5.12 now yields the result. O
We are now able to provide an error estimate for such a function f:

Lemma 5.17. Suppose that f € H2*HF1(Q) obeys the first k derivative conditions, where

mie

is the number of equal values c(r), and that Fy [f] is the multivariate Eckhoff approzimation
of f. Then IDA(f = Faplflloo is O (NWPl==2571) for |Blog < 2k and ||(f = Fnx[f])llr is
O(N"—2= )forr—() 2k + 1.

Proof. Tt suffices to consider the difference ]:]‘{,k[ f] — Fni[f]. Using Lemma 5.15, the bound

derived in Lemma 5.14, and the fact that H(p[ﬁ} —FN [p[ri]])(s)Hoo =O (N*271), ;5 € Ny (see
(5.18)), we deduce that

ID(F3y ] = FavlNlloo

SY Y Y Y (el o

AN
(R
16{0 1} teld] \Tt|oo*0 [n§loo=0

< Z kz% Z —ﬂt 2k— 2N 2(|rt|—k\t|)HNBj—2rj—1

teld] |rt] oo =0 |n7|0c=0 jEt

(e o]

—2k—2
nli <n 2 . Hence

Since |8l < 2k, we have 7y

ID(FR il ] = FrvilDlloe S Z N2l I NP2l =20 g P28,
te(d]

which gives the result for the uniform error. The result for the H"(£2) norm is established in
an identical manner. O

With this in hand, we are able to deduce the main result of this section:

Theorem 5.18. Suppose that f € H2*H+1(Q), where | is the number of equal values c(r),

miz

and that Fn ;[ f] is the multivariate Eckhoff approzimation of f. Then IDA(f — .7-"N7k[f])Hoo
is O (NPlo=2k=1) for |8 < 2k and ||f — Fnxlf]lly is O(NT2*~ ) forr=0,...,2k+ 1.

Proof. We proceed by induction on d. Since the univariate result has been proved, we assume
that the result holds for d — 1. Suppose that gj is the exact polynomial subtraction function
(5.21), so that f — g; satisfies the first k derivative conditions. Writing f = (f — g7) + g},
and using the linearity of Fy j[-], it follows from Lemma 5.17 that it suffices to consider the
difference g5 — Fn k[95)-

The function g is a finite sum of functions h(z) of the form hy(x¢)ho(xf), t € [d], |t < d,
where hy € H2*HA1(—1, 1)l and hy € H2KHA1(—1,1)Hl. Using linearity once more, it is
sufficient to prove the result for h. In the usual manner, we consider the difference F5, plh] —



5.6 Analysis of Eckhoff’s method 151

2N
S
S2527 Jkﬁ
SZ5<Z e
e e i o i

27525 e s e B o o e g .

s, £
7= o
LA &5 -
EATSZZTET ) ST
= 7

2=
S22 5K
e e Y T,
ST
55725 £
~<Z5 77

/a

Figure 5.5: Pointwise error |f(x1,22) — Fask[f](x1,22)| for —1 < x1,29 < 1 (top row) and —% <
x1, 22 < § (bottom row), where Fy ;[ f] is Eckhoff’s approximation based on values m(r) = N +r and
f(z1,22) = (1 — cosxq) sin 3xs.

Fnklh], where Fy  [h] is the approximate polynomial subtraction approximation of h. A
simple argument verifies that

Nilh] = FRplha] Frplhol, - Fwlh] = Frplha] Fe(hel-
Noting that a1by — agby = (a1 — a2)by + aa(by — be) for arbitrary a1, ag,b1, b2 € R, we write
Nalh] = Fnglh] = (FRplha] = Faplha]) Fiplhel + Fvgelha] (FNglhe] — Favrlha]) -
By induction
HDBt (Fioglha] — ]:N,k[hll)Hoo < NPrleo=2k71 HDﬁtFN,k[hl]Hw S
[ D% (Fsaliel = Frealhal)| s N2t DSz )| S 1
Hence

HDB (]:]%,k[h] - fN’k[h])Hoo S N\Bt|oo—2k—1 + NW{“’O_Qk_l 5 N\ﬁ|oo—2k—1’

as required. The result for the H"(€2) norm is verified in an identical manner. O

As in the univariate setting, we arrive at the following conclusion: approximating jump
values with Eckhoff’s method does not lead to any deterioration in the convergence rate. In
Figure 5.5 we demonstrate the benefit offered by the bivariate version of Eckhoff’s method.
For the function considered, we obtain 13 digits of accuracy using only k£ =4 and N = 25.

Once more, additional smoothness is required for the multivariate version of Eckhoff’s
method over approximation by polynomial subtraction unless the values ¢(r), r =0,...,k—1,
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are distinct. However, as we consider next, there is an advantage to choosing equal values
¢(r): namely, a much faster convergence rate inside the domain €.

To sum up, a multivariate version of Eckhoff’s method can be easily developed for functions
defined on the d-variate cube. The resulting approximation attains a uniform convergence rate
of O (N *Qkfl) using only modified Fourier coefficients. In contrast to previous assertions
(see, for example, [62]), we conclude that Eckhoff’s method is not limited to functions of one
variable.

5.7 The auto-correction phenomenon

As established in Theorems 5.8 and 5.11, polynomial subtraction (both exact and approxi-
mate) has a convergence rate one power of N faster inside the domain than on the boundary.
It transpires that, for the specific choice of the values m(r) = N +r (as mentioned in Section
5.3.2), Eckhoff’s approximation possesses the much faster convergence rate of O (N _3k_2)
away from the boundary—a full O (N k) faster than the corresponding approximation based
on exact jump values. This auto-correction phenomenon was observed numerically in [129]
and proved in the univariate, Fourier case in [138].® The aim of this section is to extend
this result to the multivariate modified Fourier setting. Furthermore, we shall extend existing
theory of the auto-correction phenomenon in the following manner. We will establish that the
auto-correction phenomenon manifests itself not just in the convergence rate, but also in the
degree of convergence. In other words, as we shall prove, derivatives D?F, Nk f](x) converge
to D?f(z) away from the boundary T' for higher values of |3|s than those guaranteed by
Theorem 5.18 (i.e. |Bloc < 2K).

In previous sections, we noted that Eckhoff’s approximation decouples into terms corre-
sponding to each particular value of . The analysis of each term can be undertaken separately,
and, since each case is virtually identical, it suffices to consider only one particular value. For
the remainder of this section, we assume that f has only non-zero modified Fourier coefficients
when i = (0,0, ...,0). Accordingly, we drop the [i] superscript.

Since uniform convergence of Eckhoff’s approximation on € is assured by Theorem 5.18,
we may write

f@) = Faplfl@) = tnon(z Z 3 Z indn(z), E€Q, (5.41)

ngly ”Jgiv [n¢loo=0
J

where v(z) = f(z) — gr(x) and g is given by (5.28). Following the same method of proof
as in [138], we first seek to expand the right-hand side of (5.41) using the so-called Abel
transformation. Given a sequence a,, € R, m € N, we define the operator A, ,, 7,n € N, by

AO,n[am] = An, Ar+1,n[am] = A1”,71[am] + Ar,nJrl[am]a r,n e N.
It is easily seen that

Dralam) = < Z > anss, T, EN. (5.42)

s=0

8The version of Eckhoff’s method based on discrete Fourier data also exhibits an auto-correction phe-
nomenon. In fact, the phenomenon is more pronounced in this case: the convergence rate away from the
endpoints is a factor of O(N2* 1) faster [139].
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Now suppose that a,, € R, m € N?. We write A%n, j =1,...,d, for the above operator
acting on the j™® entry of n. Further, given t € [d], r € NI and n € NI*l we define Af",n by

the composition of |¢| such operators:
t N t be)
Applam] = A5 5, [A%MQ [ . A”ﬁﬂ»”t\t\ [am]” .

It follows from (5.42) that

Tty )

t _ Tty Tt\t\
Ar,n[am] = Z cee Z ( s, > . ( Sty ) A(n4s;m)» (543)

Stlzo st|t\:0

where (n + s;m) has j* entry n; + s; if j € t and m; otherwise.

Before using this transform, we need some additional notation. Given z,y € R%, we write
x.y for the dot product x1y1 + ...2z4yq, and, if y = (¢,¢,...,c) has equal entries, just x.c.
Moreover, given u € [t]*, r, € N'Ou‘ and k € No, we define (ry; k) € Ng | by the condition that
the " entry of (r4; k), which we write (ry; k);, takes value 7; if j € v and k otherwise.

Lemma 5.19. Suppose that g € HL (Q), t € [d] and that x € Q. Then, for k € Ny and

= miz
It

ng € NO|, we have

> Gntn, (21) =

TLJ‘ZN
JEL
Re { Z Z elﬂ'xu.(N—l) H(l + e—lﬂ'CL‘j)_(Tu;k)j—l Z Ai(fru;k+1),(nﬂ;N) [gm]elﬂ'nu.xu}’
well* ruloo=0 jet SN

JjEU
where (ng; N) € Ng' has j™ entry n; if 7 € u and N otherwise, and the values mg = ng.

Proof. We proceed by induction on |t|. Suppose first that |t| = 1 and, without loss of gener-
ality, that d = 1. The verification of the lemma in this case is standard (see also [138]). We
have

D ™™ = (Arnlgm] = Gnir) €

n>N n>N
_ Z Al,n[gm]einﬂ—x _ e—i7rx Z gneinwm +9Nei(N—l)7r:v‘
n>N n>N
Rearranging gives
) ei(Nfl)wm 1 )
A~ inmr ~ A (ainTE
Z In€ T1x e_imgN + R Z Al,n[gm]e )
n>N n>N

which provides the result for £ = 0. Iterating this process yields the result for general k.
Now let t € [d] be of length [t| > 2. Write t = (t1,t2,...,t)) and 7 = (t2,...,t)) € [d].

Then
Z gn(bnt(xt) = Z ¢nt1 ($t1) Z gngbnT(xT)

n; >N ng, >N n; >N
JEL JjeT
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By induction hypothesis, we have

Z gn¢nt JUt =Re Z emtlﬂmn{ Z eim:u.(N—l)

n; >N ng; >N ug[r]*
jet

k
< 3 [asemy it 3 Wl),(nu;m[@m]el””“'“}

Fuloo=0jET n;>N
JjET

—Re § : elwxu (N-1) E : H 17rx] —(rusk)j—1
ue(T]* [ruloo=0JET
§ imng.Tg 2 : ing, Tt ~

X el T4 el 1 A(Tu;k‘-l—l),(na;N) [gm] (544)

HJZN TLtIZN
JEU

Using the result for [t| =1 gives

Z emtlﬂxtl ATru,kJrl) (nasN )[gn]

nt1>N
k . .
= Y eI )T IAL AT i ]
r¢; =0
—ir —k— T ~
+ > ey AL AL e el (5.45)
ntlzN

Substituting (5.45) into (5.44) now completes the proof. Note that if v € [t]*, then either
v € [7]* or v = (t1,u) for some u € [7]*. The two terms of (5.45) correspond respectively to
these scenarios. O

The crux of the auto-correction phenomenon is the following trivial observation:

Lemma 5.20. Suppose that v = f — gi, where gy is given by (5.28), and that m(r) = N +r,
r=0,...,k—1. Then AL, [0m] =0 for all [rioc <k =1, |nt]oo, |Milec < N and t € [d].

Proof. Since v, =0 for |n|ooc < N + k — 1, the result follows directly from (5.43). O

We may now re-write (5.41) as

f(x) = Fnilf Z Z Py (2) Pz (7)) (5.46)

t€ld] [ngloo=0

where hy, () is obtained from the expansion derived in Lemma 5.19:

B (24)

{ Z Z elrrmu H(l_i_efmxj (rusk);j—1 Z Tl“k—i-l nmN)[@m]eiﬂnu.xu}.

UE[]* |Pu|oo=0 jEt n;>N
JET
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Consider the term of h,,; corresponding to u = t separately. This is
17rxt (N-1) Z H —17mzj 'r’j—lAit’ [A ],
|7’t‘oo*0 JEt

where we write Aﬁh n instead of the full expression Ait,( N,N,...N)" By Lemma 5.20, all terms
of this expression where || < k are zero. Hence, we define

Hp () = ooe 0% 7 TT(1 4 e7™0) 707 AL i), (5.47)
|rt\oo—k ]Gt
and
k _ .
Cngwr) = D { > e DT (L 4 i) (ks
ue[t]* [7u]oo=0 JEt
uFt
x Z Afru;kﬂ),(nu;m[@m]ei””“'x“}, (5.48)
n;>N
JEU
so that the function h,, may be expressed as hy,(z;) = Re {G 1) + Hy (4 } To derive

an estimate for the error f(x) — Fy x[f](z), we first require bounds for the functions Gp; and
H,,;. We derive such bounds in the sequel. First, however, it is useful to consider the case
d = 1, to demonstrate elements of the multivariate proof. This is given in a similar form in
[138].

5.7.1 The univariate case

Using (5.41) and the characterisation given in Lemma 5.19 with ¢t = (1), we may write

f(@) = Faplfl(@) = ) tndulx)

n>N

k i(N—1)rz 1
© 3 ~ inTx
= Re { Z WAT,N[U m] + W Z Apy1nlOmle

r=0 n>N

In light of Lemma 5.20, A, y[0p,] =0 for r =0, ...,k — 1, so this reduces to

ei(Nfl)mr 1
f('r)_]:N’k[f](x):Re{(l_i_e—iwx)k-i-lAka[ﬁ ]+W ZAk—‘rln[ }emwx}
n>N
= Re [H(z) + G(z)], (5.49)

where G(x) and H(x) are the univariate versions of G,; and H,;. Note that for d = 1 there
is only one ¢ € [d], namely, ¢t = (1), and trivially ¢ = 0.
We seek bounds for G and H. To do so, we require the following two lemmas:
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Lemma 5.21. Suppose that h € L?(—1,1), r € Ng and n € Ng. Then

—

. QT[hLH% T even

Ar,n[ m] = —

gr[h]M_% r odd

where G,[h](z) = 27" (cos 2mz)"h(z) and G, is the coefficient of a function g corresponding to

the Laplace-Dirichlet cosine function cos(n — 3)z.

Proof. We proceed by induction on r. For r = 0, the result is trivial. Now suppose that the
result holds for » — 1. From the definition of A, ,[-], we have

~ ~ ~

Ar,n[hm] - Ar—l,n[hm] + Ar—l,n—l—l[hm]

1
=270 [ cos bma)"ho) feos(n + §(r — ))ma + cos(n + 1+ §(r — 1))mr} da
-1
1
—277 [ (cos o) h(a) cosn + mada,
-1
as required. =

The function G,[h| has the following property, vital to our subsequent analysis:

Lemma 5.22. Suppose that h € H?**7(—1,1) obeys the first k Neumann derivative conditions
RZstD(+1) = 0, s = 0,...,k — 1. Then G,.[h] obeys the first k + 5 Neumann derivative
conditions (2.12) if r is even, and the first k + "5 Dirichlet derivative conditions (2.14)
otherwise.

Proof. This follows from the definition G, [h](x) = 27" (cos 372)"h(z), Leibniz’s rule, and the

fact that all even derivatives of cos %77:10 vanish at x = £1. O

Corollary 5.23. Suppose that h is as in Lemma 5.22. Then |App[hp]| < =262,

~

Proof. This follows immediately from Lemmas 5.21, 5.22 and standard properties of Laplace—
Neumann and Laplace—Dirichlet coefficients. O

We are now able to provide bounds for G(z) and H(z). We have

Lemma 5.24. Suppose that f € H3 D (=1,1) and that G(z), H(z) are as in (5.49). Then
|G ()], |H(z)| £ N73k=2 uniformly for x € (—1,1).

Proof. If v(z) = f(x) — gr(z), then

N
—_

k+K—1

(Alf) = Al ) B+ D Adlflrn +0 (n726400) - (5.50)
r==k

<>
3
Il

Il
=)

r

where K € Ny, l =1,2 and 2(k+ K) +1 = 3(k +1). Hence

k— k+K-1

Donlin] = 3" (Alf) = Alf) Danlfr] + 3 Alf)BunlBr] +0 (n72HH01)

=0 r=k

[y

<
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Using Theorem 5.5 and Corollary 5.23, we obtain
k—1
|As n[@m” < Z N2(r—k)ﬁ—2r—s—2 + ﬁ—Qk—s—Z + ’fl_z(k+K)_l.
r=0
Now, if k is even, we set 2K = k + 2 and [ = 1. Conversely, if k is odd, we define 2K =k + 1
and [ = 2. Substituting such values into the above expression, we obtain
D N[Ol S N2 A a[om]| SN 072 n> N
Recalling the definitions of G and H given in (5.49), this give the result. O

A proof of the univariate auto-correction phenomenon now follows immediately:

Theorem 5.25. Suppose that f € H3*TD(—=1,1) and that Fy [f] is the univariate Eckhoff
approzimation based on the values m(r) = N+r, r=0,...,k—1. Then f(z) — Fni[f](x) is
O (N—3%2) wniformly for x in compact subsets of (—1,1).

5.7.2 Bounds for G, and H,,

With the univariate result to hand, we now return to the multivariate case. To derive bounds
for Gy; and H,,;, we commence with the following preliminary result:

Lemma 5.26. Suppose that t € [d]|, 1 € N‘Oﬂ, 2K > k + 1 and that the function h €

Hig§+K)+1(Q), satisfies the first s; < k derivative conditions in each variable x;, j = 1,...,d.
Then
d
il 7 I =i
j=1 jet

Proof. This result follows immediately after applications of Lemmas 5.21, 5.22 and Corollary
5.23 in each variable z;, j € t. O

With this in hand, we may estimate the functions G,; and H,;. For the latter, we have:

Lemma 5.27. Suppose that f € Hmfﬂ)(Q). Then the function H,,; defined by (5.47) satisfies
|Hng Ty ‘ < N73k—2p n; 2 uniformly for x; in compact subsets of (—1,1)4.

Proof. Forn € Ng with n; > N whenever j € tand n; = 0,..., N —1 otherwise, the coefficient
v, satisfies

k—1 k—1
S EamilfPsim + D D AsmslflPen,- (5.51)
[$t]co=0 vE[d]* |sv|co=0

tZv

We now substitute the two terms of (5.51) into the definition of H, given by (5.47) and
consider them separately. For the first term, we have

Art N [58t7n{[ﬁﬁs\mt] = ESt,nf[f]Ait,N [ﬁs\mt] = ESt,nf[f] H Aij,N[ﬁs\jnj]'

jet
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Using Lemmas 5.14 and 5.26, we obtain the bound

‘Art N [85t7n5[f]ﬁ;nt:|‘ 5 N2(\St\oo*k) HNfQijrijﬁE—Z 5 N72k7|7‘t\72\t|ﬁg—2.
jEt
Since |r| > |ri|eo = k and |t| > 1, this gives the required estimate for the first term.

Now consider the second term of (5.51) substituted into (5.47). For v € [d]* with ¢t Z v,
either (i) v Nt # 0 or (ii) v Nt = 0. Consider case (i) first. We have

AL [Asems [F1mn] = DR 0 s mo ATy [Poun ]

Tt\v>

Since As, n,[f] = By, where h is a function of z; that obeys the first k derivative conditions,
we may apply Lemma 5.26 to give

28 —1;—2 H 2k—rj—25 =250\t =25 —2k—2

H N N v\t th
jEtNU jEt\v

< N—|rt|—2\mv|—2(k+1)(\t\v|)ﬁ{—2 < N—sk—QﬁE—g

|AT75, [Asvynv psv nv

Here the final inequality follows since, by assumption, |t N v|,|t\v| > 1. Now consider case
(ii). Since t Nv = (), we have

Aity [A5U7n5 [f]zi;: nv] ATt N I:AS’Uyn’D [f]] an .

Using Lemma 5.26, we obtain

HN—Tj—Qk 2 H ——2]6 QH— 2sj—2

JEt j¢vUt JEVU
5 N_‘rtloo_Qk_2ﬁg2 S N_Sk_2ﬁ52.

‘Arm [Asvanv psv nv

This completes the proof. O

Next we derive a bound for G;:

Lemma 5.28. Suppose that f € HW];JFI)(Q). Then the function Gy, defined by (5.48) satisfies
|G ‘ < N=3=232 uniformly for x; in compact subsets of (—1,1).

Proof. Since z; € (—1, 1)“', it suffices to bound

k
Z Z Z ‘Afru;kﬂ),(nﬂ;zv)[@m]v (5.52)

uE[t]* |ruloo=0n;>N
uFt JEU

by N‘3k_2ﬁf_2 (where miz = ng). To do so, we substitute the two terms of (5.51) into (5.52)
and consider them separately. For the first term, we have

Z Z Z Z ‘ (ru;k+1),(ng;N )[gsun{[ﬂﬁs\tnt] .

UE[E]* |Puloo=0m;>N |st|occ=0
uFt JjEU

(5.53)
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Since u C t, we observe that

AEka‘i‘l)v(”ﬁ;N) [gstvnf[f]l/)s\tnt] = stvnt H AT] N[psﬂn H Ak'i‘l M [pSJn ]

J€Eu jEt\u

Using Lemmas 5.14 and 5.26, we deduce that

5 N2(|st\w—k)ﬁ£—2 HN—QSj—T’j—Qﬁ/EQSg—kJ—ig'
JjEu

‘ Afru§k+1),(na;N) [gstmf[f]ﬁs\tnt]

Substituting this into (5.53), we obtain

> Y Y Y

UE[]* |ruloo=0m;2>N |st|0c=0

(Tu,k+1 (na;N) [pstmgst»"t [f]]

uFt JEU
2(|st —28;—r;j—2-—2-—255—k—3
S Y N T el [t
UE]* [ruloo=0m;2N |s¢t|co=0 J€Eu
uF#t JjEU
ﬁf_2 § : § : § : N2(\st\oo HN723j7Tj72 H N72s]'7k72
UE[H]* |ruloo=0|5¢|0c=0 jeu JEt\u
uF#t

k
——2 —2k—|ru|—2|ul—(k+2) ([t|—|u|) —3k—2--2
S g Z Z N (e SN g s
u€[t]" [rufoo=0
uFt

as required. Here the last inequality follows by noting that |¢| — |u| > 1.
We now consider the second term of (5.51) substituted into (5.52):

Z Z Z Z Z ‘ (ru;k+1),(na;N) [-Asv,nv[f]psvnv} :

VE[]* |Sv|oo=0 UE[t]* |Tu|cc=0n;>N
tZv uF#t JjEU

(5.54)

As in the proof of Lemma 5.27, we split this into two cases: either (i) vNt # 0 or (ii) vNt = 0.
Suppose that we consider case (i). Since v Nt # (), we have

AIETu;k+1),(na;N) [ASU,TL{) [f]ﬁs\vnu] = Al(t’/r‘fmv;lc—f—l),(nﬁnv;]\/) [ﬁs\vnv] Al(tﬁfmg;k—i-l),(namﬁ;N) [-Asv,ng [f]] .

Note that
tNv 28;—r;—2=—25gnv—k—3 = *23v\t 2
‘A("‘uﬁmk‘f'l),(namm psvnv H N %77 Uﬁ?)u v U\t )
jEuﬁv
Furthermore
e 2k—1;—25 —3k—35 —2k—2
‘A(Tuﬂ’f};k+1),(nﬂﬁ{);]v)[ sv,nu ‘ H N~ e nm )

JEUNY
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Combining these two estimates yields

Byt r) Powmel )

—2s;—r;—2 —2k—r;—2—-—28gnv—k—3 - —3k— 3—72
S H N 7 H N J nﬂﬂvu Y Ngny nt

jEuUNY jEUND

Hence

Z > Z 7 AL ey [Aseno[f1Bon,]

[$v]oo=0 uE[t]* |Tu]oc=0n1;>N
uF#t

JEW

k—1

IDSIDIR | LS |
|sv|00:0 ue[t]* ‘Tu|oo:0 JjEuUNV JEUNY

uF#t

% H N—Qsj—k—Q H N_gk_2ﬁt2}

jEuUNV JjETUND

S Z N—Z(k—H)\uﬁi\N—(k+2)|ﬂﬂv|N—(3k+2)\ﬂﬁﬁ\ﬁtj2

u€Elft])*

uFt

We claim that this term is < N _3]“_27_7{2. For each u, we have two possibilities: either
uNv#Porunov=0. If unv # 0, then the result follows immediately. Now suppose that
aNv=1. Since t v and u C t, we have

D#£tNo=(aNd)U(unod)=0U(uNvd)=uNa.

Similarly, since u # t, it follows that @ # 4 = (u Nv)U(a N o) = aNv. Hence, uNv,aNv # 0,
and the result follows in this case. This completes case (i).
Next, consider case (ii). Since v Nt = (), we have

—~

At 1), nain) [Asona FlPsun, ] = Dlowir1) (nasn) Asons 1] Poun, -

In the standard manner, we obtain

SHN—QI@—T] 2— 3k—3-—2k— 2— —25y—2

A7E?‘u;lerl),(na;N) [Asv MG [f]ﬁs\v nv] n*\t Ny

JEU
S N—Z(k+1)\u|—|ru|oo 771,53/6—375;2.

Hence
k—1 k
~ —3k—2-—2 —3k—2-—2
Z Z Z Z ‘ Eru;k—i-l),(nﬂ;]v) [.Asv,n@[f]psmv] SHN ni SN n{ ,
|sv|co=0 u€[t]* |ru|co=0n;>N jen
u;ét jEeu

where the final inequality follows, since |u| > 1. This completes the proof. O
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(z1,22) N =10 N =20 N =30 N =40 N =50
(1,1) | 4.958 x 1078 | 1.307 x 10710 [ 3.799 x 10712 [ 3.022 x 1013 | 4.202 x 10~

(—1,—1) | 6.341 x 1078 | 1.372 x 10710 [ 3.723 x 10712 | 2.861 x 1013 | 3.898 x 10~
(5,2) [1.189x 10712 [ 4.293 x 10715 | 2.039 x 10719 | 4.673 x 1071 | 1.485 x 10~
(0,0) [ 9.542 x 10713 | 1.885 x 10716 | 9.473 x 10719 | 2.037 x 10=%° | 1.002 x 10~2!

Table 5.1: Pointwise error |f(z1,z2) — Fnx[f](x1,22)| for various values of (x1,z2) and N, where
k=4 and f(z1,22) = (e3I1 + e_‘k”l) (sin S5xq + %) Results to 4 significant digits.

5.7.3 Analysis of the auto-correction phenomenon and numerical results

We may now prove the key result of this section:

Theorem 5.29. Suppose that Fy i[f] is the multivariate Eckhoff approzimation of the func-
tion f € H3(k+1)(§2) based on the values m(r) = N+r,r =0,...,k—1. Then f(x)—Fni[f](x)

mix

s O (N_?’k_Q) uniformly for x in compact subsets of €.

Proof. Substituting the bounds derived in Lemmas 5.27 and 5.28 into the expansion (5.46)
immediately yields the result. O

Though the analysis in this section was carried out for the approximation based on cardinal
polynomials, it is a simple exercise to extend it to the general subtraction bases described in
Section 5.2.1. Hence, we have established the existence of an auto-correction phenomenon for
arbitrary dimension d and arbitrary subtraction basis q,[ﬁ 9

For general values m(r), it can be shown (by identical methods) that an auto-correction
phenomenon is present, provided the first [ < k values are chosen so that m(r) = N + r,
r=0,...,l—1. In this case, the convergence rate away from the boundary is O (N_%_l_Q). In
particular, if m(0) = N, as is the case with the choices (5.19) and (5.20), then the convergence
rate is O (N_Qk_3).

The univariate auto-correction phenomenon was demonstrated numerically in Figure 5.2 of
Section 5.3.2. For the particular choice of function and parameters, the error at the endpoints
is roughly 1078, Conversely, in the interval [—0.5,0.5] this value is much smaller, approxi-
mately 10~!2. In Table 5.1, we present numerical results for the auto-correction phenomenon
in the bivariate setting. Once more, we observe that the error inside the domain is much
smaller than on the boundary. In particular, at the two points sampled inside the domain,
machine epsilon is achieved with & = 4 and N < 30. Another bivariate example is considered
in Figure 5.6. This figure also highlights that the convergence rate is slower on the whole of
the boundary, not just at the corners, as may be expected.

Numerical results aside, the theory of the auto-correction phenomenon warrants further
scrutiny. It is now apparent that Eckhoff’s method offers a significantly faster pointwise con-
vergence rate away from the boundary. Standard arguments demonstrate that this conver-
gence rate is not uniform in Q. For example, consider the univariate scenario. If xy = 1 — %,
then using the expression (5.49), the fact that e ™ = —1 —izN~1 + O (N*2), and the esti-
mates of Section 5.7.1, it follows that f(zn) — Fni[f](zn) = O (N~2*=1). This observation

9Incidentally, the auto-correction phenomenon is also exhibited by the error f — Fi x[f] measured in the
L? (€') norm, where ' is some set compactly contained in 2. This has been studied in the univariate, Fourier
case in [138]. The extension to the multivariate, modified Fourier setting is straightforward.
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8.x 1073} 25%1072F

—121
6.x 1072} 2x10

15x 10712

4.x10780
1.x 1072

-13[
2.x10 5.x 1073}

-1.0 —05 0.5 1.0
25x 10717k

2.x107Y}

15x 1071k

1.x10°YF

04 02 02 04 . . 02 04 04 -02 02 04

— Fos 4l fl(z,v0)|, where f(z1,29) = 23 cosh 3z1 cos 2z sin 3z,
for =1 <z <1 (top row) and —3 < = < 3 (bottom row) and yo =1, 2, 1 (left to right).

not only verifies the nonuniformality of the auto-correction phenomenon, it also establishes
quasi-optimality of the uniform error estimate of Theorem 5.18.

Since the auto-correction phenomenon concerns faster convergence inside the domain, it is
worth examining whether or not this corresponds to a higher degree of pointwise convergence:
in other words, whether higher-order derivatives of Fy j[f] converge to the corresponding
derivatives of f. Uniform convergence of any partial derivative with index |8l < 2k is
guaranteed by Theorem 5.18. However, as we assess in the next section, pointwise convergence
away from the boundary occurs for any derivative § of the increased order |f|o < 3k + 1.

5.7.4 Degree of convergence of Eckhoff’s approximation

We consider the univariate case. For the sake of simplicity we also assume that f € C>*[—1,1]
throughout this section. Simple adjustments can be made to address functions with lower
regularity.

Recall that

f(&) = Fnilfl(z) =Re Y 9, =Re [H(z) + G()],
n>N

where H(z) = e™N=D2(1 4 e7im) =k A} y[d,] and

Glx) = (1+ ™) 040 S A e,
n>N

We wish to estimate the ['" derivative of f(z) — Fyx[f](z) for | € Ng and z € (—1,1).
Trivially, using the bound for Ay n[0,] derived in Lemma 5.24, we have

jHU) (a:)’ < NI=3=2 g e N, (5.55)

We now turn our attention to G(x). To attain a similar bound to (5.55), we seek an expression
for G that does not involve an infinite sum. This is given by the following lemma:
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Lemma 5.30. The function G(z) satisfies
(@) { G [0](2) = Fyyws1 [Griaoll(2)} & odd
Re [G(2)] = ]
(@) {Ger1 o)) = Fyy s 1 Gena ()} e even,

where the function Gyy1[v)(z) = 27+ (cos Snz)k+ly(z), ®(x) = (2cos dma) =K+, and Fy

and Fn are the Laplace-Neumann and Laplace-Dirichlet projection operators respectively.

Proof. Both cases are similar, so we assume that k is odd. In this setting, Lemma 5.21 gives
that Apy1n[0n] = gkﬂ[v]wr%. Hence

G(.I') _ (1 + e*iﬂ'ﬂ?)*(k*Fl) Z Ak+1,n[®n]einmﬂ

n>N
. _ Y ES — - k+1
_ (1+e 17r;r) (k+1)e i § :gk+1[v]n+k;1 el(n-i——2 )7r:v‘

n>N

+1

Since (1 + efi”)f(kﬂ)e_i%” = (2cos 2mx) =D it follows that

—

Re [G(z)] = (2cos 3mz) ~(E+D) Z Gk+1v],, cosnmz,
nZNJr%
which completes the proof. O

We next require the following standard lemma:

Lemma 5.31. Suppose that h € C>*[—1,1] obeys the first k Neumann or Dirichlet derivative
conditions. Then, for all | € Ny,

A0 (@) — (Fx)D(@)| $ N2 [30() — (Fn[a)D(@)| s NTHTL ae (<1,1),

respectively.

Proof. Both cases are identical, so we consider the former. If [ < 2k + 1, then the result
onllows immediately from Theorem 2.22. Now suppose that [ > 2k + 2. By assumption,
hn = Ag[h)(=1)"(nm) =272 + O (n=2k~*). Hence

N-1
‘h(l)(x) — (fN[h])(l)(a?)‘ < ‘h(l)(l‘)‘ + ‘Ak[h]‘ Re Z(_l)n(nﬂ>l—2k—2einwx 4+ Ni-2k=2
n=1
Now
N-1 . qi-2k—2 NZ1
Z (_1)n(nﬂ_)l72k72emﬂx _ i2(k+1)fl pp (_emx)
n=1 n=1

-2k ire\N—
_ 2kt d k2 eiwz(_elﬂjm) -1
d$l_2k_2 el 4 1 ’
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provided = € (—1,1). It is now readily seen that
N-1
Z(_l)n(nﬂ_)l72k726inﬂ'x g Nl*2k727
n=1

thus completing the proof. d

We are now able to provide a bound for G(z):
Lemma 5.32. The function G(x) satisfies |GY(2)] < N*=3%=2 for all | € Ny.
Proof. We write

T
L

v(@) = f(z) = ge(@) = ) (Alf] = Alf]) pr(2) + [f(2) — gi(@)],

\3
I
=)

where gf(z) = Zf;é A, [f]pr(x) is the subtraction function based on exact jump values. This
gives

k—1
G(x) —‘P(w){ > (Alf] = Alf]) Grralpr) (@) = F([Grsa [pr]] ()
r=0
+ (Gr1lf = gl (@) = Fn[Grir [f — gill(@)) } (5.56)

where Fp is either the Laplace—Dirichlet projector when k is even or the Laplace-Neumann
projector otherwise. Since f — gj obeys the first £ derivative conditions, the result now follows
immediately from Theorems 5.1 and 5.5, as well as Lemmas 5.22 and 5.31. 0

The key result of this section is an immediate consequence of this lemma:

Theorem 5.33. Suppose that f € C*[—1,1] and that Fy [f] is the Eckhoff approzimation
of f based on the values m(r) = N+r,r =0,...,k—1. Then (Fy[f])?) converges uniformly
to fO in compact subsets of (=1,1) forl=0,...,3k+ 1. Moreover, for all | € Ny, the error
fO@) — (Fuplf)O(x) is O (N73*2) for such a.

This theorem establishes the existence of a higher degree of pointwise convergence of the
univariate Eckhoff approximation. Using similar arguments to those given previously, we may
also furnish the multivariate version of Eckhoff’s method with an analogous result. We shall
not do this. Instead, we state:

Theorem 5.34. Suppose that f € C®(Q), where Q = (—1,1)%, and that Fy [f] is the Eckhoff
approximation of f based on the values m(r) = N +r, r =0,...,k —1. Then DB}"Mk[f]
converges uniformly to DPf in compact subsets of Q for |Blec < 3k + 1. Moreover, for all
B € Nd, the error DP f(z) — DO Fy i [f](x) is O (NBle=3k=2) for such x.

Aside from verifying a higher degree of pointwise convergence, these results demonstrate
the existence of a super-Gibbs phenomenon for (2k + 1) order derivatives of Eckhoff’s ap-
proximation. Consider the univariate setting. As demonstrated, the derivative (Fy x[f]) 2V
does not converge uniformly to f(2*+1) yet, away from the endpoints, the error f (2’““)(.%) —
(Fyrlf)EHD () = O (N="1). One facet of the standard Gibbs phenomenon is an O (1)
uniform approximation error, but a pointwise convergence rate of O (N *1) away from the
endpoints. Evidently, for Eckhoff’s approximation, this effect is far more pronounced. Figure
5.7 demonstrates this phenomenon.
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Figure 5.7: Top row: graphs of f®(x) and (Fas1[f])®(x) for 0 < = < 1 (left), i <z<1

(middle), and 2 < 2 < 1 (right), where f(z) = 2?sin5z + cos6z. Bottom row: absolute error

() = (Fas 1 [P ().

5.8 Eckhoff’s method and the hyperbolic cross

As in Chapters 2-4, a vast reduction in the number of approximation terms (and, as a direct
consequence, in the computational effort involved in forming the approximation) can be ef-
fectuated by replacing the full index set (2.33) in Eckhoff’s approximation by the hyperbolic
cross (2.41).1° There are two aspects of this. First, we replace the index set used in the op-
erator Fy[-]. However, to take full advantage of the hyperbolic cross, we also suitably amend
the subtraction function gi. Instead of (5.28), we employ the function

k—1 N—-1
ge@) =Y Y > > Al pi ()¢l (), (5.57)

iE{O,l}d tE[d] |rt|oo=0 |’n{|Q=0

where the expression |n|g = 71 ...74 is as in Chapter 2.!! The new function g satisfies the
conditions

Gl =i nem, (5.58)

where M, is the index set

M, = U {n:(nl,...,nd)eNd:nj:m(rj), rj=0,....,k—1,j€t, \n5\0<N}.
te(d]

The function g; and index set M}, differ from their ‘full’ counterparts (5.28) and (5.30) only
in the sense that |n7|~ is replaced by |nzlo. With these definitions to hand, we now construct

ONaturally, we could also consider the optimized hyperbolic cross (2.51) with similar results. However, for
simplicity, we use (2.41) throughout.

111 this discussion, as well as subsequent analysis, we revert to full generality once more, neither assuming
that the values m(r) = N +r nor that the function f has only non-zero coefficients for one particular value of
i € {0, l}d. Having said this, numerical results will be presented for the choice m(r) = N + r, in accordance
with previous examples.
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1072]107*| 1076 | 107® | 10719 | 1072 | 10714 | 10716
1] 121 | 1521 | 31329 | — — — — —
89 | 513 | 3053 | 17461 | 97241 | —
2| 49 | 121 | 561 | 1849 | 10201 | 60025 | — —
49 | 105 | 297 841 | 2269 | 6269 | 17501 | 48485
31 81 | 121 | 169 441 | 1225 | 3969 | 13689 | 47089
81 | 117 | 193 353 697 | 1333 | 2773 | 5585
41 81 | 121 | 169 289 529 | 1089 | 2401 | 5929
81 | 121 | 165 257 397 593 | 1005 | 1649
5| 121 | 121 | 169 289 361 625 | 1089 | 2025
121 | 121 | 169 273 329 493 789 | 1145

Table 5.2: Number of terms in the full (top value) and hyperbolic cross (bottom value) versions of
Eckhoff’s approximation required to obtain an accuracy of || f — Fnx[f]llcc < 107% for j =1,2,...,8
and f(x1,72) = e**1 (cos3xs +sin2xs) (the dash indicates where in excess of 100,000 terms are
required to obtain the prescribed tolerance).

the approximation Fy y[f] in the standard manner: Fy [f] = Fn[f — gx] + gk, where Fn[]
is the modified Fourier projection operator based on the index set (2.41).

We remark in passing that, when d = 2, there is no difference between the subtraction
functions (5.28) and (5.57). The only difference between the two resulting approximations
arises from the index set used in Fy[-]. However, for d > 3, the functions (5.28) and (5.57)
are distinct, leading to further savings in computational cost.

5.8.1 Cost reduction and numerical results

The operational cost of forming the hyperbolic cross version of Eckhoff’s approximation is
O (max{k?1 kYN (log N)4~1}). For k < N, this represents a significant reduction over
the full index set version, where the corresponding figure, as mentioned in Section 5.5, is
O (max{k‘”l, kKN d}). No specific techniques are required either: as in the previous case, we
repeatedly solve one-dimensional linear systems involving the matrix VU (or alternatively,
compute (V)= and use (5.34)).

In Table 5.2, we highlight the improvement offered by the bivariate version of this method.
For example, when & = 3, around 14,000 terms are required to obtain an error of approx-
imately 104 with the full index set Eckhoff method. The hyperbolic cross approximation
obtains the same accuracy using only 2,800 terms.

When d = 3, the improvement offered is more substantial. In Figure 5.8, we compare the
error of the full and hyperbolic cross versions of Eckhoff’s method applied to the function

f(x1, 29, 23) = (CL‘% cos bxry + % sinb — 2% cos 5)
x (cosh 2zg — cosh 1sinh 1) (z3sin 223 + § cos2 — sin2). (5.59)

For k = 3, using roughly 5,000 terms, the hyperbolic cross version yields an error roughly 10*
times smaller than the full version. For k = 4, the hyperbolic cross approximation obtains an
error of 10719 using only 1,500 terms. The full index set approximation does not reach this
value until the number of terms exceeds 6, 000.



5.8 Eckhoff’s method and the hyperbolic cross 167

1000 2000 3000 4000 5000 6000 10002000 3000 4000 000 €000 4 1000 2000 3000 4000 5000

Figure 5.8: Log error logyq || f —Fn k[f]|lco against number of approximation terms for the full (circles)
and hyperbolic cross (squares) versions of Eckhoff’s method applied to (5.59).

The combination of Eckhoff’s method and the hyperbolic cross yields highly accurate ap-
proximations comprising only a relatively small number of approximation coefficients. Figure
5.8 also demonstrates the advantage offered by this approach over the standard (k = 0) mod-
ified Fourier expansion. To obtain an accuracy of 1070 with k = 4 requires less than 2000
terms, whereas to do the same with the original approximation Fy|[f] would require in excess
of 102 terms—a completely infeasible value.

Key to the supremacy of the hyperbolic cross version over its full counterpart is that &
remains small in comparison to N. As k grows, the relative improvement lessens. Asymp-
totically, at least, the hyperbolic cross method will always outperform the corresponding full
index set approximation. However, for larger k, the function under consideration will often
be very accurately resolved before the onset of this regime. This effect is demonstrated in
Figure 5.8: when k = 4, as opposed to k = 2, the two graphs only begin to diverge once
the error is much smaller. Nonetheless, since no additional effort is required to devise the
hyperbolic cross version, its continued consideration is justified. However, it is only fair to
warn the reader that the relative improvement may not be as substantial as expected.

5.8.2 Analysis of the hyperbolic cross version of Eckhoff’s method

The framework introduced in Section 5.6 forms the basis for the analysis of the hyperbolic
cross version of Eckhoff’s method—a task we now pursue. As in previous cases, our intention
is to demonstrate that there is no deterioration of the convergence rate over polynomial
subtraction. To this end, we restate the following result, proved in Chapter 2:

Theorem 5.35. Suppose that f € H2F2(Q) and that Frklf] is the k™ ezact polynomial
subtraction approximation of f based on the hyperbolic cross (2.41). Then

d—1
2
’

_9L._3
1f = Ferlfll S N723(log N)
If = Fixlfllr SNTH75, p =1, 2k 41,

and |DP(f — Fi p[fDlloc S NP~ (log N)4 for |Bloc < 2.

As in the full index set case (Section 5.4), it is possible to introduce the notion of ap-
proximate polynomial subtraction based on the hyperbolic cross. However, since the resulting
approximation is not necessary to our subsequent analysis, we shall not pursue this further.

Our approach to analyse convergence is based on estimating the difference between the
full and hyperbolic cross versions of Eckhoff’s method. To this end, we write gi, Fn x[f] and



168 5. Accelerating convergence

g,];, F ]}(, i Lf] for the full and hyperbolic cross versions of Eckhoff’s approximation respectively.
Fundamental to this approach, and easily confirmed by a brief study of (5.31) and (5.58), is
that the coefficients fl[ﬁt]nt[ f] of g and gZ are identical. The sole difference between the two
functions is that we employ only those coefficients with |nzlo < N in the latter, whereas in
the former, we use all coefficients with |ng~ < N. We make use of this fact later. For now,
we first notice that

Frlf] = Flealf) = (o + Fylf — oul) = (ak = Felf — ol1)
—{Fnlf =gl = FRLF =l + { (o0 = ab) = Fhlge — o)}, (5.60)
where Fy[-] and FR[] are the modified Fourier projection operators based on the full and

hyperbolic cross index sets respectively. It therefore suffices to analyse each bracket separately,
a task we shall now perform.

An estimate for Fy[f — gi] — FE[f — gi]

Since
Fulf = gl (@) = FAIf = aul( Z > (M -all)ell@,  (.61)
[njo>N
we first seek an expression for f - gk.,[i]. By definition, for |n|s < N, we have
Boaiey Yy (A, 171 = AL 1) i)+ Al 1, (5.62)

teld] |rt|oo=0

where AE] [f] is the coefficient Arz,ni [f] corresponding to the tuple ¢ = (). In other words,

ISH

A[l] H [z]] kngfn'

Our task now is to derive an expression for fn — gk[z] based on (5.62), that does not involve

the values Art n;[f]. To do so, we first obtain an expression for such values in terms of modified
Fourier coefficients of f only. This is provided by the following lemma:

Lemma 5.36. The values ft?}nt[f] satisfy

k—1
Al? t+|u 'Lu [7'] [lu ]
A’L‘t],nf[f] Z l | ‘ I Z Z ] 7'u75uf(m(su) nu)pru\tn ii (563)
ue[d} |Tu\t|<>0—0 |su|oo—0
tCu
where (V[Z"])ru’su = Hjeu(v[ij});j{sj and (m(sy);na) has 7 entry m(sy) if 7 € u and ny,

otherwise.
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Proof. Trivial calculations based on (5.31) and (5.33) verify the result for |t| = d. Now suppose
that (5.63) is true for all tuples of length at least [ + 1, and let ¢ € [d] with |¢| = [. Then, in
view of (5.31) and (5.33), we have

k—1

Al — [iy, ]_ 1744 £l
rt,nt ]+ Z Z 'L’z]unu Proy, uiz Z v [t])”vst (m(st)ing)®

u€[d] |\ |0 =0 [8t]co=0
i
t£u
Since |u| > |t| + 1, we may substitute (5.63) into this formula and simplify, to give

k—1

Ali _ i £l
’A?["t],n{[f] - Z (V[t])’”tvst (m(st);ng)

5¢]oc=0

k—1
I UCTLLED il L A

ueld] veld [7o\ |00 =0 [80]c0=0

tCu qu

t#u
After carefully rearranging the order of the outer two summations of the second term, we
obtain

k-1
Ak}nt[f] = Z (V[Zt})r_t}st ([;]’L(Sz);n{)
[$t]oo=0
k—1 i
W1 gl [iv\¢]

S IICLEDY Z VI s Foms ) Prove, Iy Yo (=n (5.64)
veE[d] 70\ tl00=0 |sv |00 =0 u€ld]

tCv tCuCv

t#v uFt

We now wish to determine the value of the final sum for each such v. If |v| = |t| 4, then it

is readily seen that there are < ; ) choices of u with |u| = |t| + j. Hence,

Z (=)l = zl: ( j > (—D)IH+T = (—pl+

u€[d] Jj=1
tCuCv
uFt
Upon substitution of this into (5.64), we obtain the result (observe that the first term of (5.64)
corresponds to v = t). O

Note that this lemma establishes the previously stated formula (5.34). Not only is this
formula vital to the current analysis, it also presents a useful means by which to calculate the
coefficients of Eckhoff’s approximation, as mentioned in Section 5.5.

With this to hand, we may now provide a formula for fif] — g};%]:

Lemma 5.37. For |n|oc < N we have

k—1
i _ i [4] —[i¢
A=ail=2>2 > Z DIV e Al yong) [ Prm - (5.65)

tE[d] |7"t|o<>70 |St|o<>70
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Proof. Suppose that we write f — gr = (9% — gr) + (f — g¢), where gf is the approximate
polynomial subtraction function for f based on the full index set. Then gk gk 1s a subtraction

function of the form (5.28), with coefficients -A’l"t nelf] = -AT‘t,nt [f] = Art g f]. Since the nth
modified Fourier coefficient of f — gf is All [f], the coefficients Art n;f] satisfy the relation
(5.31) with right-hand side — Al [f]- It now follows from Lemma 5.36 that

k—1
il _ t+|ul+1 i [2] [\
Al ef1 = D (=)t Z (V) s Al (s Proven

ueld] [Py eloo=0 [su]o0 =0
tCu

Substituting this into (5.62) gives

BV VED 5 D SR SR LRI I

teld] u€ld] |ruloo=0|sulcc=0

tCu
k—1 —
I EHEER SIS D UL
u€ld] telu) |7 o0 =0 |Su|oo=0
Evaluating this sum now gives the result. O
Having derived an expression for f 1 gkk], we now seek a bound for its absolute value:

Lemma 5.38. Suppose that f € H2EH+1(Q), where 1 is the number of equal values c(r). Then
the coefficients gk[] satisfy

i ‘ Z Z N 2(re—Elt]) 7—2” 27_% 2

te[d] ‘T‘zloo—o

Proof. Recall that AE} [f] is the modified Fourier coefficient of the function f — gi, where g
is the exact polynomial subtraction function for f. Since f — gf satisfies the first £ derivative
conditions, the result follows from (5.65) and Lemma 5.12. O

This bound, upon substitution into (5.61), now provides the key result of this section:
Lemma 5.39. Suppose that f is as in Lemma 5.38. Then
_9ok—3 d—1
IFNIS =98] = FNLf = aalll S N7 2 (log N) 7,
3
||‘FN[f_gk] _“/_-.]I%/[f_gk’]”'f SNT_2k_§7 r= 1772k+17
and [|DP(Fn[f — gi) = FRLf = gi))lloo S NVWI==28"1(log N) for |B]oc < 2.

Proof. Since all cases are similar, we consider only the uniform norm. Using (5.61) and the
bound derived in Lemma 5.38, we obtain

IDP(Fnlf — gr] — Fulf — gkl S Z Z N2(rel=Fklt]) Z ,ﬁtBt—Q’/’t—Qﬁt@[—Qk—Q'

te[d]* |r|oo=0 1|00 <N
Inlo>N

(5.66)
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Consider the inner sum. For fixed ¢ € [d]*, suppose that we define the tuple u € [t]* by the
criterion that j € u provided 3; — 2r; —2 > —1. Then

Z ,/Bt 2ri—2_ 51& 2k— 2 Z 7ﬁu 21y —2 Z nEQ

[n]oo <N |”u‘oo<N Inaloo <N
[no>N [nalo>N
-1 =Bu—2rt—2 _ pr—1 =05 —2rj—
SNTH D N Z
[P oo <IN Jjeun;=

< N1Bul=2Irul=lul=1(15g p)d-

Substituting this into (5.66), we obtain

k
ID*(FxLf = ge) = FRLS = gidlloo S Qog NY*1 30 37 N2rd-ki a2l -1,

te[d]* [rt|oo=0

where, for each ¢ € [d]*, u is as defined previously. Now, since |By| < |ul|Blco < 2k(Ju] — 1) +
|Bloc, we have

2(|re| = kIt + [Bul = 2[rul = [ul =1 < 2frpy| 4+ 2k(ju] = [t] = 1) + [Bloo — Ju] =1
< 2k([t] = Jul) + 2k(Jul = [t} = 1) + [Bloo — |u| =1
< -2k + |B|oo — 1.

This completes the proof. O

We next progress to the second term of (5.60).

An estimate for (g. — gp) — Filgr — g7

Upon recalling that the coefficients /ﬂﬂnt[ f] of g and gl}j are identical, we notice that

g(x) — = > Y Z > A 1Pl ()l (). (5.67)

i€{0,1}4 te[d] |r¢|oo=0 |nglo>N
[t|<d [ngloo <N

From this, we immediately deduce that F%[g; — g?] = 0. Hence, it suffices to estimate (5.67).
To provide such an estimate, we first need a bound for Art nz.f]. To establish such a bound,

we require some additional notation. We define the operator cl! []:L2(-1,1) - R, i€ {0,1},
n € N, by

T
-
??‘
L

1 k—
cllg) = g1-3" 5 S (v Ll = / 1 {czﬁ“ Z Zv[z 1om >} dz.
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If g € L2(—1,1)%, write cl J][ ] for the above operator acting on the ;" entry of g. Furthermore,
given t € [d], we define

clilgle) = i ... [cff;':] [g]] e

/ / ¢nj .Tj Zp Z V[lj )Tj,sj¢[z]] (x]) dxt,

]Et 5;=0

in the standard manner. Note that C}fﬂ [g] is a function of z;. Finally, we let
[it]

m(re)?

ij,nt[ ] = CT[Zt-E] [g] where m(r¢) = (m(ry,), ... 7m(rt‘t|))‘

This notation permits the following succinct expression for .A’r‘t;nt [f]:

Lemma 5.40. The value Art n;|f] satisfies

k-1

A= S0 (vEDL D).

[$t]|co=0
Proof. Given aj, b;, j € t, we observe that

[ +50= 3 o= S 11 5 1]e

jet u€lt]* j€u  jeu u€ld] jeu\t  jéu
tCu

Suppose now that a; and b; are the operators L2(—1,1)? — L?(—1,1)4"! defined by

k—1

1 -
g / D)h) (1) dwj, g — Zp Iyl / (@), () das,

r;=0 SjIO

respectively. Then, using the above expression we obtain the formula

k—1
iz _ t4+|u i [iu\e]
CEED DI Y Z M) s P!

u€[d] |72\ o0 =0 |Su\t\oo—0
/ / Py a7)

tCu
|t‘+‘u| [lu\t u\t
st?nt Z Z Z V u\t’ u\tp u\tn\ f(m(su) ’Vlu)

‘Tu\tloofo |Su\t‘00*0

Hence

and therefore

k—1 k—1
DU MUED SIS SEND DRI W I
5¢]oo=0 u€ld] 7\ tloo=0 |8u]oo=0

tCu

Comparing this with the result of Lemma 5.36 now completes the proof. ]
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The operator c,[fﬂ[ | possesses the following property, central to our analysis of .An nzlf]-

Lemma 5.41. Suppose that t € [d]*, f € H2HH1(Q), where [ is as in Lemma 5.38, and that

mix

Gy S the k™ subtraction function of f in the variables xj where j € t. In other words,
B =B [gk], ri=0. k-1, jet
Then Ci(f] = i 7 - o,

Proof. Consider the univariate case first. The operator 4l [f] is precisely the difference be-
tween the n'" modified Fourier coefficient of f and the coefficient of the corresponding Eckhoff
subtraction function g. It is easily verified that Eckhoff’s method is exact for any function

of the same form as gj. In particular, it is exact for g;. Hence, le] [g7] = 0, and the result for
d = 1 follows from linearity. The extension to d > 2 is attained by applying the univariate
result in each variable. O

We are now in a position to derive a bound for ATt;nt [f]:

Lemma 5.42. Suppose that g € H2FHF1(Q), where | is as in Lemma 5.38. Then

k—1
no r —klu _—2r,\+—2_ _op_
]ALj,nf[f]] ST NG 2 (5.68)
el 1 oo

Proof. Using Lemmas 5.40 and 5.41, we may write

k—1
Alalfl= 30 ()DL, |7 - o]

|st|co=0
Hence, by reversing the arguments of Lemma 5.40, we obtain

k—1 .

L [4]
i - tl+|u z : /\ [iu\¢]
ALJ,ng[f] - § I | ‘ I z : Tuysu f gk‘ t)( ( )m,ﬂ) u\tm i:

u€[d] [suloo=0 |'ru\t‘oo*0
tCu

Since f — g ; obeys the first & derivative conditions in the variables xg, an application of
Lemma 5.12 now gives

k—1
Al 2|y o | —k|u\E]) = ~2Tu\t =2~ —2k—2
AL S 30 > WAl B2y a2
u€ld] [ry\tloo=0
tCu
as required. ]

With this in hand, we now deduce the key result:
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Lemma 5.43. Suppose that f is as in Lemma 5.38. Then

_9L._3

gk — g) — Frlge — gl S N"2*"2(log N)
_9L._3

(e — 98) — Fnloe — gilllr SN2 r=1,...,2k+1,

d—1
2
’

and |D? (g, — g) — DPFl[gr — gfllec S NVPle=2671(log N)4=1 for | 8| < 2k.

Proof. Once more, we consider only the uniform norm. Using (5.67) and the bound derived
in Lemma 5.42, we deduce that

ID? (g — gt ) =D Fhelgr ~ gblloc

k—1
2(|ry —k \t)—ﬂu\t_2Tu\t_2—Bﬁ—2k—2
SDID DD DI DEE )

teld] u€ld] |ry\¢|ooc=0 |nglo>N
[t|<d tCu [ngloo <N

Y X

te[d] |nglo=N
[t|<d [ngloo<N

k—1
2(|run | —k|u _Bunt =2\t —2 _ Bz —2k—2
+ 30N DT Nk RN e . (5.69)

te[d] u€ld] [ry\¢[oo=0 Inglo=N
[t|<d tCu [ngloo <N
t#u

Since | 8|oo < 2k and [t| > 1, the first term is bounded by N1Pl~=26=1(log N)4=1 (recall Lemma
2.30 regarding sums of inverse powers of n for values of n lying outside a hyperbolic cross).
Hence, it suffices to establish the same bound for the second term. If v is the tuple t C v C u
such that j € v if either j € t or 8; —27; —2 > —1, then, much as in Lemma 5.39, the second
term of (5.69) is bounded by

k-1
Z Z Z N2runel =kIAE) NIBuvel =2l =\ =10l (100 N)d=T, (5.70)
t€[d] u€[d] Iy ¢|oo=0
lt|<d tCu
t#u

Consider the exponent of N. Since |f|o < 2k, we have

2(|ruve] = K[u\t]) + [Buove] = 2lrove] — [o\t] = [7]
= 2(Jruvol = Elult]) + [Buye| = [£]
< 2fryno] = 26(Ju] = [t]) + [Bloo (o] — [t] = 1) + |Bloo — []
< 20rune| + 2k ([0l = [u]) + 1Bloo — 2k — 1]
< [Bloo — 2k -1,

where the final inequality follows from the fact that |r,\,|c <k —1 and |t| < d. Substituting
this into (5.70) now completes the proof. O

With Lemmas 5.39 and 5.43 to hand, we are now able to provide error estimates for the
hyperbolic cross version of Eckhoff’s approximation. In view of the decomposition (5.60),
such estimates follow immediately:
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Figure 5.9: Absolute error |f(z,vo0) — Fas.4[f](x,y0)|, where f(x1,22) = 27 cosh 3z cos 274 sin 3z,

for —1 <z <1 (top row), —1 <z < 1 (bottom row), and yo = 1, 2, 1 (left to right).

Theorem 5.44. Suppose that f € H2*+H+1(Q), where | is the number of equal values c(r),
and that Fy i[f] is the hyperbolic cross version of Eckhoff’s approxzimation to f. Then

d—1
2
)

3
If = Funilfll S N 272 (log N)
If = Fnslfll SN2 p=1,... 2k+1,

and |[D(f = Fnplf)lloc £ N2 (log N)4=" for |8 < 2.

~

The key result of this section is now apparent: hyperbolic cross index sets may be in-
corporated into Eckhoff’s approximation with only minor deterioration of the convergence
rate of the approximation. Furthermore, convergence rates are identical to those of exact
polynomial subtraction based on the hyperbolic cross (see Theorem 5.35). As is now familiar,
approximating jump values has no effect on the quality of the approximation.

Unfortunately, the hyperbolic cross version of Eckhoff’s approximation exhibits no auto-
correction phenomenon inside the domain. Much like polynomial subtraction, the pointwise
convergence rate away from the boundary is only one power of N faster.!? The lack of an auto-
correction phenomenon is exhibited in Figure 5.9. Though the error lessens away from the
boundary, the difference is much smaller than in corresponding results for the approximation
based on the full index set (see Figure 5.6).

This somewhat tempers the claims of the previous section. Measured in the uniform
norm, the hyperbolic cross approximation greatly outperforms its counterpart based on the
full index set. However, away from the boundary, the difference in errors is more marginal.
This is demonstrated in Figure 5.10 (using the same function as in Figure 5.8). We observe
that, for example, with £ = 4 and roughly 5,000 terms, the hyperbolic cross approximation
yields a pointwise error only 10% times smaller than the full version. In comparison, the
difference in the uniform error is much larger: roughly 10°.'3

12This is readily determined upon exploiting the splitting (5.60) once more.
13We note, however, that the hyperbolic cross approximation will, asymptotically at least, always outperform
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Figure 5.10: Log error logy, [ (2,2, 3) — Fyi[f](3, 2, 2)| against number of approximation terms for
the full (circles) and hyperbolic cross (squares) versions of Eckhoff’s method applied to (5.59).

5.9 Practical considerations

Thus far, we have concentrated on the analytical aspects of Eckhoff’s method. However, com-
puting Eckhoff’s approximation brings forth a number of important numerical considerations,
which must be properly addressed. Previous studies have indicated that such numerical fac-
tors present a significant barrier to the construction of effective approximations based on this
approach [62, 118]. In particular, empirical evidence suggests that the value k£ must remain
small, thereby limiting the convergence rate of the approximation. In this section, we demon-
strate how such issues can be resolved, including this particular restriction, leading to both
an accurate and robust approximation scheme.

Our primary focus in this section is the univariate setting. As demonstrated in Section 5.5,
construction of the multivariate Eckhoff approximation involves essentially one-dimensional
techniques. Hence, a proper understanding of this case is first necessary. At the end of this
section, we present several multivariate examples.

5.9.1 Ill-conditioning

Recall that the construction of Eckhoft’s approximation mandates solving a linear system
involving the k x k matrix VIl The entries of this matrix are either @g(r) or (j;[rg(r)
on whether the cardinal formulation is used or not (see Section 5.3.1). Our first result is of a

negative nature: this matrix is extremely ill-conditioned.

, depending

Lemma 5.45. Suppose that VU is the matriz with (r,s)™ entry ﬁsgi(r) or Qs

is any cardinal basis and q}ﬂ is any subtraction basis. Suppose further that at most | < k of
the values c(r) are equal, but otherwise the values m(r) are chosen arbitrarily. Then the L™

condition number of V[i]7 Hoo(V[i]), is O (N2k+l—3).

(4]

m(

[i]

ny where pr

Proof. Due to (5.8), it suffices to consider the cardinal basis formulation. Since p}ﬂm =
O (N—2), we immediately deduce that V|| = O (N72). Next we consider (VI .

its full counterpart. Suppose that the number of approximation terms M is fixed. Then, since M = O (N d) or
M =0 (N (log N )d_l) for the full or hyperbolic cross approximations respectively, this gives effective pointwise
convergence rates of O(M7%(3k+2)) and O (M ~?"7?) (ignoring the log N term). Since 2k +2 > 1(3k + 2) for
d > 2 and k > 1, we deduce faster convergence of the hyperbolic cross approximation.



5.9 Practical considerations 177

As in Lemma 5.4, we write p,[f] for arbitrary cardinal functions and Py] for cardinal polynomi-

als. This gives VI = Wl 4 (VI — Wwll), where W is the matrix with (r, s)*™® entry E[;](T).
Since (W)= (VI —Wll) = o(1) (see Lemma 5.4), it suffices to consider [|(W[)~1| . Recall
that Wﬂ» = ﬁfﬂ(r) = (-Um(r)(“g(r))_(sﬂ)- Hence W = DWW where DI is the diago-
nal matrix with entries (—1)"(") (ug(r))_l and W is the Vandermonde matrix with entries

(,um ). For a general k x k Vandermonde matrix V with entries x¢, it is known that
m(r) r

k-1 k-1

max{1, |z,|} . 1+ |z
— e ||V < _— 5.71
e 0 | E et L CE o 30 | Eramrs (.7
57_£7‘ S;T

with equality on the right if all the z, have the same sign (see, for example, [61]). For the
matrix W, we have |z, — 25| = O (N72) when c(r) # c(s) and |z, — z5] = O (N~?) other-
wise. Hence, using (5.71), we deduce that ||(W[1)~!|, = O (N2k+1=3) | Since (DY~ =
O (NQ), we obtain the result. O

Since the values m(r) are essentially arbitrary, it may appear possible that a judicious
choice of such values leads to improved conditioning. However, this is not the case:

Lemma 5.46. Suppose that VI is as in Lemma 5.45. Then there is no choice of distinct
values m(r) satisfying N < m(r) < aN such that the condition number of VI is o( N2*k=1)),

Proof. This result follows immediately from the lower bound in (5.71). O

Regardless of these lemmas, when cardinal polynomials are used, reasonably accurate
numerical results can often be obtained using the Bjork—Pereyra algorithm for Vandermonde
matrices [27]. In this manner, the values Al [f] can be found in O (k?) operations. As is
well known, this algorithm produces surprisingly good accuracy even when the underlying
matrix is ill-conditioned (see [84, chapter 22]).!* However, as we now demonstrate, a vast
improvement in the condition number can be attained with the non-cardinal formulation.

5.9.2 Subtraction bases and improved conditioning

Since V17 is essentially a Vandermonde matrix, ill-conditioning is unsurprising: such matrices
have a well-earned reputation in this respect. A standard tool to diminish this effect is to
replace the original Vandermonde system with a so-called generalised Vandermonde system
[84]. This equates to replacing the cardinal basis of polynomials with, for example, the Cheby-
shev polynomials (5.9).!5 Although the condition number of the resulting matrix remains of
the same order (as demonstrated in Lemma 5.45), the constant of proportionality is typically
greatly reduced.

1411 fact, in some cases, the magnitude of the numerical error in the Bjérk-Pereyra algorithm depends only
on the machine precision used. In particular, it is independent of the condition number of the matrix [84].
Unfortunately, the corresponding matrix of Eckhoff’s method does not satisfy the necessary assumptions for
this to be the case, and so the condition number plays a role in the numerical error.

15 As described in [84], we could also use Legendre or, in general, Jacobi polynomials with similar results.



178

5. Accelerating convergence

k=4 k=6 k=8 k=10 k=12
(a) | 1.6 x10% | 79x10* | 1.8x10° | 25x 103 | 2.2x 103
(b) | 40x10° [6.0x107T ] 32x10°2 | 85x10°% [ 1.3x 1077
() [1.9x1072 [ 3.5x1075[6.3x 1071 [ 2.1 x 10710 [ 2.0 x 10722

Table 5.3: Condition number constant for the matrix VI based on values m(r) = N + r and using
(a) cardinal polynomial basis, (b) Chebyshev subtraction basis (5.9), and (c¢) Laplace-Dirichlet basis
(5.10). All values to 2 significant digits.

=10

Figure 5.11: Log error logg ||f — Fnk[f]llcc against N = 1,...,100 for Eckhoft’s approximation
using three different bases: cardinal polynomial basis (squares), Chebyshev polynomial basis (crosses)
and the Laplace-Dirichlet basis (circles). Here f(z) = cosh6z (top diagrams), f(z) = 5ecossm(1==?)
(bottom diagrams), and m(r) = N +r, r = 0,...,k — 1. Numerical results obtained in standard
precision, using the LinearSolve routine in Mathematica.

Having said this, replacement of the cardinal polynomial formulation with a linear system
based on Laplace-Dirichlet eigenfunctions (5.10) induces an even more substantial improve-
ment in the condition number. In Table 5.3, we give values for the condition number constant
for the matrix VI formulated using the cardinal polynomial, Chebyshev (5.9) and Laplace—
Dirichlet (5.10) bases. The advantage offered by (5.10) is dramatic. For example, when
k = 10, this constant is roughly 10716, In comparison, for the cardinal polynomial or Cheby-
shev bases, these figures are 10% and 10~ respectively, the former being roughly 10" times
larger.'6

This effect is perhaps not surprising: the underlying matrix of the linear system (5.13)
is a Cauchy matrix (see Lemma 5.4). Typically such matrices, though often ill-conditioned
themselves, are less poorly conditioned than (generalised) Vandermonde matrices [84]. Note
that such a linear system can also be solved in O (k:2) operations.

The effect of this improvement in conditioning is manifested in numerous examples. In
Figure 5.11, we give numerical results for Laplace—Dirichlet, Chebyshev and cardinal polyno-
mial bases applied to several functions. Undeniably, the approximation based on (5.10) offers

16The idea of using trigonometric functions as subtraction bases was suggested in [126]. However, no de-
scription of their superior numerical behaviour was given.
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m(r) N =25 N =50 N =100 N =150 N =200
N+r | 1.215x 10%* [ 1.808 x 1031 | 7.398 x 1038 | 2.784 x 10%3 | 5.335 x 10%
(r+1)N | 8.688 x 107 | 2.147 x 10% | 5.552 x 10*! | 8.185 x 10™ | 1.451 x 10%7
o' N 2.933 x 102 | 7.206 x 10%" | 1.861 x 1053 | 2.742 x 10°6 | 4.859 x 10°8

Table 5.4: L condition number of the linear system (5.13) using the functions (5.10) with & = 10
and values m(r) given by (5.72)—(5.74). All values to 4 significant digits.

the smallest error. Moreover, unlike the cardinal polynomial basis, the error remains bounded
for all N. Note that the functions used here exhibit two features, large derivatives and high
oscillation, making their approximation prone to numerical errors. However, simply by select-
ing an appropriate subtraction basis, we are able to obtain vastly superior approximations.
In view of these examples, we arrive at a surprising conclusion: polynomial subtraction is best
achieved without using polynomials!

5.9.3 Choice of the values m(r)

The values m(r) > N can be chosen arbitrarily, provided they are distinct and satisfy m(r) =
c(r)N+0O (1) for some ¢(r) > 1. Numerous choices are possible, including the aforementioned
values

m(r)=N+r, r=0,....,k—1. (5.72)
In this case ¢(r) = 1 for all 7, so the function f being approximated must have H3*+(—1,1)-
regularity to ensure an O (N _Zk_l) uniform convergence rate. Other possibilities that require

only H?#+2(—1,1)-regularity are also permitted, including

m(r)=(r+1)N, r=0,....,k—1,
m(r)=w'N, r=0,...,k—1.

(5.73)
(5.74)

One immediate disadvantage of these choices is that they do not lead to a full auto-correction
phenomenon (see Section 5.7). Moreover, the values ff[f], n=20,....,N—1 n = m(r),
r=20,...,k—1, required to form the approximation are not contiguous, in contrast to (5.72).
Finally, as we now demonstrate, (5.73) and (5.74) both lead to inferior numerical stability in
comparison to (5.72).

In all numerical results thus far, we have employed the values (5.72). Seemingly, the
condition number of the linear system (5.12) can be vastly improved from O (N 3(k_1)) to
O (N2(k=1) by using the values (5.73) or (5.74) instead (see Lemma 5.45). However, though
true in theory, in practice, the constant is so overbearingly large that it nullifies this effect. In
Table 5.4, we give numerical results for the condition number of this linear system using the
values (5.72)—(5.74). We observe that N must exceed 200 before the values (5.73) begin to
offer an advantage (for the values (5.74), the scenario is much worse). However, since k = 10
in this example, any reasonable function will be well resolved by Eckhoff’s approximation for
a much smaller value of N.

A theoretical explanation of this effect is readily provided. Suppose that W is the matrix
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20 40 60 8 100 20 40 60 80 100

Figure 5.12: L? (left) and uniform (right) errors against N = 1,...,100 for Eckhoff’s approximation
with k& = 8 applied to the function f(z) = Ai(—6z —4). Coefficients are calculated by the Mathematica
routines LeastSquares (squares) and LinearSolve (circles).

with (r, s)™ entry (,uﬂ(r))_s. In this case, since ,u[i] > 0, the estimate (5.71) gives

m(r)

k—1 il -2
V) M = oo | T[ e
r=0,...,k—1 =0 ‘(/’Lm('r’))72 - (lu’m(s))72‘

s#

Now suppose that m(r) = ¢(r)N + O (1) with all the values ¢(r) distinct. Then (,ukjb(r))*2 -

(M[TQ(S))_2 = (Nm)72(c(r)™2 = ¢(s)72) + O (N~?), and we see that

[V g = e(Nm)2ED) 4 0 (N20-2))

where the constant c is determined by the condition number of the Vandermonde matrix based
on nodes , = ¢(r) 2. Conversely, when all the values c(r) are equal and m(r) = c(r)N +d(r)
for distinct d(r) € Ny, an identical argument demonstrates that ||(W) 1| = e(N7)3¢—D 4
O (N 3(’“_2)), with constant determined by the Vandermonde matrix based on the interpolation
points z, = d(r).

For (5.72)—(5.20), we conclude that the condition number constant is determined by the
Vandermonde matrix based on nodes z, = r, z, = (r + 1)_2 and z, = w™?" respectively. For
the latter two, interpolation nodes become clustered near the origin as k increases, leading to
ill-conditioning. Conversely, for (5.72), there is no such clustering.

5.9.4 Least squares

Numerical results can be further improved by replacing (5.12) with an overdetermined linear
system and using least squares. This approach is fairly standard [16, 54]. We illustrate the
improvement offered by this approach in Figure 5.12. In this and all subsequent examples,
we overdetermine by a factor of two, leading to two 2k x k linear systems (corresponding to
i =0,1) that are solved in parallel.

As exhibited, the approximation obtained from the least squares procedure offers a lower
error (by several orders of magnitudes) than the approximation formed by solving a square
linear system. This is somewhat predictable: it has been widely reported that least squares
can improve the performance of both this and related techniques for convergence acceleration
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f(z) = 22 sin 5z + cos 6 f(z) =e " cosbx

Figure 5.13: The error log || f — Fnxlf]l| against N = 1,...,100 for k = 2,4,6,8 (in descending
order).

of Fourier series (see [32, 39, 86] for the use of similar techniques in so-called Fourier extension
methods'7).

Nonetheless, the application of a least squares procedure to compute Eckhoff’s approxi-
mation yields an effective numerical approximation. Consider, for example, the two functions
approximated in Figure 5.13. Using only k¥ = 8 and N = 10, we obtain L?(—1,1) errors of
approximately 10714, In comparison, when k = 2, the corresponding errors are only 107°, a
factor of 10® times larger. Furthermore, Eckhoff’s method, in conjunction with least squares,
can now be successfully applied to a raft of poorly behaved functions. For example, the
functions considered in Figure 5.14 both exhibit (irregular) oscillations inside the interval,
thus making their approximation prone to numerical errors. However, once again, Eckhoff’s
approximation obtains good accuracy using only moderate parameter values (note that the
first function approximated in this figure was used as an example in [39] to test the robustness
of the Fourier extension method).

As previously noted, common consensus is that the parameter & ought to be kept small
in order to mitigate the effect of numerical instability when approximating functions with
Eckhoft’s method [62]. However, with the approach developed in this section, it is permissible
to take much larger values. In Figure 5.13, for example, we used k = 20, giving a theoretical
uniform convergence rate of N~4!

We are therefore led to a somewhat surprising conclusion: although Eckhoff’s method
requires the solution of an incredibly ill-conditioned linear system, extremely high accuracy can
be obtained through the use of appropriately chosen subtraction bases, parameters m(r), and
the solution of an overdetermined least squares system. Furthermore, the practical techniques
developed in this section are readily carried over to functions of two or more variables. This
is demonstrated in Figure 5.15. For example, when £ = 8 and N = 10, we obtain at least
11 digits of accuracy, in comparison to only 1 for the original (k = 0) modified Fourier
approximation.

This section completes our study of Eckhoff’s method and its multivariate generalisation.
We conclude this chapter with a discussion of the Gibbs phenomenon and techniques for its
resolution (into which the topic of convergence acceleration of Fourier-like series naturally
falls). In doing so, we discuss a number of different approaches and their comparative aspects
in relation to Eckhoff’s method.

1"We discuss such methods in greater detail in Section 5.10.3.
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Figure 5.14: Top row: plot of the function f(z). Bottom row: the errors logy, || f — Fn,20[f]|l (circles)
and logqg || f — Fn,20[f]]|cc (crosses) against N =1,...,100.

5.10 The Gibbs phenomenon and its resolution

The Gibbs phenomenon has a rich and interesting history. It was observed by Euler in 1755
that the function f(z) = x could be represented on the interval [—1,1] as an infinite sum of
trigonometric functions. Almost a century later, Wilbraham analysed this series, including
a description of the overshoot near the endpoints [160]. Forgotten for half a century, this
phenomenon was reconsidered by Michelson [122]. The ensuing debate regarding convergence,
or lack thereof, between Michelson and Love, carried out in Nature, was eventually settled by
Gibbs [64, 65] in 1899, with the arbitration of Poincaré. Gibbs’ contribution to this problem
was first recognised by Bécher in 1906 [28], who introduced the term the Gibbs phenomenon.'®
A detailed and fascinating review of the Gibbs phenomenon and its history is provided in [83],
with shorter summaries appearing in [43, 72].

The Gibbs phenomenon is certainly not restricted to Fourier expansions. As we have seen,
it appears not only in various Laplace eigenfunction expansions, but also in expansions in
eigenfunctions of polyharmonic operators. Numerous other instances have also been recorded
(see [72] and references therein).

The original viewpoint of the Gibbs phenomenon focuses on the non-uniform convergence
of Fourier series and, in particular, the nature of the overshoot and oscillations near the
boundary of the domain. As discussed in [72], a slightly different point of view is that the
Gibbs phenomenon concerns the issue of recovering a function from a finite number of its
Fourier coefficients. In other words, the recovery of local information (pointwise values) from
global information (Fourier coefficients). This standpoint raises the question of how the Gibbs

18To acknowledge the contribution of Wilbraham, it is also referred to as the Gibbs—Wilbraham phenomenon.
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f(ﬂfl7$2) = (1 — COS$1)Sin3$2 f(xlij) — e2ac1—x2

Figure 5.15: The error logy ||f — Fn.kllco against N =1,...,40 for £ =0,2,4,8.

phenomenon can be circumvented.

5.10.1 Resolution of the Gibbs phenomenon

The resolution of the Gibbs phenomenon was first considered by Fejér in 1900. His discovery
of uniform convergence of Cesaro means can be viewed as the first construction of a Fourier
filter. Indeed, the Cesdro sum is equivalent to a first-order filter [156]. The topic of filtering
has been extensively studied since this point, and we refer the reader to [156] for a substantial
review of the subject.

Filters successfully enhance the accuracy of Fourier approximations. One immediate ad-
vantage is that the approximation remains a sum of trigonometric functions, and hence can
be evaluated rapidly with the FFT. However, this increase in accuracy only occurs away from
the discontinuity of the function (in other words, the endpoints, for a smooth, nonperiodic
function).

In view of this fact, a re-projection method to fully resolve the Gibbs phenomenon was
suggested by Gottlieb [73]. The basic idea is to re-expand the Fourier sum of a function
in a particular orthonormal basis, the so-called Gibbs complementary basis. For a suitably
chosen basis, the convergence of the re-projection is exponential (assuming analyticity of the
function in some region containing the prescribed interval). Hence, the Gibbs phenomenon can
be completely resolved. For Fourier approximations, a suitable basis consists of Gegenbauer
polynomials [20], whose parameter A is varied with the truncation parameter N of the Fourier
sum. This process is commonly referred to as Gegenbauer reconstruction [72].

This idea has been extended in various ways to include, for example, re-projections of
Fourier interpolation approximations [70] and re-projections for expansions in other bases (in
particular, bases of Chebyshev and Legendre polynomials) [69, 71]. A review is given in [72]
and a general framework in [74]. To date, the most pertinent applications of this method
have been in image processing [9, 10] and the spectral approximation of partial differential
equations with discontinuous solutions [82].

9We mention in passing that, in general, there are two components to resolving the Gibbs phenomenon:
detection (location of singularities) and reconstruction. We do not address the former in this thesis. Indeed,
we assume that the approximated function is smooth and nonperiodic: in other words, singularities only occur
on the boundary of the domain (in the sense of the Fourier extension). There are numerous techniques for
singularity detection, and these form an central component in many practical applications, including signal
processing. We refer the reader to [156] for further details.
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Unfortunately, there are a number of problems associated with the implementation of this
technique. In particular, the method is liable to round-off error [11, 62], and care must be
taken to ensure convergence of the re-projection [33].2° This approach also has a number of
inherent disadvantages: it is reasonably computationally expensive (the number of operations
is O (N 2)), the resolution power is rather poor?!, and the final approximation, being a sum
of Gegenbauer polynomials, cannot be evaluated rapidly using, for example, the FFT.

5.10.2 Polynomial subtraction

Around the same time as Fejér, Krylov introduced the idea of polynomial subtraction. This
was later formalised in [102] and [112]. Eckhoff’s approach, which we have extended in this
chapter, was originally detailed in [52], but the idea behind it has much older origins. The
foundation, as commented by Lax [113], is that the Fourier coefficients themselves contain
sufficient information to produce accurate representations of the function f. We note that
this rather general viewpoint also forms the basis of Gegenbauer reconstruction, yet the path
taken to extract such information is different.

As stated, a classical recommendation is that the parameter k should remain small [62],
thus ameliorating the Gibbs phenomenon rather than resolving it completely. Through the
work of this chapter, however, we have demonstrated how much larger values can be taken.
Indeed, though we have focused on the case of finite, fixed k in this study, there is no reason
not to consider the choice k = N, leading to exponentially accurate approximations. However,
as we now describe, this particular parameter value naturally lends itself to a different inter-
pretation, thereby relating this version of Eckhoff’s method to an alternative (and relatively
unfamiliar) convergence acceleration device.

5.10.3 Fourier extension methods

Consider, for example, the univariate case. Eckhoff’s method, when constructed from Laplace—
Neumann and Laplace—Dirichlet eigenfunctions with parameter k¥ = N, computes an approx-
imation to a function f from the set

Sy = {cos%mrx: nzO,...,N}U{sin%mrx: nzl,...,N}. (5.75)

Written in this form, we are immediately struck by the following observation. The set Sy
is precisely the set of classical Fourier basis functions (with index n < N) on the extended
domain [—2,2]. Hence, to find an accurate approximation to f, we seek a smooth function,
periodic on [—2,2], that matches f on [—1,1]. We then approximate f by the truncated
Fourier expansion of this function.

The question of computing a periodic extension of f is known as the Fourier extension
problem. A simple criterion to devise a suitable extension was introduced in [32, 39]. We

2ONonetheless, a substantially more resilient technique has recently been suggested in [63]. The so-called
inverse Gegenbauer reconstruction method [98, 99] also appears to offer some advantages, albeit at additional
computational expense.

2! As discussed in [11, 68], at least 22.2 modes per wavelength are needed to ensure exponential convergence of
the Gegenbauer method. In comparison, methods based on Fourier series or Chebyshev polynomials require 2
and 7 modes respectively. Eckhoff’s method performs similarly to the Fourier method in this respect, requiring
only 2 modes per wavelength, once more, provided k < N.
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define
fn = arg min |[f — g, (5.76)
9ESN
where |-|| is the standard L2(—1,1) norm. Explicit computation of fy is now easily achieved.

In fact, in the language of spectral methods, the optimization criterion (5.76) is identical to
the problem
find fNGSN (fN7¢):(f7¢)7 d)GSN (577)

Hence, the Fourier extension method is a Galerkin method for computing the approximation
fn from the (albeit non-orthogonal) set Sy.

Note that fx, as defined by (5.76), is not the Eckhoff approximation of f with k =
N. In the same language as above, Eckhoff’s method can be viewed as a Petrov—Galerkin
method for computing f with trial space Sy and test space being the set of Laplace-Neumann
eigenfunctions with index n < 2N.?? Hence, Eckhoff’s method with this particular choice of
parameters can be viewed as a novel approach to computing the Fourier extension. We
remark in passing, however, that although there exists a standard theory for Petrov—Galerkin
approximations [14], this does little to illuminate the analysis of Eckhoff’s approximation.

Returning to Fourier extension methods, it transpires that the approximation fy has a
rather elegant interpretation in terms of orthogonal polynomials, as demonstrated by Huy-
brechs [86]. Indeed, fy can be viewed as the expansion of f in certain half-range Cheby-
shev polynomials with arguments cos %mc or sin %WZ‘. Analysis of convergence therefore fol-
lows from standard polynomial approximation results. Indeed, assuming sufficient analytic-
ity of f in a complex neighbourhood of [—1,1], exponential convergence is now witnessed:
F@) = fn(@) ~ (3 +2v2) N,

We shall return to Fourier extension methods briefly in Chapter 6. It remains to be seen
whether such methods possess significant benefits over this version of Eckhoff’s method. Cer-
tainly, their simple interpretation in terms of orthogonal polynomials makes such techniques
immediately attractive (at the expense, however, of having to know both the Laplace—Dirichlet
and Laplace-Neumann coefficients of a given function f). Yet this formulation is lost once
other eigenfunction bases and subtraction functions are employed. We mention in passing
that a brief comparison of the two approaches was carried out in [7], in which both methods
behaved in a roughly similar manner.

To conclude this discussion of convergence acceleration techniques, we remark that Eck-
hoff’s method, Fourier extension methods, Gegenbauer reconstruction and filtering are just
some of a virtually endless number of techniques to accelerate convergence of Fourier-like se-
ries. There are numerous alternative approaches, which we do not intend to discuss in greater
detail, including Fourier—Padé methods [49] and techniques from sequence acceleration [306],
to name but two (for a more detailed list, see [34] and references therein). Certainly, differ-
ent techniques are more suitable for particular problems, yet a thorough comparison of such
methods would require a lengthy review. A particular motivation for developing Eckhoff’s
method here is due to its potential application to boundary value problems, a topic we discuss
briefly in Chapter 6. Moreover, its simple generalisation to the d-variate cube, as well as its
potential application in more complex geometries, signal it as an appropriate choice for both
current and future purposes.

22A Petrov-Galerkin method is similar to a Galerkin method, except that the trial space (the space of
functions to which the solution belongs) and test space (the space of functions with respect to which inner
products are taken) can be distinct [142].






Chapter 6

Conclusions and future work

6.1 Summary of the thesis

The intent of this thesis was the development and analysis of approximation schemes based on
certain eigenfunction bases, with particular application to the numerical solution of boundary
value problems. Such an approach incorporates a number of novel numerical techniques,
including a mixture of classical and highly oscillatory quadratures to evaluate coefficients, as
well as the use of hyperbolic cross index sets to considerably decrease computational cost.

Chapter 2 introduced a theory for so-called modified Fourier expansions. Key results
included a proof of uniform convergence and estimates for the rate of pointwise convergence.
Explicit criteria that determine both the rate and degree of convergence were derived in terms
of odd derivatives evaluated on the boundary of the domain.

Modified Fourier expansions were generalised in Chapter 3 to expansions based on eigen-
functions of univariate polyharmonic operators. This led to a one-parameter family of approxi-
mation bases with a convergence rate that scaled with the parameter. A thorough convergence
analysis was provided. As a by-product, several new results concerning the asymptotic nature
of the eigenfunctions and eigenvalues were established. A generalisation to the d-variate cube
via Cartesian products was then investigated, culminating in expansions in eigenfunctions of
certain subpolyharmonic operators.

In Chapter 4, we assessed the application of Laplace eigenfunctions to the spectral-
Galerkin discretisation of boundary value problems defined in the d-variate cube. This ap-
proach results in well-conditioned matrices with corresponding linear systems that can be
solved inexpensively using generic iterative techniques. The ensuing method possesses sev-
eral advantages over standard polynomial-based techniques, as substantiated by numerical
examples.

Finally, the topic of convergence acceleration was broached in Chapter 5. Using only the
modified Fourier coefficients of a function, we constructed approximations with arbitrary rates
and degrees of convergence. When combined with a hyperbolic cross, this facilitated the con-
struction of accurate approximations comprising relatively small numbers of terms. Numerical
stability was also markedly improved by the appropriate selection of various parameters and
the use of a least squares procedure, thus effecting an efficient numerical method possessing
both robustness and high accuracy.

There are numerous avenues to pursue in order to extend this work, as we henceforth
describe.

187
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6.2 Expansions in the equilateral triangle and higher dimen-
sional simplices

Eigenfunctions of the Laplace operator subject to either homogeneous Neumann or Dirichlet
boundary conditions are known to have explicit representations (as sums of trigonometric
functions) in a variety of non-tensor-product domains. In the plane, the list includes ellipses,
annuli and three types of triangles: the equilateral and right isosceles triangles, and the
triangle with angles §, 5 and . This has important consequences for practical applications
of modified Fourier expansions. Triangular elements can be used to decompose complex, often
polygonal geometries, and possess far more flexibility than rectangular elements.

The current dearth of high-order approximation schemes in triangular domains is a com-
pelling motive for the continued development of modified Fourier expansions. As described
in Chapter 1, the lack of a simple high-order scheme based on orthogonal polynomials neces-
sitates the introduction of other techniques. In this regard, the particularly simple nature of
Laplace eigenfunctions presents a significant advantage of modified Fourier expansions.

Though a study of modified Fourier expansions in triangular domains has been initiated
in [88], including techniques to evaluate coefficients numerically, there remain many open
problems and challenges. New hurdles that appear as a consequence of the non-tensor-product
structure require a great deal of further insight before such expansions can be converted into
effective approximations.

To highlight this, we now present the following (inexhaustive) list of open problems and
future challenges within this topic:

1. Uniform convergence. A key question we have addressed in this thesis is the uniform
convergence of multivariate modified Fourier expansions in the d-variate cube. Intuition
and numerical examples suggest that modified Fourier expansions defined in triangular
elements behave in a similar manner to corresponding expansions in the unit square.
Specifically, expansions converge uniformly throughout the domain. As of this moment,
we have no proof of this fact.!

2. Rate of convergence. Numerical examples suggest that expansions in triangles also mir-
ror expansions in tensor-product domains in terms of their rates of convergence. In
particular, faster convergence occurs inside the domain than on the boundary. Esti-
mates for rates of convergence in various norms have previously been obtained in [155].
However, these results are restricted to classes of functions with vanishing Neumann data
on the boundary (in analogy with the standard periodic spaces H*(T)), and therefore
fail to describe the approximation error for an arbitrary function.

3. Mized Sobolev spaces for triangular domains. In the d-variate cube, the Sobolev spaces
HF (—1,1)? are fundamental to the analysis of modified Fourier approximations. We
may define mixed spaces for triangular domains in an identical manner. However, the

spaces H*_(—1,1)¢ have a tensor-product structure (see Section 2.5), a property which

is lost when passing to the triangle. This indicates that new spaces are necessary for an
accurate study of expansions in triangles.

!Nonetheless, when the function f has vanishing normal derivative on the whole of the boundary, this
result is easily established. In this case, Stokes’ theorem verifies that Fy[Af] = AFn[f], where Fn|[f] is the
modified Fourier expansion of f € H?(Q2) and Q is the triangle. Hence, Fnx[f] — f in the H*(Q) norm. Uniform
convergence follows at once from the continuous embedding H?(Q) < C(€). The general case, however, remains
unproven.
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4. Gibbs phenomena. Classical Gibbs phenomena are extremely well understood in the
unit interval and d-variate cube. As far as we can ascertain, nothing is known about
corresponding (weak) Gibbs phenomena for expansions in triangular domains. Intuition
suggests that such phenomena will possess a more complex structure than the simple
tensor-product case. Yet, at present, we have no results in this respect.

5. The hyperbolic cross. In [88], a hyperbolic cross was derived for modified Fourier coef-
ficients in the equilateral triangle. Little has been established, however, regarding the
potential advantage of the resulting index set. In particular, issues concerning rates of
convergence are largely unexplored.

6. Convergence acceleration. Polynomial subtraction for modified Fourier expansions in
multivariate domains with tensor-product structure is now well established. The first
steps towards such a construction for the equilateral triangle were undertaken in [88],
where a subtraction function was derived for the first derivative condition. Many ques-
tions remain, however, as regards this technique. These include the as of yet undeter-
mined convergence rate that results from this device, and how such a construction can
be generalised to arbitrary numbers of derivatives.

Polynomial subtraction also requires explicit derivative information. Having analysed
this device, it is logical to consider the approximation of such derivatives by an Eckhoff-
type approach. The eventual aim, as in the case of the d-variate cube, is to obtain rapid
approximations using only the modified Fourier coefficients of a given function.

Future study in this topic need not be restricted to Eckhoff-type methods, how-
ever. Numerous other devices, including filters and Fourier extension methods?, can, in
theory at least, be generalised to expansions in the equilateral triangle. Naturally, prac-
tical schemes will incorporate only the most effective convergence acceleration strategy.
Proper extension of a variety of techniques, and a thorough comparative study therein,
are both important avenues for future research.

The classification of domains for which Laplace eigenfunctions are explicitly known is an
interesting mathematical problem. Already in the 1800s Laplace eigenfunctions had been
determined for the equilateral triangle [111]. Since this time, alternate constructions via the
method of images [104] have been used repeatedly to obtain eigenfunctions [137, 141] (for a
more detailed review, see [151]).

A close connection with group theory is revealed, however, upon realising the equilat-
eral triangle (as well as the square, right isosceles triangle, etc) as a member of the family
of domains consisting of so-called fundamental regions of root systems [7]: that is to say,
those domains that can be repeatedly reflected across their boundaries to tile R%. For such
domains, Laplace eigenfunctions can be derived by applying the symmetries described by
the corresponding root system to the classical Fourier basis. Future work will also aim to
incorporate this theory into the design of modified Fourier approximations in a variety of
higher-dimensional simplices.

In [100, 101] families of Laplace eigenfunctions corresponding to Dirichlet, Neumann,
Robin and certain Poincaré boundary conditions were obtained using the so-called Fokas
method. Such results may have direct impact on the understanding of modified Fourier ex-
pansions in triangular domains. Evidence suggests that any duality (in the sense of Chapter
2) enjoyed by Laplace-Neumann eigenfunctions in these domains, as opposed to the unit cube,

2This is also currently under investigation by D. Huybrechs [7].
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will involve families of Laplace eigenfunctions corresponding to more complicated boundary
conditions. This work may provide the key to such an understanding.

6.3 Accelerating convergence of modified Fourier—Galerkin ap-
proximations

Numerous attempts have been previously made towards the rapid approximation of solutions
of boundary value problems of the form (4.5) in one, two, or three dimensions using Fourier
or Fourier-like series. Most previous techniques use a variant of the polynomial subtraction
process [12, 35, 67, 126, 144, 149], and suffer from the dual restrictions of being commonly
limited to the constant coefficient Helmholtz (a = 0) problem and requiring exact knowledge
of the derivative information of the inhomogeneous term f.

However, bearing in mind the work of Chapter 5, effective treatment of the Helmholtz
problem is now straightforward: when a = 0, the modified Fourier coefficients of the solution
u are known explicitly (in terms of the coefficients of f, see Section 4.3.1). Hence, the rapid
approximation of u without derivatives is easily acquired via Eckhoff’s method [126].

Outside of this trivial case, accurate approximations can be designed for the solution of
problems of the form (4.5) with arbitrary (not necessarily constant) coefficients. Theoretically,
this is very simple. For example, if uy j is an Eckhoff-type approximation, then we specify
the coefficients of uy j by the relation

T (ung 6)) = flI, Vne Iy UMy, i € {0,1)7,

where Mj, is the index set (5.30) and T is the bilinear form appearing in the weak formulation
of the problem (4.5). Note that, upon defining the space Yy = Span{qﬁ?[i] in € IyUMg, i€
{0,1}%}, this approach can be immediately interpreted as the Petrov—Galerkin method

find uyp € Xn: T (ung,v) = (f,v), Yve Yy, (6.1)

where Xy is space of Eckhoff-type approximants (i.e. functions consisting of a truncated
modified Fourier sum and a subtraction function). Observe the generality of this approach:
no stipulations have been made in (6.1) regarding either the operator or boundary conditions.?

Several key issues immediately present themselves. First, ill-conditioning that was origi-
nally confined to a k x k matrix now permeates throughout the K x K discretisation matrix,
where K = |In|+ |[My| = O ((N + k)%). Second, since this matrix is dense, it is not yet clear
how to rapidly compute the approximation uy ;. Noting that Eckhoff’s approximation to the
Helmholtz problem can be easily constructed suggests that the operator splitting £ = Lo+ £1
could be employed once more (as in Chapter 4). However, it remains to be seen whether
this approach is effective or not. We remark in passing that no analysis of the approxima-
tion (6.1) has yet been devised?, although numerical experiments demonstrate the increase in
convergence.

30f course, such issues are of paramount importance as regards the implementation of such schemes.

“Petrov-Calerkin methods have a standard analysis, including a statement analogous to Céa’s lemma,
provided the finite-dimensional spaces Xy and Yy satisfy a so-called inf-sup condition [14, 142]. Verification
of this condition for these particular spaces would immediately lead to error estimates for un .
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In the univariate case, at least, the significant issue of ill-conditioning can be circumvented.
For the problem —u”(z) + a(z)u/(x) + b(x)u(x) = f(z), z € [-1,1], v/(£1) = 0, the odd
derivatives of the solution u satisfy a linear relation of the form u(?+1)(£1) — ¢Fu(£1) = dF,
where the values ¢ € R depend only on the functions a(z) and b(z) and their first 2r
derivatives evaluated at = +1, and the d depend only on f and its first 2 — 1 derivatives
(such derivatives can, of course, be approximated by applying Eckhoff’s method in turn to
a, b and f). The method proposed in [3] is to approximate u by a function uyyj € Xy that

satisfies both Galerkin’s equations and these relations:

T(ung, o) = f n=0,....N, ie{0,1},
ug\?j’k+1)(;|:1)—cfu1\r7k(:|:1):di7 r=0,... k-1, (6.2)

As proved in [3], this approximation not only accelerates convergence, the error ||u — un k||
is O (N _Qk_3), but the condition number of the linear system also remains O (N 2), and the
solution uy can be constructed in O (N 2) operations (provided £ < N). It remains to be
seen, however, whether this approach scales to higher dimensions. Certainly, the linear rela-
tions obeyed by the partial derivatives of u will become increasingly complicated for problems
in two or more variables, thus potentially limiting the scope of this approach. Conversely,
Eckhoft’s approach, whilst exhibiting ill-conditioning, is, theoretically at least, much simpler
to construct for a wide variety of problems.

An alternative to an Eckhoff-type approach is to employ Fourier extension methods.? This
leads to a Galerkin approximation, with ensuing simple analysis. In fact, if uy € Sy is the
approximant, where Sy is defined in (5.75), then uy satisfies the equations T'(un, ¢) = (f, ¢),
Vo € Sy. As with the Eckhoff-type approach, issues of ill-conditioning and computational cost
persist. However, since this is a Galerkin approximation (in contrast to the more complicated
Petrov—Galerkin setting), convergence can be immediately guaranteed. In fact, exponential
convergence is observed, provided w is analytic.

Future work will address the continuing development of fast approximations to partial
differential equations based on the aforementioned techniques. As discussed in Chapter 4, by
designing effective approximations based on modified Fourier expansions, we aim to extend
the range of applicability of modified Fourier methods to a wider variety of problems.

Naturally, this work is not necessarily restricted to tensor-product domains. Upon devel-
opment of convergence acceleration techniques for expansions in the equilateral triangle, for
example, the next step for future research will be the application to boundary value prob-
lems in such domains. Combined with a suitable domain decomposition strategy [44, 143],
the eventual intent of this work is the construction of high-order approximations in complex
geometries. Needless to say, applications are potentially broad-reaching. They include the
numerical solution of many problems in fluid dynamics and electromagnetism, for example,
more commonly tackled by low-order finite element methods.

6.4 Numerical evaluation of coefficients

Combinations of highly oscillatory and nonstandard classical quadratures form the mainstay
of techniques to evaluate the modified Fourier coefficients of a given function. As previously

®Methods for differential equations based on univariate Fourier extensions have been studied in [39].
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alluded to, the development of efficient, robust techniques based on such quadratures is the
main bottleneck towards the development of effective algorithms based on modified Fourier
expansions. Herein numerous questions and open problems remain.

Currently, there are few accurate and reliable bounds for either Filon-type or exotic
quadratures, nor has the stability of such methods for large numbers of nodes and multi-
plicities been established.® Standard classical quadrature has an extremely well-understood
theory, including simple criteria for selecting optimal node locations to obtain highest possible
orders. No such theory yet exists for exotic quadrature: as described in [8], an optimal choice
of internal nodes was possible in some examples, whereas in others, no choice would increase
order. The Peano kernel theorem [140] was proposed as a potential means to tackle such
issues in [8]. One intent of future work is to scrutinise this option.

6.5 Other open problems and challenges

Within the topics considered in this thesis themselves, there remain numerous areas for future
research, as we now detail.

6.5.1 Polyharmonic expansions

The main stumbling block in the practical application of polyharmonic eigenfunctions involves
issues relating to the computation of eigenfunctions for moderate values of the parameter q.
Both increased computational cost and susceptibility to round-off error may limit the scope
of such techniques. Nonetheless, future work will aim to determine the impact of such issues,
and establish potential means for fast, accurate computation for a larger range of q.

Herein we highlight one potential option for further scrutiny. As described in Section 3.2.4,
the exponentially accurate estimates for eigenvalues provide sufficiently good approximations
for even moderate values of the index n. A closer study may reveal higher-order terms in this
expansion, thus circumventing the need for any iterative techniques (outside the first handful
of values n = 1,2,...). Moreover, improved estimates for the coefficients of the individual
eigenfunctions may provide an effective means to construct such functions without having to
solve as many ¢ X ¢ linear systems.

Aside from this topic, it is of both practical and theoretical interest to determine whether
subpolyharmonic eigenfunctions can be constructed in, for example, the equilateral triangle.
Evidently, the lack of L?(Q)-orthogonal approximation bases in such a domain motivates
this particular endeavour. In [155], Laplace eigenfunctions in the equilateral triangle were
obtained by directly solving a particular boundary value problem. Such an approach may
also be applicable in this setting.

6.5.2 Eckhoff’s method

Eckhoff’s method is extremely general in the sense that it can be applied to a large variety
of orthogonal expansions with subtraction bases that can be chosen almost arbitrarily. In
Chapter 5, we presented numerical results indicating how to best choose such a basis for
modified Fourier expansions, yet we have no firm theory establishing this as the optimal choice.

5Some recent progress has been made in [121] as regards these issues. A number of suboptimal bounds were
also given in [133].
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This has potential practical consequences: increasing (or, indeed, guaranteeing) numerical
stability renders the resulting methods more effective for a wider range of problems.

On a related topic, the numerical experiments of Section 5.9 exhibit at least one common
feature: namely, the error levels off at some particular value. Often, especially for univariate
functions, this value is close to machine precision. However, in some cases, it is several
orders of magnitude larger (this feature is reasonably common for such approximations [32]).
Addressing this barrier is a topic of future research. Least squares routines for ill-conditioned
problems are amenable to a whole host of numerical tricks—including cut-offs and iterative
refinement [32]—and thus offer a potential solution to this problem.

6.5.3 Applications

Aside from the boundary value problems studied in Chapter 4 and the integral equations
of [38], modified Fourier expansions may have applications in a variety of other problems.
For example, standard spectral methods for nonperiodic time-dependent partial differential
equations often suffer from severe time-step restrictions [42, 142], thus necessitating the use of
expensive implicit time-stepping routines. Conversely, Fourier methods for periodic problems
offer better stability. Correspondingly, due to the similarity with the modified Fourier basis,
there is reason to expect that modified Fourier methods may have application to nonperi-
odic problems. Needless to say, future work will not only consider time-dependent problems
in tensor-product spatial domains, but also the development of modified Fourier—Galerkin
approximations for triangular regions.

Outside of differential equations, the convergence acceleration techniques of Chapter 5 may
also have application in image and signal processing. The Gegenbauer method (as discussed in
Section 5.10) has been successfully applied to such problems [9, 10] (see also [33] and references
therein). Yet its drawbacks, as discussed in Section 5.10, indicate that other methods may be
better suited for such problems.

Univariate Laplace—Dirichlet and Laplace-Neumann expansions have also been considered
in [150], where a numerical method was developed for the solution of Laplace and modified
Helmholtz problems defined in convex polygonal domains. The fundamental component of
this method is the so-called global relation, formulated in the complex plane, which, when
discretised, provides a finite collection of Fourier coefficients from which the solution is re-
covered. In essence, this component of the method is a reconstruction problem: given the
first N Fourier (or Fourier-like) coefficients of a function f, recover f to high accuracy. It is
eminently possible that both the theory of modified Fourier expansions and the techniques
for convergence acceleration have useful application in this area. This remains an object of
future research.

6.6 Concluding thoughts

The steadily growing list of papers on the topic of modified Fourier expansions marks a sig-
nificant attempt to provide new numerical methods for the approximation of functions in
bounded domains and their applications, including the numerical solution of differential and
integral equations. Many competitive algorithms exist for such problems, including finite ele-
ment methods, spectral methods and wavelets, to name but a few. However, modified Fourier
expansions have thus far proved fruitful in conferring a number of advantages over these more
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standard techniques. Clearly, neither modified Fourier nor more established methods present
a panacea for all problems. At the same time, in view of the potential benefits outlined previ-
ously, these are only the first promising steps towards the development of robust algorithms
with a large range of potential applications.
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