Advances in Computational Mathematics (2024) 50:69
https://doi.org/10.1007/s10444-024-10164-1

®

Check for
updates

A sparse spectral method for fractional differential
equations in one-spatial dimension

loannis P. A. Papadopoulos’® - Sheehan Olver’

Received: 4 May 2023 / Accepted: 14 June 2024
© The Author(s) 2024

Abstract

We develop a sparse spectral method for a class of fractional differential equations,
posed on R, in one dimension. These equations may include sqrt-Laplacian, Hilbert,
derivative, and identity terms. The numerical method utilizes a basis consisting of
weighted Chebyshev polynomials of the second kind in conjunction with their Hilbert
transforms. The former functions are supported on [—1, 1] whereas the latter have
global support. The global approximation space may contain different affine transfor-
mations of the basis, mapping [—1, 1] to other intervals. Remarkably, not only are the
induced linear systems sparse, but the operator decouples across the different affine
transformations. Hence, the solve reduces to solving K independent sparse linear sys-
tems of size O(n) x O(n), with O(n) nonzero entries, where K is the number of
different intervals and » is the highest polynomial degree contained in the sum space.
This results in an O(n) complexity solve. Applications to fractional heat and wave
equations are considered.
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1 Introduction

In this work, we develop a spectral method, detailed in Algorithm 1, to solve equations
of the form

d
Lol = QL+ uH 40+ (=MD [ul = f, (1)
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in one dimension where A, i, € R are known constants, H is the Hilbert transform
and (—A)!/2 is the sqrt-Laplacian, as defined in the next section. The domain is the
whole real line R. We seek a solution such that:

lim wu(x) =0. )

|x]—00

Although in this work, we only consider the sqrt-Laplacian (—=A)'/2, the method
may generalize to fractional rational powers (—A)*, s € (0, 1) N Q. This would be
achieved via weighted Jacobi polynomials and their fractional Laplacian analogues
[1, Tab. 5, Row 1*] combined with the techniques developed by Hale and Olver [2]
for fractional derivatives of a rational power of Riemann—Liouville and Caputo types.
These techniques may further extend to two and three-dimensional problems via the
formulae found in [1, Tab. 7].

Equations of the form (1) arise in several contexts. Hilbert transforms occur in equa-
tions modelling interfacial turbulence of surface-tension driven Stokes flow [3]. The
Hilbert transform is particularly useful in analyzing and processing signals, especially
in the context of understanding their instantaneous frequency and phase relationships.
By taking the derivative of the phase of the analytic signal with respect to time, one can
obtain the instantaneous frequency, providing insight into how the frequency of the sig-
nal changes over time. The Hilbert transform has also been used in the Benjamin—Ono
equation [4] as well as in the context of Riemann—Hilbert problems [5]. The sqrt-
Laplacian (—A)!/? is an operator that represents nonlocal or long-range interactions
in a physical system. Examples include

e anomalous diffusion and random walks: unlike the classical Laplacian, the sqrt-
Laplacian can capture more complex diffusion behaviour often characterized by
power-law scaling and naturally arises as the continuous limit of discrete long
jump random walks, cf. [6, Sec. 2.1.4], [7, Ch. 1] and [8].

e nonlocal potential energy: the sqrt-Laplacian has appeared in the kinetic energy
term of a Hamiltonian in the context of quantum mechanics where it models a
nonlocal contribution to the kinetic energy of a particle [9, 10].

WhenA =n=pu=0and X = 1, n = u = 0, we recover the fractional Poisson
and fractional (positive-definite) Helmholtz equations, respectively. Such equations
have found many uses [11-15]. In particular the fractional Helmholtz equation arises
after a backward Euler time discretization of the fractional heat equation

du(x, 1) + (=M 2ul(x, 1) = f(x,0). 3)

In this case, the constant A = (A#) ™! is the inverse of the time stepsizeand u = n = 0.
It also arises in power law absorption [16] or during the Newton linearization for non-
local Burgers-type equations [17, 18], which have applications for quasi-geostrophic
equations [19], or fractional porous medium flow [20].

Our approach is to approximate the function u with a space of functions consisting
of weighted Chebyshev polynomials of the second kind and their Hilbert transforms,
the span of which we refer to as a sum space: it is a direct sum of the span of two bases.
This approach is inspired by a similar method utilized by Hale and Olver for fractional
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integral and differential equations [2]. As the Hilbert transform is an anti-involution,
‘H[H[u]] = —u, the operator (AZ 4+ H) maps the sum space to itself and the operator
representation of (AZ 4H) is sparse. This method naturally extends to combinations of
affine transformations of the sum space where the Hilbert transform decouples across
the affine transformations. By constructing a dual sum space that contains the range of
the derivative of the sum space, we exploit a relationship between the sqrt-Laplacian,
derivative and Hilbert transform (see (13)) to solve (1).

There exist many methods for tackling problems involving fractional Laplacian
terms. Finite element methods (FEM) are popular, for instance see [6, 21] and the
references therein. Typically during the construction of FEM, the boundary must be
bounded. This implies that special care must be taken for the imposed boundary con-
ditions as the different definitions of the fractional Laplacian are no longer equivalent.
Moreover, the solutions themselves are often heavy-tailed, i.e., they decay at the rate of
a Cauchy distribution rather than a Gaussian (see Sect.7.4) [22, Sec. 2]. Hence, FEM
naively applied to a (large) truncation of an unbounded domain will likely exhibit
numerical artefacts due to the nonlocal nature of the operators [23, Sec. 9].

Spectral methods for tackling Helmholtz-like problems posed on R? can also be
found in the literature [24-29]. For a summary see [23]. Mao and Shen [27] devel-
oped a Hermite spectral method to solve the fractional Helmholtz problem (A > O,
n = w = 0) on unbounded domains, d € {1, 2}, for an arbitrary fractional Laplacian
(=A)*, s € (0, 1). Each solve relied on four discrete Hermite transforms. They also
developed a Galerkin method where the stiffness matrix entries can be computed by
explicit integrals, however, the stiffness matrix is dense. Li et al. [29] also develop
a spectral-Galerkin method based on Hermite polynomials and their stiffness matrix
is also dense. They are also able to define a truncated fractional Laplacian. Tang et
al. [25] developed a Hermite collocation method where they derived explicit recur-
rence relationships for the entries in the stiffness matrix. They applied their method
for d € {1, 2} as well as to nonlinear problems. Similarly, as they use a collocation
method, their linear systems are dense. Then, Tang et al. [26] extended their col-
location method to modified mapped Gegenbauer functions which are better suited
to approximating solutions with algebraic decay rates. Sheng et al. [28] note that
for dimensions two or more, the previous methods can become expensive. Sheng et
al. developed a Chebyshev spectral Galerkin method for the fractional positive-definite
Helmbholtz equation on an unbounded domain using the Dunford—Taylor formulation
of the fractional Laplacian [30, Th. 4.1]. They construct so-called mapped Chebyshev
functions defined on R. Their method works for arbitrary s € (0, 1) and they consid-
ered one, two, and three-dimensional problems. The initialization of their algorithm
requires the solution of an eigenvalue problem with worst case complexity O(n?) in
one dimension. However, they remark this can be improved to O (n?) with an optimal
solver. Each solve requires an FFT and the complexity of the solve is O(n(log n)4),
where d is the dimension. Recently, in one dimension, a series of specialized algo-
rithms were developed by de la Hoz and coworkers that utilize a so-called L cot(s)
transformation to convert the unbounded domain to a bounded one [31-34]. They con-
verge at a spectral rate when there is sufficient smoothness in the problem, accurately
capture behaviour of the solution as [x| — oo, and may be applied to nonlinear prob-
lems. The main disadvantages are the heavy reliance on the choice of L for accuracy
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(although heuristics exist), the evaluation of infinite sums or expensive evaluations
of » F functions (which may require higher precision than double precision), and the
ill-conditioning of the matrices that represent the action of the fractional Laplacian
which introduces numerical error when the truncation degree is large. Out of the four
papers mentioned, [34] is a specialized algorithm for s = 1/2 and accelerates the
computation of the sqrt-Laplacian via an FFT resulting in a fast algorithm. However,
depending on the behaviour of the solution, the algorithm requires different choices
for the setup (for instance the specific choice of the transformation to the bounded
domain) which induces some subtleties in the implementation. We emphasize their
algorithms are effective, however, we believe our spectral method is better suited for
certain classes of nonsmooth right-hand sides (see Sect. 7.3), solutions with singular-
ities that naturally arise in the case of the sqrt-Laplacian, and is better conditioned.
We prove that the linear system to compute the solution may be preconditioned with
a diagonal preconditioner such that the condition number is O(1), independent of the
truncation degree and the number of discretization intervals. Moreover, the expan-
sion of the right-hand side relies on the use of frames for which an e-truncated SVD
factorization has been proven to mitigate the perceived ill-conditioning (see Sect. 5).

We reiterate some advantages of our method. We can handle the terms % and 'H
as well as (—A)/2 and Z, the former of which are not included in the aforementioned
works. Moreover, the ability to contain multiple affine transformations of the reference
sum space allows one to better handle regions of discontinuity in the data resulting in
better approximations. The resulting linear systems are banded and sparse. Each solve
is divided into independent well-conditioned solves, that can be computed in parallel,
involving only the functions contained in the same affine transformed sum space. This
results in quick solve times. Moreover, there exists a diagonal preconditioner such
that the preconditioned linear system has an O(1) condition number, independent of
the truncation degree or interval choice. The evaluation of the solution requires the
integral of four independent special functions per differently scaled sum space, and if
all sum spaces have the same scaling (i.e., they are just translations), we require only
four integrals in total. The special functions are not dependent on the right-hand side
of (1), however, they are dependent on A, i, and 7.

Given that the different affine transformed sum spaces have overlapping support,
the fact that the operator decouples across the sum spaces seems implausible at first
glance. There must be communication between the sum spaces for continuity purposes.
The communication occurs during the expansion of the right-hand side: a process
that cannot be decoupled across different affine transformed sum spaces. Hence, the
computational expense shifts from the solve of the equation to an interpolation of a
known function [35, 36].

Remark 1.1 As the sum spaces centred at multiple intervals are combined together
to form the overall approximation space, it is tempting to call this a spectral element
method. We avoid using the terminology “element” as it may be confusing. The support
of a sum space function centred at an interval is not necessarily contained within the
interval. In fact the support of the approximation space is always R. Moreover, the
expansion of the right-hand side is slightly more difficult than a typical finite/spectral
element method as the sum space functions centred at different intervals all interact.
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However, we emphasize that the operator L;, ;, , decouples across sum space functions
centred at different intervals. Hence, given an expansion of the right-hand side, the
solve complexity only increases linearly with the number of intervals used and the
solve over different intervals can be done in parallel.

The paper is structured as follows. In Sect. 2, we rigorously define the problem we
are solving and prove relationships between the sqrt-Laplacian, the Hilbert transform,
and the derivative operator. In Sect.3, we introduce the approximation space of our
spectral method which we call the “sum space.” We prove the regularity of the functions
contained in the sum space and derive the action of the fractional operator £, ; ,
on the functions. In Sect.4, we outline the algorithm in Algorithm 1 and discuss
implementation details in Sect. 5. We analyze the conditioning of the solve in Sect. 5.3
and prove the existence of a diagonal preconditioner that induces a condition number
independent of the truncation degree and number of intervals. In Sect. 6, we prove a
convergence result for the spectral method and consider various examples in Sect.7
which include the fractional heat equation and a fractional wave propagation problem.
In Sect. 8, we give our conclusions. In the appendices, we explain how to utilize the
FFT to approximate the continuous inverse Fourier transforms of the four special
functions, required for the evaluation of the solution, and also discuss special cases
for the parameters A, u, and 7.

2 Mathematical setup

Let W*P(R) denote the (possibly fractional) Sobolev space [37, 38] and H*(R) :=
W*2(R). We denote the Lebesgue space by L*(R), s > 0. We seek a solution u €
H'2(R) for (1). Moreover, if 7 # 0, then we require the stronger assumption that
u € H'(R). We note that H'(R) ¢ H'2(R) which follows from the (Fourier)
definition of H!(R) [37, Sec. 7.62] and a small extension to [38, Prop. 3.6]. Similarly,
the right-hand side f must have sufficient regularity so that (1) is well-posed. Let
H™*(R) denote the dual of H*(R), then we require f € H —12(R).

7T denotes the identity operator and (—A)!/? denotes the fractional sqrt-Laplacian.
Its definition is somewhat subtle depending on the domain and range considered. Let
S denote the space of Schwartz functions. For any s € (0, 1), we define (—A)* : § —
L?(R) as [38, Sec. 3]:

u(x) —u(y) _4TA/2+5)

(—A)Su(x) = Cy dy, fora.e. x € R, Cg = m “4)

R |x _y|1+2s

Here fR - denotes the Cauchy principal value integral [39, Ch. 2.4] and I'(-) denotes
the Gamma function. For any u € H*(R) it can be shown that (—A)Y/?u € L*2(R)
[38, Prop. 3.6] where (—A)*/? is defined as in (4) for s € (0, 1). This also holds for
s = 1 by a small extension. Thus, we consider the weak form reformulation of the
fractional Laplacian (—A)* : H*(R) - H*(R):

(=AY u, V) g=s®y, e ®) = (=D ?u, (—A)*/?v) 2 forallv e H'(R). (5)
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The right-hand side of (5) is often referred to as the guadratic form of the fractional
Laplacian. The quadratic form is best suited to prove existence of solutions. Suppose
A > 0and n € R. Then, the following equation has a weak solution u, € H'/?(R)
(see Theorem 2.2),

Mu, v) 2y + n(Hu, v) 2R

(6)
D), (8) ) @y = (F V) 2@y, 12 @)
By definition of H!/ 2(R) we have that u, € L?(R). Moreover, if f € L%(R) (and
thus (—A)"/2u, € L%(R)) then the weak solution u,, also satisfies [40, Th. 1.1]

AL +nH + (=A) ), = fae. inR. (7

The fractional Laplacian can also be defined via the Fourier transform. In this
work, we use the following conventions for the Fourier transform and its inverse,
F:LYR) > C(R):

Flfl(w) = / f e ¥ dx, f*l[F](x)zi / F(w)e““do. ()
R 2 R

The Fourier transform is an automorphism for the space S, F : § — S [41,Cor.9.1.8].
By duality, the Fourier transform (and its inverse) may be defined for the space of
tempered distributions, F : S* — S*, where the space of tempered solutions S* is
the dual space of S [41, Sec. 9.3]. As the space of Schwartz functions is dense in
LP(R), for p € [1, 00), the Fourier transform may be extended to all f € LP(R).
However, the Fourier transform may only be a tempered distribution for p > 2.
The Hausdorff—Young inequality implies that, for p € [1,2], 7 : LP(R) — LI9(R)
where 1/p + 1/g = 1 [42, Ch. 2.3]. In general, the Fourier transform of a function
f e LP(R)\L'(R), p € (1, 00), cannot be computed via the formula in (8) [41,
Sec. 9.2].

If both u, (—A)*u € LP(R) for some p € [1, 00), then the operator (—A)* may
be equivalently interpreted as a Fourier multiplier, i.e., the following equation holds
in the sense of distributions [40, Th. 1.1]:

FI(=A) [ull(@) = |o* Flul(w). ©)

If p € [1, 2], then (9) holds a.e. in R [40, Th. 1.1].
H : LP(R) — LP(R), p € (1,00), denotes the Hilbert transform which is a
bounded linear operator. It can be defined via the following convolution:

Hlul(x) := %]é xu(_y)ydy fora.e. x € R. (10)

Equivalently, the Hilbert transform can be seen as a Fourier multiplier such that [43,
Sec. 2.2]
FH[ul)(w) = —isgn(w) Flu](w), (1D
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where sgn(-) denotes the sign function. A useful property of the Hilbert transform is
that it is anti-self adjoint [44, Th. 102].

Lemma 2.1 (Anti-self adjointness of the Hilbert transform) The Hilbert transform
is anti-self adjoint, i.e., for u € LP(R), v € L9(R) such that 1 < p,q < oo,
I/p+1/g=1,

(Hlul, v)Lr®),Le®) = —{u, H[V]) LrR),L9(R)- (12)

The Hilbert transform has found uses in aerofoil theory, crack formation, elasticity,
and potential theory [39]. Of particular interest here is the connection with the sqrt-
Laplacian.

Theorem 2.1 Consider any u € L*(R) such that (—A)'/>u € S*. Then, the following
equation holds in the sense of distributions:

diH[u] = (=A)?[ul. (13)
X

Proof For any u € L*>(R), (—A)'/?u is defined as follows: for any ¢ € S [40],
[P = [ u-a)ig1ax, (14)
R R
where (—A)!/2[¢] is understood via (4). Similarly,
d d d
f —H[ulpdx = —/ Hlul—¢ dx = / uH—¢dx, (15)
R dx R dx R dx

where the first equality is the definition of the distributional derivative and the second
holds by Lemma 2.1 since u, %d) € L2(R). It remains to show that (—A)'/2¢ =
H%d) for any ¢ € S. This follows by comparing Fourier coefficients.

Since ¢ € S then ¢ € L?*(R) and by the singular operator definition of
(—A)72, (=A)2¢ e L2(R). Hence, by a result of Kwasnicki [40, Th. 1.1],
Fl(=A)'2pl(w) = |o| Flpl(w) for a.e. w € R. Moreover, since ¢ € S, then %d) €
L*(R) which implies that H[<¢] € L?(R) and, therefore, F[H[s¢]] € L2(R). In
particular,

d

FII - #1(@) = ~isgn(@)F[-$)©) = 0| FPl(©) forae.w € R.  (16)

d
dx
For f € L?(R), the same u,, that solves (6) also satisfies

ux(x) = F'( = insgn() + o)) ' FLA@)]1(x), (17)

whenever the right-hand side of (17) is well-defined (which is not automatic). For the
case where A < 0, n = 0, there may exist standing wave solutions to the homogeneous
equation (f = 0). These standing waves do not decay and thus do not live in H'/2(R).
However, the Fourier transform definition does not automatically select the solution
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that lives in H'/2(R). Thus, a solution that satisfies (17) might not satisfy (5). In
Appendix 3, we encounter an example where f € L'(R)\L?*(R) (and thus F[ f] is
well-defined) such that (17) has a solution and the solution does not live in H'/2(R),
and thus cannot be a solution of (5).

Theorem 2.2 (Existence) Suppose thatw € R, n =0, 1 > 0, and f € H™/2(R).
Then, there exists a unique weak solution u, € H'Y*(R) that satisfies (6).

Proof The result follows by utilizing the anti-self adjointness and continuity of H (see
Lemma 2.1 and [45]) as well as an application of the Lax—Milgram theorem (see [27,
Sec. 2.2)).

3 Sum space

The goal of this section is to define the four families of functions found in Fig. 1. The
first row in Fig. 1 form the primal set of functions that we approximate our solution
with. The action of (—A)!/? maps the top left and right families to the bottom left
and right families of functions, respectively. The map induces a diagonal matrix. By
contrast, we construct the identity map from the top left family to the bottom right, and
from the top right to the bottom left. These identity mappings only have two diagonals
in their induced matrices that are non-zero entries. Throughout this work, we use the
convention N :={1,2,3,...}and Ny :=1{0,1,2,3,...}.

Remark 3.1 We note that there does not exist an identity operator from top left to
bottom left and top right to bottom right. This is precisely why we require both families
in the top and bottom rows, rather than just one. By combining the first row of families
of functions and the bottom row of families of functions, we can find the sparse map
induced by AZ + (—A)!/2. The operators H and % are treated similarly.

Consider the sum space:
S = span({f},, W, :n € Ng}), (18)

where W, (x) = (1 —xz)fr/2 U, (x), U, are Chebyshev polynomials of the second kind,

and (1 — x2)}% = 0if |x| > 1. Recall that [46, Sec. 18.3], U, (x) are orthogonal to
+

the weight (1 — xz)i/z, in the domain (—1, 1), and

Up(x) =1, Ui(x) =2x, Uyy1(x) =2xU,(x) —U,—1(x), n € N. (19)

{W,} {Tn} Sum space
7
(—A)L/2 \ \I (—A)L/2
{U,} {Vi.} Dual sum space

172

Fig.1 The domain and range of the operators (—A)"'/< and Z for our approximating spaces
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Hence, W, (x) are weighted Chebyshev polynomials of the second kind extended to
R by zero. Moreover,

T, (x) for |x| <1,

Ty (x) := (x — sgn(x)v/xZ — )" for |x| > 1,

(20)

where 7),(x) are Chebyshev polynomials of the first kind. Recall that [46, Sec. 18.3]

T, (x) are orthogonal to the weight (1 — xz)jrl/2 in (—1, 1) and

To(x)=1, Ti(x) =x, Tyy1(x) =2xT,(x) — Ty—1(x), n € N. 21

We call 7~‘,, (x) extended Chebyshev functions of the first kind. Under the change of
variables, x = cos6, for [x| < 1, the sum space is equivalent to the Fourier series
on the half-period 0 < 6 < m. Thus, expanding a function f(x) in this space is
equivalent to the Fourier extension problem [47-49]. We emphasize that we must take
the span of both families of functions; otherwise, we are unable to construct a sparse
representation of the fractional operator in (1).

The extended Chebyshev functions T, satisfy the same recurrence relationship as
T,.

Proposition 3.1 (Recurrence relation) Forallx € R, n € N,
2xT, (x) = Ty (x) + Ty 1 (x). (22)

Proof The case where |x| < 1 is the three-term recurrence for Chebyshev polynomials
of the firstkind. For |x| > 1, the result follows by utilizing the substitution x = cosh(y)
if x > 1 and x = — cosh(y) if x < —1 into (22).

The following result is a key observation for the construction of the spectral method.
The result can be found in [5, Cor. 5.7].

Proposition 3.2 (Hilbert transform) For x € R, n € Ny, we have that
HIWal(x) = Top1 (x). (23)

Moreover, for a function u € LP(R), p € (1, 00), the Hilbert transform is an anti-
involution, i.e., Hz[u] = —u. Hence,

H[Ty411(x) = — Wy (x). (24)

Remark 3.2 Herfz To(x) = 1 for all x € R. It can be shqwn that H[To](x) = 0.
Therefore, H2[Tp](x) = 0. This is not a contradiction as T ¢ LP(R) for any p €
[1, 00).

Lemma3.1 W, € L*(R) N WLP(R) forn > 0, s € [1, 00], p € [1,2), and T,, €
L'R)NWIP(R) forn > 1,5 € (1,00), p € (1,2).
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Proof Since W, (x) are essentially bounded and supported on [—1, 1], it follows imme-
diately that W,, € LP(R) for alln > 0, p € [1, o0]. A direct check reveals that
W, € WLP(R) for p € [1,2). Moreover, for any function f € L*(R), s € (1, 00),
we have that [45]

IHfls® < ClfliLsw), (25)

for a constant C that only depends on s. Hence, forn > 1,
ITullLs®) = IHWu—1lls®) < CllWaeills@®) < 0o. (26)

As 4. and H commute for any function in W4 (R), ¢ € (1, c0) [43, Th. 3.2], w

have thatH T (x) = dx W,—1(x) a.e. Thus, forany p € (1,2),n > 1,

||—T lLr@®) = ||H Wn ller@) < Cll— n—1llLr@®) < 00. 27

Therefore, T, € L*(R) N W-P(R) forn > 1,5 € (1, 00), p € (1,2).

Consider the expansion, for x € R,

u(x) = iigTo(x) + Y _litn Ty (x) + uy Wy 1(x)], (28)

n=l1

where {ii,,}, {u,} C R are constants. Then, a calculation shows that, for x € R,

o
T + pH)Lul(x) = hitgTo(x) + Y [l + paan) T () + ety — pait) W1 ()],
n=1
(29)
i.e., the (AZ + wH) operator maps the expansion to itself. Consider the equation
(AZ 4+ wH)[u] = f. If one has an expansion for the right-hand side term, f, in the
sum space, then it is possible to quickly compute the corresponding solution, u, via
(29).

Remark 3.3 We note that the Hilbert transform relationship (23) also holds for scaled
and shifted Chebyshev polynomials. This provides the bedrock for the decoupling of
the Hilbert transform problem across affine transformed sum spaces.

We note that the sum space is a so-called frame for x € [—1, 1] [35].

Definition 3.1 Consider a Hilbert space H. An indexed family of functions {¢,,} € H
is called a frame for H if there exist constants 0 < ¢ < C < oo such that

clfliy =Y Kf ¢n)ul® < ClfI forall feH. (30)
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Definition 3.2 (Weighted Lebesgue space) Let w : [a, b] — [c,00), ¢ > 0, be a
measurable function. Then, the weighted Lebesgue space LY (a, b) is equipped with
the norm | £l .2, ) = (fa” | f1Pwdx)!/P. If p = 2, then L2 (a, b) is a Hilbert space

equipped with the inner product (f, g) 12(a.b) = [ ab fewdx.

The following proposition is equivalent to a similar result by Huybrechs [49,
Cor. 3.2] concerning a frame for Fourier extensions, as our space restricted to [—1, 1]
is equivalent to the Fourier basis functions restricted to [—1, 1].

Proposition 3.3 (Frame) Let w(x) := (1 — x2);_1/2. Then, the sum space S, for
x € (—1, 1), is a frame on the weighted Lebesgue space Li)(—l, 1).

Proof The families of Chebyshev polynomials 7},(x) and U, (x) are orthogonal with
respect to the weights (1— x2)+1/2 and (1 —xZ)L/z, respectively on L?(—1, 1). Consider
any f € L,ZU( 1, 1). By noting Tn (x) = T,,(x) for x € [—1, 1] and two applications

of Parseval’s identity, we see that

o0
Z[ TL2(11)|+|fWL2(11)|]

n=0
(31)

WK

(107 T2 P+ 1P Wad 2]
0

”f”LZ( 1,1) + ||fU)|| (7]’1) ZHf”LZ( 1,1)"

n

Thus, the lower and upper bound constants in (30) are ¢ = C = 2.

Remark 3.4 Suppose that the support of a function is contained in the union of user-
chosen intervals. Then, the function can be represented to arbitrary precision by the
frame induced by taking the union of all the sum space functions centred on all the
affine transformed sum spaces (see Sect.4.3 and Theorem 6.1).

3.1 Dual sum space

In order to exploit the relationship (13), we require the action of the derivative on the
sum space. Let V,,(x) := (1 — xz);l/ 2 T,(x), x € R, denote the weighted Chebyshev
polynomial of the first kind of order n extended to R by zero. Define, (1 — xz);l/ 2=0
if |x| > 1. Consider the following functions:

~ 0 x| <L, ~ 0 x| <L,
Ua(x) =1 | x| > 1 U_1(x) =1 sentn) | > 1 (32)
Vx2-1 ’ Vx2-1 ’

Furthermore, for x € R, we define
Uo(x) := To(x) + U_z(x), (33)
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and, for n € N, we recursively define the extended Chebyshev functions of the second
kind as follows: ~ B y
Un(x) := 2T, (x) + Up—2(x). (34)

The dual sum space is given by
S* .= span({[]m, V, :m e NyU{-2,—1},n € Ng}). (35)

Remark 3.5 Note that the functions in the dual sum space S* do not live in H 12(R).
However, it is not the solution that is expanded in the dual sum space but rather the
right-hand side which is only required to live in H~!/2(R).

The weighted Chebyshev polynomials and extended Chebyshev functions have
been centred on the interval [—1, 1].

Definition 3.3 (Affine transformation) Consider an interval I = [a,b] C R,a < b
and the affine transformation y = 2/(b — a)(x — (a + b)/2). We define the affine
transformed extended and weighted Chebyshev functions and polynomials, centred at
Las T,) (x) = T,(3), Uy (x) = Un(), W) (x) = Wy (), and V, (x) = V, ().

We note that WnI (x) and VnI (x) are supported on the interval I, whereas fnl (x) and
f/,{ (x) have global support extending beyond 1.

In the following proposition, we show some relationships between the sum space
and the dual sum space.

Proposition 3.4 (Equality and derivatives) Consider the interval I = [a,b] C R,
a < b. Then, foranyn € N, x € R\{a, b},

%i{ (x) = bz_”a Uy (x), (36)
and, for n € Ny,
%Wnl(x) = —@anﬂ(x). (37)
Moreover, for any x € R,
W, (x) = %[V,{(x) — VLl (38)

Proof All three identities (36)—(38) follow from classical identities between Cheby-
shev polynomials of the first and second kinds, their recurrence relationships, and an
induction argument. We prove the first identity (36) and note that the other two are
found in the literature [46, Sec. 18.9.10 & 18.9.22].

We consider (36) and initially examine the case where / = [—1, 1]. Consider the
region x € [—1, 1]. From the definition of Un (x), forn > 0, in (33) and (34), and a
classical identity between Chebyshev polynomials of the first and seconds kinds [46,
Sec. 18.9.9], it can be shown that

U,(x) = Uy(x), n € Ny, for x € [—1,1], (39)
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where U,(x) are the Chebyshev polynomials of the second kind. Hence, another
classical identity [46, Sec. 18.9.21] reveals that

d - ~
d—T,,(x) =nU,_1(x) forx € (—1,1). (40)
X
Consider |x| > 1. By a direct calculation, we see that
d - ~ d - -
—T1(x) =Up(x) and —Tr(x) =2U;(x). 4D
dx dx

Moreover, another direct calculation shows that, for |[x| > 1 and n > 2,

_ JVx2 — 1)
ifn(x) _ —sgn(x)n(x sgn(x)v/x 1) .

dx x2—1

(42)

Suppose that (36) holds up to and including Tn,l (x). Now,

- - ~ - n d -
nU,_1(x) =2nT,_1(x) + nU,_3(x) = 2nT,_1(x) + maTn—ﬂx)’ (43)

where the first equality follows by definition of U, (x) and the second equality follows
from the induction argument. Substituting in the explicit definitions of T,_1(x) and
%Tn_g(x), |x| > 1, we find that the right-hand side of (43) is equal to (40). Hence,
(36) holds for all n € N, x € R\{—1, 1}, when I = [—1, 1], by induction. It follows
by applying the chain rule that (36) holds for arbitrary I = [a, b].

Proposition 3.5 (Sqrt-Laplacian) Consider the interval I = [a, b] C R, a < b. Then,
foranyn € N, x € R\{a, b},

<—Aﬂ”ﬁﬁu)=5giwkm, (44)
—da

and, for n € Ny, x € R\{a, b},

() 2w ) = 2 D g

0. (45)

Proof By Lemma3.1,7,, W, € L2(R)NW!*(R),s € (1,2),n > 1,m > 0.Thus, the
conditions of Theorem 2.1 hold and (—A)'/?[T,,] = &H([T,] and (—A)/2[W,,] =
%H[Wm] in the sense of distributions. The result then follows by applying Proposi-
tions 3.2 and 3.4.

Corollary 3.1 (Hilbert transforms of V! and U,) Consider the interval I = [a, b] C R,
a < b. Then, forn > 0,

HON(x) = VL (x) and H[V] 1(x) = -T}(x). (46)
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Proof We note that

woh =n L | L oL b (47)
T x| 2+ D) T T dx 21 T D

where the first and third equalities follow from Proposition 3.4 and the second equality
holds as T;,4+1 € WP (R) for any p € (1, 2) [43, Th. 3.2]. The second result follows
as H is an anti-involution.

Corollary 3.2 (Regularity of (—A)!/? Tnl and (—A)1/2 W,{ ) Consider the interval [ =
[a,b] C R,a < b. Then, (—A)'2T!, (=A)'?W! e LP(R) for any p € (1,2),
n e N, me Ny.

Proof A direct check reveals that Vni(x) € LP(R) for any p € [1,2), m € Np.
Hence, by Proposition 3.5, (—A)V/ 2735 € LP(R) for any p € (1, 2). Moreover, for
any p € (1,2),

2(n+1)
=) W ey = = ——= 10, e
2(n+ 1) 2C(n+1) (“48)
MV lem < —II e @) < oo.
b — b—
The Hilbert space H'/2(R) is equipped with the inner-product
(u, V) g2y = (U, V) 2y + (=), (= A)V*0) 2. (49)

The following proposition shows that Tn (x) and W, have partial orthogonality with
respect to the H'/2(R) inner product.

Proposition 3.6 (Partial orthogonality in H 1/ 2(R)) Tn, Wi, n € N, m € Ny satisfy

(=D)AT5 (=) AT 2y = 180, (=D W;, (= M)VAW)) 2y = U+ D)8y,

(50)
where §j; is the Kronecker delta.
Proof We note that
((—A)1/4'fj, (_A)1/4TI)L2(R) = (’I:j, (_A)I/ZTI)LZ(R) = Z(T], Vl)LZ(]R) (51)

= U(T;, VI)LZ(—l,l) =131
Similarly,
(=)W, (=YW 2y = (Wi, (D) PW0) 2wy = (4 DW;, Ui 2wy

=1+ D{W;, U210y = A+ D8
(52)
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4 Spectral method

The goal of this section is to define the various functions, vectors, and matrices that
appear in the spectral method described in Algorithm 1.

Algorithm 1 Spectral method for solving (1)
Input: Values for A, « and n, the right-hand side f, the number of intervals K, a tuple of truncation degrees
n=(ny,ny,...,ng),and a tuple of intervals I = (I, I, ..., Ig).

Output: The coefficient vector u,I,‘Jr such that u(x) ~ S,I,‘+(x)u,1,‘+.
+

Solve for u,I, ’

1: EXPAND. Viaan e-truncated SVD factorization, solve the least squares problem minf Il Gf,ﬁ’* —b|| 2
n

such that £(x) ~ SI* ()1 * (cf. Section 5.1).
2: ASSEMBLE. Assemble the matrix L£‘+, cf. (66), (88), and (89).

3: SOLVE. Solve the linear system L£’+u£’+ = f,{*

Evaluate S,I,‘+(x)u£‘+:
1: INTEGRATE. Compute the 4K continuous inverse Fourier transforms to find the appended sum space

functions as described in Section 4.2. Note that if the intervals are translations (and not scalings), this
reduces to four continuous inverse Fourier transforms as shown in Appendix 2.

2: EVALUATE . Evaluate the sum u(x;) ~ S,I,‘Jr(x,-)u,l,’Jr at the grid points x;,i € {1,2, ..., M}.

4.1 Operators

For any x € R, we denote the n-th sum space and dual sum space quasimatrices,
centred at an interval I = [a, b] C R, by

Sp(x) = (To) | Wl ) T ) |-+ [ Wl TL () (53)
Sy = (UL, | Vi) UL @) |-+ | VL,0) T ). (54)

Note that S/ (x) € L(R) x H'2(R)>"*2 and S!*(x) € H™'2(R)>"*7. A quasi-
matrix is a matrix whose “columns” are functions defined on R [50, Lec. 5]. In S,ﬂ (x)
the first column contains the constant function. Thereafter, we block together the
columns WkI (x) and TkIH(x) fork =0, ..., n. Similarly in S,Il‘*(x), the first column
contains U r ,(x). Thereafter, we block together the columns Vkl (x) and U kl— 1 (x) for

k=0,...,n+ 2. Wenote that Sﬁ’*(x) has four more columns than S,ﬂ (x). These are
required to represent the identity map between the two sum spaces exactly.

Proposition 4.1 (Quasimatrix operators) Consider the interval I = [a,b] C R,
a < b. Then, for x € R,

SI(x) = SL*(x)E,, HISHI(x) = SL*(x)H,, (55)

and for x € R\{a, b},

%[Sg](x) =S ()D!, and (—A)Y*[S!1(x) = ST (x)AL (56)
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-10 01 00 0 0
= (00 m=(0) 2260 0=() w=() @

Then, E,, Hy, DI, AL € RCHDXC+3) gre defined by

Let

-1 0" ... 0" 0 oF o’
0 —N/2 0 Z
2
e Z 0 ;=N
E, = _ , D= ,
0 N/2 . —N/2
. . 2 1
: . Z : (bnja)N
0 N/2 0 z 58)
0o 0" ... 0f 0o o7 ... oT
0—M/2 0 Z
2
0 Z 0 b—aM
Hy = _ , A=
0 M/2 . —M/2
. 2 1
: . Z : %M
0 M/2 0 z

Proof The result follows from Propositions 3.2, 3.4 and 3.5.

Proposition 4.2 (Jacobi matrix) Consider the interval I = [a,b] C R, a < b. Let
Séo denote the quasimatrix of the entire sum space, i.e., S,i with n = o0o. Moreover,

let Sg’ol denote Séo but with the first column (To) removed. For any x € R, lety =
2/(b—a)(x — (a + b)/2). Then,

0 1/2 0
0 0 1/2

0 0 O

ySgb’ x) = Séo(x)J where )= (59)

Proof The Jacobi matrix of W, is the same as the Jacobi matrix for U,. The entries of
the columns associated with 7,, follow from Proposition 3.1.

Remark 4.1 The matrices E,,, H,, D1, Al and J are sparse.
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4.2 Single interval

We now collect the final ingredients for the spectral method centred on a single interval
at [—1, 1] to solve (1) for x € R. Consider the expansion of the right-hand side f(x)
in the dual sum space and truncate at degree n,

f(x) ~SEofr, £f e R, (60)
Consider the matrix L, := AE, + uH, +nD! + Al ¢ RC*+1x(2n+3) We note that L,

is a linear operator mapping from the sum space S, (x) to the dual sum space S} (x).
However, L, € R"+7D*Cn+3) jg 3 rectangular matrix and the linear system

Lyu, = f*, u, € R¥"3, (61)

to find the coefficients of u(x) in the truncated sum space is overdetermined. We wish
to construct a method where the expansion of u(x) is determined exactly, i.e., we
want to avoid a least squares solution for u,. Let S; (x) denote the sum space S, (x)
without the first block, i.e., we drop the first function To (x). We construct the following
appended sum space

St (x) == (To(x) | vo(x) di—1 (x) | v1 (x) dio(x) | S5 (x)) . (62)
where S" € L*(R) x H 1/2(R)?"+6_ Here, the functions v, (x) and i, (x) satisfy

£A,u,nﬁn(x) = 0}1()‘7)» (63)
L:)\,[,L,I’]Un(x) = Vu(x). (64)

Let Lo € R+7)x(2142) denote the matrix L, without the first column. By consid-
ering the map induced by £, ,, , from the appended sum space S, (x) to the dual sum
space S (x), we see that the solution of (1) can be approximated by solving

LiuS = ub eR¥ (65)

where L € RCH+DxCn+7) ig the following square matrix:

S oo
(=N =]

(e}
L e R@HDx@ntT). L° R+ x(2n42) (66)

00000

L;} is constructed by pre-appending L, € R@"+7)*(21+3) with four columns containing
one nonzero entry each and commuting the column associated with T (x) to be first.
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The entries in the new columns have a value of 1 and are in the positions (2, 2), (3, 3),
(4,4), (5,5). By solving the linear system (65), we conclude that u(x) ~ S, (x)u;.
In order to realize the values of ST (x)u,, we require approximations for the solutions
in equations (63) and (64). These can be found using a fast Fourier transform (FFT)
[51], specialized quadrature formulas or explicit expressions. We give more details
below.

Remark 4.2 The solutions #, (x) and v, (x) are not dependent on the right-hand side
f of (1), although they are dependent on the constants A, , and 7.

Remark 4.3 The choice of vg(x), u_;(x), vi(x) and iig(x) as the additional functions
is not the only option. Indeed, if the goal was to improve the conditioning of L\, then a
better choice would be i, (x) and v, 45 (x) rather than g(x) and v{ (x). In this case,
the conditioning of L, only grows linearly with 7, is robust for large parameter ranges
of A, u and n, and there exists a diagonal preconditioner such that the condition number
is independent of n as described in Sect. 5.3. With the presented choice, the condition-
ing degrades if both © — 0 and A — 0. The disadvantage of i+ (x) and v,4+2(x)
is that if multiple solves are required with different degrees 7, then additional work
is required to compute the required additional functions. Furthermore, in numerical
experiments, we observed that the approximate identity mapping from the appended
sum space S, (x) to the dual sum space S (x) is unstable when using i,,+1(x) and
vp4+2(x) as the additional functions. Hence, for discretized time-dependent problems
where we are required to map the current solution iterate expanded in the appended
sum space to the expansion in the dual sum space (for the right-hand side), this poses
a distinct issue. The choice of the additional functions is context dependent.

Proposition 4.3 (Fourier transforms of V,,(x)) The weighted Chebyshev polynomials,
V. (x), n > 0, have the Fourier transforms

FlVal(@) = (=1)"7 Jy (), (67)

where J,, n € Ny, denote the Bessel functions of the first kind [46, Sec. 10.2].

Proof This is a known result and follows from an application of Parseval’s integral
and recurrence relationships between Bessel functions [52, Ch. 13].

Proposition 4.4 (Fourier transforms of U, (x)) The extended Chebyshev functions
U_1(x), Uy(x) have the following Fourier transforms,

FIU-11(w) = insgn(@)Jo(@),  FlUol(w) = 7 Ji(jo)). (68)

By taking the Fourier transform on both sides in (63) and (64), utilizing Propositions
4.3 and 4.4 as well as (9), (11), and }'[%u](w) = iwF[u](w), we observe that

Flii—11(w) = iz (A — i sgn(w) + inw + o)) "o oy (@), (69)
Fliipl() = 7 ( — ip sgn(w) + ine + )~ i (o)), (70)
Flopl() = (—)"7(x — i sgn(@) + inw + [w]) ™ I, (). (71)
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The continuous inverse Fourier transforms to compute the solutions #_1(x), #p(x),
vo(x) and vi(x) can be approximated via specialized quadrature rules, an FFT, or
explicit expressions for certain ranges of x. The FFT as an approximation of the con-
tinuous inverse Fourier transform is equivalent to the trapezoid rule applied to the
Fourier transform. Particularly since the integrands are oscillatory, if the trapeziums
are too wide (equivalent to an FFT with too few samples), the approximation of the
continuous inverse Fourier transform is poor, even if the FFT itself is computed to
a high precision. The FFT approximation is discussed in more detail in Appendix 1.
If the trapezoid rule is not sufficiently accurate then we opt to utilize Mathematica’s
NIntegrate which uses quadrature rules that are very robust for oscillatory inte-
grands which (at the time of writing) is the routine that best balanced the speed of the
quadrature with the accuracy obtained, outperforming Julia in-house alternatives for
this purpose. For more details of how to use a Julia wrapper for NIntegrate routine
in this context, we refer the reader to src/mathematica. j1 in [53]. Alternatively
one could simply increase the sample size of the FFT or use a more accurate FFT-
accelerated approximation of the continuous inverse Fourier transform such as those
described in [54].

We do not have exact expressions for the Fourier transforms of U,(x) forn > 1.
However, this can be overcome by first applying a Hilbert transform to the equations
in (63) to obtain, forn > —1,

d 5 -
(m —uZ + (=02 - a) [i,](x) = H[U,1(x) = Vg1 (x).  (72)
By taking the Fourier transform of (72), we find that

Flin)(@) = ()" w(=idsgn(@) — p+ nlo] — i)~ Jup1 (@). (73)

In Appendix 3, we discuss edge cases of (1) and how they are treated in our numer-
ical method. In summary, when A = pu = 0 and n € R, the additional functions
are no longer required and their associated columns (and related rows) are removed
from (66). In particular the columns associated with To(x) vo(x), u—1(x), vi(x), and
o (x), and the rows associated with U_z(x) Vo(x), U_1(x) Vig2(x), and Un+1(x)
are removed reducing L} froma (2n +7) x (2n +7) matrix toa 2n +2) x (2n +2)
matrix. The exact mappings are still conserved. When A = 0 but || > O and n € R,
we keep the additional functions, although we advise using the additional functions
V42 (x) and @, 1(x) instead of vy (x) and i1g(x) to alleviate ill-conditioning.

4.3 Multiple intervals

Although the sum space is dense on the interval it is centred on, it is not dense in R and,
therefore, cannot approximate general solutions. By combining intervals together, we
enlarge the subset of density in R. Moreover, in some applications, it can be helpful to
decompose the domain into multiple intervals. This can be in regions where (spatially
varying) coefficients or right-hand sides f have discontinuities best accounted for
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by approximating them with sum spaces centred over two or more intervals. Experi-
mentally, we also found that the tails of a function f outside the intervals were better
approximated when using the combination of sum spaces centred at multiple intervals.
Examples of low-order multiple-interval sum space functions are given in Fig. 2.

In this section, we will discuss how to combine sum spaces centred at multiple
intervals together. We will show that the operator £, ; , decouples across the different
affine transformed sum spaces and this results in a linear system with a block diagonal
matrix. Hence, each block can be solved separately resulting in a highly parallelizable
method.

We fix the closed and bounded intervals Iy = [ax, bx],k = 1, ..., K, which may be
connected but not overlap (except at a point). Consider a truncation of the expansion
of a function, g(x), x € R, in the appended multiple-interval sum space:

g(x) ~ &To(x)

K
+ Z C Ik vék (x) + €Ik IZI_"I (x) + €k vll" (x) + CoIk ﬁ(l)k (x)
k=1 0 -1 1 0 (74)

ng
+ D IEFT ) + W (0]
=1

Let SZ}(I" o+ (x) € H/2(R)?%+6 denote the appended sum space centred on the interval
I not including the constant term Tolk (x).Letn = (ny,...,ng), N = Zle ny, and
I = (I, ..., Ix). Then, in quasimatrix notation, (74) can be rewritten as g(x) ~
S£’+(x)c£’+ where

Syt =To() | Sy | 1SRt ) ), (75)
————— N ——
EHI/Z(R)Z”H'G, EHI/Z(R)Z”K+6,

St = (vé’f Qo) @ () vk @) gl oo [ S (x)) : (76)

1.00

0.75

= 0.50

0.25

0.00
-4 -2 0 2 4 -4 -2
x xT

(a) Ty (z) centred at [—3, —1], [~1,1] and [1, 3].(b) Wo(z) centred at [—3, —1], [-1, 1] and [1, 3].

=}

2 4

Fig. 2 Plots of Tl (x) and Wy (x) centred at the three different intervals [—3, —1], [—1, 1] and [1, 3]. We
note that 77 (x) has global support and those centred on different intervals always overlap. Whereas, Wy (x)
has compact support on the interval it is centred on
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gy — (wlk oy 71 NS
Stk = (Wot ) o[ | Wik T ) (77
T
L+ _ (=~ ot oIk + AN+6K+1
ert = (& | @O [l T) eR NG
odit — (¢ ey €1 co (co’lk)T ! R27+6 79
Cp, = \Colk Calk ol il nk IS s (79)
T
oy _ ( Jk Ik Iy ~Ix 2n+2
Cnp” = (01 4 ‘ Cni+1 an+1) €R : (80)

Unlike in S; (x), the sum spaces centred on each interval are ordered sequentially
in S,I1’+(x) rather than interleaving the Chebyshev polynomials/functions of the same
degree across all the intervals. This is because each block in S£'+ (x) directly correlates
to a block diagonal in the matrix after discretization, allowing for a clear decoupling
of the problem. We denote the multiple-interval sum space by S£ which is constructed
as Sﬁ'* but without the initial four terms vé" (x), n ﬁ‘l (x), vf" (x), ﬁ(l)" (x) at the start of
each block in (76).

Similarly, we define the dual multiple-interval sum space Sﬁ’*(x) as

Sy = (O | Splr ) e | Sy () ), (81)
e’ N —’
H—]/Z(R)2nl+6 H—I/Z(R)anJr(:

Sl = (Vi O @ [ [Vt T, ). (82)

such that Sj;"*(x) € H1/2(R)2m+6,

From Proposition 4.1, we note that the operator £, » , maps a sum space centred
on an interval /, to the dual sum space centred on the same interval. This observation
leads to the following proposition.

Proposition 4.5 (Multiple-interval quasimatrix operators)

SI(x) = SI*(x)En, HISEI(x) = SE*(x)H,,

83
%[S,’,](x) =S5 ()D;, and (—A)'?[SF1(x) = SL*(0)A;., )

where E,, Hy, Dﬁ, Az € RUFZNHOK)X(A+2N+2K) gr0 the following block diagonal
matrices:

En, Hp,
£l Hi,
En = . s Hn = . (84)

E';“

ng
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1 1
Dx) A ,
; D2’ ; A
D! — , AL= , .89
Ik, T Ik,
o1 w
where the matrices E:gk, szk, Dﬁ’;’T, and Af,’;’T, k = 2,...,K, are the matrices

Enps Hap D,[f}(, and A,Iz’}'(, respectively, as defined in Proposition 4.1, but with the first
row and column removed.

Consider the truncated expansion of the right-hand side f in the dual multiple-
interval sum space, f(x) ~ SI-*f#. As in the single interval case, the matrix L] =
AEn + uHy + DL + Al is rectangular and the linear system to find the coefficients,
U, of u(x) in the multiple-interval sum space,

Lzun — f;k“ Li c R(l+2N+6K)><(1+2N+2K) (86)

is overdetermined. This issue is overcome by appending four extra columns to L; per
interval. L has the block diagonal structure:

I
Ly,
LIZQT

na

,_
~
I

(87)

LIK,T

ng

where each block has four more rows than columns. Hence, we define the matrix L,I,’+
as

I+
Ln,
LIZ»T+
I+ . 2
Ly = . , (88)
Ig . 7.+
Lok
where, fork =2, ..., K,
20000 1000
01000
0100
00100
0010
00010
I o 0001
o+ _ Ll Lot _
Lt =1, go0r LIV, Uit = L LT 69
ni 0000l
00000 k
00000 0000
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. . . I 71 I
where the nonzero entries are placed in the rows corresponding to Vok, U_kl, vk,

and (75", respectively. We reiterate that symbol © denotes the matrix without its first
column and © denotes the matrix without its first column and row. The matrix L!-t €
RUF2NH6K)x(1+2N+6K) j5 square and we find the coefficients u;}, in the appended
multiple-interval sum space, of the solution u(x) to (1) by solving the following system:

o (90)

Since L,I,’+ is block diagonal, the solve can be reduced to solving K linear systems for
each (much smaller) block, k =2, ..., K,

I+ i+ plr* I+ I+ pliox
Ly wm =607 Ly Tw e =107 ©n

Moreover, the linear systems are independent and can be solved in parallel.

5 Implementation notes
5.1 Expansion

As the family of approximating functions is not orthogonal, the expansion of a known
function, f(x), in the sum space or its dual is nontrivial. In particular, the expansion
of a general function need not be unique. For our purposes, we desire an expansion
that approximates our known function to the required tolerance and the coefficients
of the expansion are (relatively) small in magnitude.

Aside from the known function f being an obvious composition of the functions
in S; (x), there are two cases to consider:

1. f is compactly supported on the real line and the intervals Iy = [ay, br], k =
1,..., K, are chosen such that either f(x) — O or|f(x)| - o0 as x — aj and
x — by,

2. Any function that does not fit under the first case.

In the first case, if f(x) — 0 at the endpoints of the interval I; for some k €
{1,..., K}, then it might be well approximated in that interval by an expansion in
Wnl" (x). Similarly, if f blows up at the interval endpoints it might be well represented
by an expansion in VnIk (x). The advantage of only expanding f(x) in WnIk (x) and
V,,I" (x) is that the coefficients of the expansion can be quickly computed to any given
tolerance with an adaptive algorithm based on the discrete cosine transform that takes
O(Knlogn) for n coefficients and K intervals [55, 56]. If we partially expand f (x)
in V,,I" (x) for some k, but we require the expansion in the dual sum space, we utilize
the identity mappings as defined in Propositions 4.1 and 4.5.

For functions that are not contained in the first case, we turn to the techniques used in
frame theory [35]. Essentially, we find the coefficients of the expansion that optimally
interpolate the values of f(x) (or a linear operator applied to f) at a set of collocation
points in a least squares sense. Consider the collocation points x = (x1, ..., xp)). We
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note that the set of collocation points should include points outside the intervals in
order to ensure the tails also match. The least-squares matrix for the dual sum space
is given by:

Gij = [LISI* 11y, i=1...,M, j=1,..., 142N +6K), (92)

where {/;} are a set of linear operators. Common choices include the identity,
eg., [ [S,I,’*] = S,I,’*(xi) or linear operators designed to emulate Riemann sums
l; [S,I,’*] = (Xj41 — xi,l)Sﬁ**(xi). Similarly, we compute b; = [;[ f] and we solve the
following least-squares problem for the expansion coefficients f},:

min IGE5 — bll2, 93)

so that f(x) ~ S,I,’*(x)fj;. The same technique can be used to find expansions in
S,I, (x). It is well known that the least-squares matrix in (93) is ill-conditioned for
increasing M, K and n. However, we still recover suitable least squares solutions if
we sufficiently oversample the collocation points and an e-truncated SVD solver is
used, cf. [57, Sec. 5]. We refer to the work of Adcock and Huybrechs for further details
[35, 36].

5.2 Approximate identity map from S (x) to S} (x)

In our method, we find the approximate solution expanded in the appended sum space.
A requirement in some problems is to reuse the computed solution as part of the right-
hand side of the next solve. Hence, after each solve, we must map the appended
sum space expansion of our current iterate to the expansion in the dual sum space.
Propositions 4.1 and 4.5 provide identity mappings for the sum space. Hence, it remains
to map the coefficients of the functions found in the appended sum space that are not
in the sum space.

We outline the approach when utilizing a single interval at [—1, 1] in the solver and
briefly mention the extension to multiple intervals. Given u;, the goal is to find the
coefficient vector, u’, such that

u(x) ~ S out =Skouk. (94)

The first step is to expand the four functions vg(x), it—;(x), vi(x) and up(x) in the
sum space and collect the coefficients in the vectors v, U1, vy, and Uy, respectively.
Next, we form the identity mapping from S,‘f (x) to S, (x), denoted R,,, as follows:

L | [ ]o-0
Ovou_1V1u01

Essentially, R, is constructed by assembling the (2n + 3) x (2n + 3) identity matrix
and adding the four coefficient vectors, of the additional functions, in R, between the

Rn = c R(2n+3)x(2n+7). (95)

0 1
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first and second columns. The approximate identity operator B, € RZ+7Dx(n+7)

such that S; (x) ~ S} (x)B,, is defined as
Bn — En Rn c R(2n+7)x(2n+7)’ (96)

where E,, is the identity operator from S, (x) to S (x) as defined in Proposition 4.1.

For multiple intervals, we denote the identity mapping as R € RUH2N2K)X(H2N6K)
Rﬁ : S,I,'Jr(x) — S,I, (x), where K is the number of intervals and consists of the identity
matrix with an additional 4 K dense columns in the positions of the additional functions
in the appended sum space. As before, we define Bl := E,R! so that SI-+(x) ~
SI*(x)BE.

5.3 Numerical conditioning

Two potential sources of numerical ill-conditioning in Algorithm 1 are:

1. The expansion of the right-hand side f to find a coefficient vector f,{ s

2. Inverting the matrix L£’+ to find u£’+.

In Corollary 6.1, we prove that the dual sum space is a frame. Leveraging recent
analysis on frames (which are overdetermined approximation spaces) it is known that
an e-truncated SVD factorization alleviates the ill-conditioning that one might expect
in solving such a least-squares problem. Hence, the expansion of the right-hand side
is an understood and well-conditioned problem, resolving (1).

For (2), we note that the 2-norm condition number K(L£’+) only grows linearly
with nmax = max(ny, ..., ng) and is independent on the number of intervals in the
approximation space K due the block diagonal structure of L£’+. Moreover, there
exists a diagonal right preconditioner P,’, such that K(L,I,’+(P£)’1) = C where C
is independent of n. This is typical of a coefficient-based spectral method, cf. [58,
Sec. 4.1].

Proposition 5.1 Consider the interval [ = [—1, 1], A = u = n = 1, and choose the
appended sum space functions i1, Un+1, Vo, and v, as defined in Sect. 4.2. Then,

k(L = Om), 7

where k (-) denotes the 2-norm condition number of a matrix. Moreover, consider the
diagonal matrix

P, — <I5 S ) where Dy, — 2 € R2MDXC142) (o)
n .

n+1
n+1

@ Springer



69  Page 26 of 45 I. P. A. Papadopoulos and S. Olver

and |5 is the 5 x 5 identity matrix. Then, there exists a constant C > 0, such that C is
independent of n and
k(L (P~ =C. (99)

Proof The result follows by showing that L,J[(Pn)’l = | + K, where K,, is a compact
operator and a very similar result is proven in [58, Lem. 4.3].

Remark 5.1 Numerically, we found that C =~ 3.1 where C is the constant in (99).

A diagonal preconditioner may be constructed for the multiple-interval case as
follows:

Pn = . s (100)

where PZ denotes P,, with the first row and column removed. It is a direct corollary of
Proposition 5.1 that there exists a C > 0, independent of r, such that « (Lz’Jr P hH =
C.

6 Numerical analysis

The goal of this section is to prove that the dual sum space is a frame for the right-
hand side f and, consequently, derive a convergence result for the discretization.
These results motivate the favourable approximation properties that we observe in our
numerical experiments in the next section.

Definition 6.1 (Hilbert space H;, (R)) Let H; (R) denote the Hilbert space
HS (R) := {u € L% (R) : supp(u) < supp(w), (—A)*"*u € L*(R)}, (101)

equipped with the inner-product (u, v) gs (r) := (u, V)2 ®) T (=AY 2u, (—A)*/2
V) 12(r)- Here supp denotes the support of a function.

Lemma 6.1 (Orthogonality, Lem. 5.1 in [57]) Let w = (1—x2); /%, Then, the family

of extended Chebyshev functions {f’n}neN is orthogonal with respect to the Hul/ 2 (R)
inner product. This also holds for {W,},eN,-

Definition 6.2 Let w = (1 — xz);lﬂ. Define {f},}nEN and {Wn}neN0 as the orthonor-

malized families of functions {7} },cn and {W,}nen,, respectively, with respect to
tpe Hul,/ 2(R)-inner Product. Moreover, let XA/,,(x) = (=AY zfn (x), n € N and
Up(x) := (=2)'?W,(x), n € N.
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Let $ and $* denote the orthonormalized sum and dual sum spaces:

S = span({f"n, Wm :n e N,m e Ny}, (102)
§* .= span({U_», U_1, Vo, Un, Vyp : n € Nog, m € N}). (103)

Theorem 6.1 (Frame on H,/*(R) N C(R)) Let w(x) = (1 — x%); "/ Then, the
1/ 2 (R)-orthonormalized sum space Sisa frame on Hy, 1/ 2(R) N C(R).

Proof The result follows, line-by-line, from the proof of [57, Th. 5.2].

Corollary 6.1 Let w(x) = (1 — xz);l/z. Then, the dual space $* is a frame on
(Hy*(R) N C(R))*.

Proof From Theorem 6.1 and an application of Theorem 5.1 in [57], we may deduce
that {V,}00, U {022, is a frame on (H,/>(R) N C(R))*.

It remains to prove the frame bound condition for the remaining dual sum space
functions U_, (x) and U_ (x), and V(x). The lower bound follows trivially. Moreover,
it may be shown that U_z, U_ ., Vo € (Hl/z(R))*. Hence, the upper bound also
follows.

Theorem 6.2 Consider the operator L, ;. , where ju, A > 0 and n = 0. Let the weight
w(x) = (1 — x2); "2 Suppose that f € H* = (H,/>(R) N C(R))*. Consider the
degree n. Suppose that an e-truncated SVD factorization is utilized to discover a
coefficient vector £* such that f(x) ~ S*()f* and fix Lut = £*. Here Ut is the
scaled matrix L\ with respect to the orthonormalized sum space. Then, there exist
constants C, wa’n, 0;,17,1 > 0 such that

||M — S:“:”HIU(R)

. Qx € Qx € (104)
=C inf {1 =8Vl + k51l = Sivllue + €05 lv12]
VeRn+7 , ,

where ||ul|p = Zflil |li [u]|2 andl;, i =1,..., M are defined in Sect. 5.1.
Proof Note that

e = SFwl g = 1L, 0Luao = SwH g

=1L,% o(f = SiLruD lgire
w,x,0 ntn HI/2(R) (105)

= ||£_)\0(f Sn n)”HI/Z(R)

= ”ﬁﬂ,x,o”B(H*,Hl/z(R))”f = Sut .

Since H* ¢ H~'/2(R), we have that there exists a C > 0 such that ||£;J\,o||B(H*,H1/2(R))
< C. Corollary 6.1 and an application of Theorem 3.7 in [36] achieves the result.
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Remark 6.1 The constants 9;,1 and 1., are problem and frame dependent. Ideally,
their magnitude is O(1), in which case we are guaranteed to reach an accuracy of € if
M and n are taken sufficiently large. For a thorough discussion of the constants and
their behaviour, we refer the reader to [36].

A full convergence analysis for A, u,n € R, f € H -l 2(]R), and sum spaces
consisting of multiple intervals is nontrivial and beyond the scope of this work.

7 Numerical examples

In this section, we provide several numerical examples. During numerical experiments,
we found that approximating with a sum space centred at a single interval was normally
insufficient for satisfying the condition u(x) — o0 as |x| — oo. However, this was
resolved when utilizing a combination of sum spaces centred at multiple intervals. In
particular, we found that five intervals worked well in all examples. Unless the initial
condition or right-hand side are represented exactly by the (dual) sum space, we find
the coefficient vectors via the truncated least-squares matrix as explained in Sect.5.1.

7.1 Manufactured solutions

In order to test the spectral convergence of our method, our first example is constructed
. . . 2
via the method of manufactured solutions. We fix the exact solution u(x) = e~ . Note
2 2
that £-e™*" = —2xe™". Moreover [28, Prop. 4.2],

(=) u(x) = == Fy(1; 1/2; —x?) (106)
\/E 9 9 b

where | F; denotes the Kummer confluent hypergeometric function [46, Sec. 16.2].
Note that, by appealing to the Maclaurin series expansions of | Fy and erf, it can

be shown that TlFl(l; 1/2; —x2) = 7= = + 2ie |x|erf(ilx|) where erf(z) :

«/_? fo e~"’dt. By utilizing the identity

9 ierfilx)] = —o— e (107)
—[— ilx]] = xe*,
dx N
we deduce that
d i/ 2 . L2 .
£ [—— (e x |x|erf(1|x|))j| =2+ 2ie~ |xferf(i]x|). (108)
dx X
Hence,
i/ _p» .
Hlu](x) = —— (e |x|erf(1|x|)). (109)
X
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In the first case, wesetA =1, u =n =0:

T+ (=N Pyux) = + iﬂlﬂ(l; 1/2; —x2). (110)

N

In the second case, we have A = u =n = 1:

T+ d +H+ (—A)ux)
dx

2 i 2 . 2
= (1 -20¢ -~ (e*x |x|erf(1|x|)) + R 2 —x2).

For this example, we fix five intervals at [-5, —3], [-3, —1], [—1, 1], [1, 3], and
[3, 5]. In the least-squares expansion, we choose 6001 equally spaced points on each
interval as well as 6001 equally spaced points between [—25, —5] and [5, 25]. This
results in 42,001 unique collocation points. We choose the appended sum space
functions vg(x), i—1(x), vy42(x), ly+1(x) centred on each interval. As discussed
in Remark 4.3 and proven in Proposition 5.1, this improves the conditioning of the
induced linear systems and helps to ensure that the convergence rate is not polluted
by numerical instabilities due to ill-conditioning. The additional functions are com-
puted by approximating the continuous inverse Fourier transforms via Mathematica’s
NIntegrate routine [61]. We evaluate the 1 F1(1; 1/2; —x2) function via a param-

(111)

eter change | F)(a, b, —xz) = e_leFl (b —a,b, xz) and then an evaluation of its
Maclaurin series [46, Sec. 13.2.2] as implemented in [62, v. 0.3.10].

In Fig.3, we provide spy plots of the induced subblocks of L*. We see that the
matrices are sparse and almost banded. A semi-log plot of the convergence for both
cases is depicted in Fig.4. The error is measured in the /°°-norm as measured on a
1001-point equally spaced grid at [-5, 5], i.e.,

I
max lu(x) — S, (x)ul. (112)
x€{—5,-4.99,-,4.99,5) "
I, I
Spy plot of L " (n = 41) Spy plot of L *, k> 2 (n = 41)
40 0f.
30
20 20
10
40
0
-10
60
-20
=30 g9
- ‘ . ‘ . -40 = . ‘ . .
0 20 40 60 80 0 20 40 60 80

Fig.3 Spy plots of the matrices in the linear systems after discretizing and decoupling (111) interval-wise.
Here 2 = 1 = pu = 1 and we use the additional functions vq, it_1, v;41, iy41. The matrices are sparse
and almost banded
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Error Error

0O—NOorm error
0O—Norm error

w0 10
10 20 30 40 10 20 30 40
n n

(a) Error for (110) (b) Error for (111)

Fig.4 Error in the numerical solution u(x) as measured by (112) with the right-hand sides (110) and (111)
for increasing truncation degree n. The approximation space contains 10n + 31 functions for each value of
n. The convergence is spectral

When n = 100 on each interval and the right-hand side (111), the least-squares matrix
G e R¥2001x1031 iy Jine 1 of Algorithm 1 was assembled in 8.16s and the least-
squares solve was computed in 8.665s, via an e-truncated SVD factorization to find
f ,I,* € R!9! The matrix L£’+ was assembled in 0.0944 s. The linear system solve
to find u£’+ took 0.0128s. Note that n = 100 on each interval is excessive since
the convergence is spectral. the error stagnates around 10~'# in Fig.4a and 10~'3 in
Fig.4b by n = 21 as the error of the approximation of the right-hand side stagnates at
the same magnitude.

Since we are not guaranteed that the sum space is a frame on all R (Theorem 6.1
only guarantees it is a frame on the user-chosen intervals), in Fig.5, we investigate
the behaviour of the expansion coefficients of the right-hand side. In particular, we
plot the /°°-norm of the coefficient vector f of the right-hand sides (110) and (111)
for increasing truncation degree n. Despite the lack of a strict frame condition, we
achieve bounded coefficients of magnitude O(1) for all values of n.

7.2 Discontinuous right-hand side

This example examines the behaviour of the (dual) sum space approximation of a
problem with discontinuous data. We seek u € H'/ 2(R) that satisfies

T+ (=) Pu(x) = f(x), where foo) =]l FI=1 (113)
0 x| > 1.

We use a multiple-interval (dual) sum space centred at the intervals [—5, —3],
[-3, —1], [-1, 1], [1, 3], and [3, 5]. In the sum space expansion, we choose 6001
equally spaced points on each interval as well as 6001 equally spaced points
between [—10, —5] and [5, 10]. This results in 42,001 unique collocation points.
As the multiple-interval dual sum space contains functions that are undefined at
x = —5,-3,—1,1,3 and 5, we instead choose 6001 equally spaced points in
[a +¢€,b—c¢€], e = 1072, where a, b represent the endpoints of each interval as
well as 6001 equally spaced points in [—10 + €, —5 — €] and [5 + €, 10 — €]. This
results in 42,007 collocation points.

@ Springer



A sparse spectral method for... Page310of45 69

=
o
@

1.05

o0o—norm

n n
(a) Coefficient norm for (110) (b) Coefficient norm for (111)

Fig.5 The/°°-norm of the coefficient vector of the sum space expansion of the right-hand side for increasing
truncation degree n. The approximation space contains 10n + 31 functions for each value of n

We first check the convergence of the approximation of the discontinuous right-
hand side f. We measure the error in the sum space approximation via (112). We
exclude the points x = —5, —3, —1, 1, 3, and 5, when measuring the error in the dual
sum space expansion, i.e., we compute:

max u(x) — SE*(x)ul. (114)
xe{-5,-4.99,---,4.99,5)\{-5,-3,-1,1,3,5}

In Fig. 6, we plot the sum space approximated right-hand side as well as the error plot
with increasing truncation degree of both the sum space and dual sum space approxi-
mations. At truncation degree n = 101, the sum space error is of the order O(107°).
Whereas the dual sum space approximation reaches an error of O(10~13). Hence, the
best approximation of this particular discontinuous right-hand side is achieved via a
direct dual sum space expansion rather than a sum space expansion coupled with the
identity conversion operator E (as defined in (84)) to re-expand in the dual sum space.

The numerical solution is plotted in Fig. 7 as well as an approximation of the conver-
gence. The appended sum space functions are vo(x), u—(x), vy42(x), and i1, 41 (x).
Mathematica’s NIntegrate routine is used to compute the necessary inverse Fourier
transforms. As we do not have an explicit solution, we cannot measure the error

Right-hand side Right-hand side error

1.00
—— Exact
Approximation

10™

= 0.50

o0—norm error

~10

—@— Sum space
—@— Dual sum space

-4 -2 0 2 4 20 40 60 80 100
n

Fig. 6 The exact and sum space approximated f(x) as defined in (113) (n = 41) (left) and the /°°-norm
error semi-log plot for the approximation of f(x) for increasing truncation degree n (right). We use the
error measure (112) for the sum space approximation and (114) for the dual sum space approximation. The
approximation space contains 10n 4 31 functions for each value of n
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Numerical solution
0.6 -
/ AN
/ \ 10°
/
/ ]
0.5 / o
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0.4 | “ 3
| \ =
> 03 ‘ ©° 10710
\ IS
s
0.2 / \ —
/ \ 50
/ N N P
0.1 @ s
// \\‘ 20 S V-
1 10 o
-4 —2 [ 2 4 15 20 25 30 35 40

n
Fig.7 Numerical approximation of the solutionto (113),n = 41 (left)./ 2_norm difference of the coefficients

of the expansion of the solution, where we fix the right-hand side expansion at degree n f= 11, 15,21, and
27 (right)

directly. Instead, we truncate the right-hand side expansion atdegreesn y = 11, 15, 21,
and 27. We then measure the 2-norm difference in the sum space coefficient vectors
at truncation degree n and n — 2 of the solution forn =ny+2,ny+4, ..., ny+16.
We observe spectral convergence in the coefficient vectors.

As in the previous example, we investigate the behaviour of the expansion coef-
ficients in both the sum space and dual sum space for increasing degree n in Fig. 8.
The result is interesting; the norm begins large and appears to blow-up, reaching a
magnitude of O(10'%) at n = 17 for the sum space expansion and O(10°) at n = 13
for the dual sum space expansion. Thereafter, the norm oscillates in the sum space
expansion until n = 41 where afterwards the norm drops at an exponential rate. For
n > 300 the norm has magnitude O(1). In the dual sum space expansion, the norm
quickly decreases for n > 13 and plateaus for n > 71 at a value of magnitude of

o010 h.

7.3 Nonsmooth right-hand side

Here, we conduct the same investigation as in the previous example except now we
choose the right-hand side

Fo) = arcsin(x) if x| <1, (115)
arcsin(l)sgn(x)el_‘x| otherwise.

100 o
10°

£ g
3 3 17
10t

10° 1

0 100 200 300 0 100 200 300

n n

Fig. 8 The [°°-norm of the coefficient vectors of the sum space expansion (left) and the dual sum space
expansion (right) of (113) for increasing truncation degree n. The approximation space contains 10n + 31
functions for each value of n
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Right-hand side Right-hand side error
LN i p—— —@ Sum space
~——— Approximation | 10—3 @ Dual sum space
1.0
.
<}
0.5 =
(5]
o
= 00— e ; 107
T
-0.5 8
-1.0
/ 1077
-1.5
-4 -2 o 2 4
x n

Fig. 9 The exact and sum space approximated f(x) as defined in (115) (n = 41) (left) and the [°°-
norm error semi-log plot for the approximation of f(x) for increasing truncation degree n (right). The
approximation space contains 10n + 31 functions for each value of n. We use the measure (112) for the
sum space approximation and (114) for the dual sum space approximation

We use the same multiple-interval sum space as in the previous example as well as
the same collocation points for the (dual) sum space expansion.

InFig. 9, we plot the approximation of f(x) expanded in the sum space at truncation
degree n = 41 together with a plot of the exact right-hand side. Moreover, we plot the
convergence of the expansions of f(x). The error norms are measured with the same
metrics as in the previous example. Both expansions appear to stagnate at an error of
O(107%). For smaller truncation degree values of n the error in the dual sum space
expansions is smaller, however, at n = 101, the sum space expansion has the smallest
error.

The appended sum space functions are vo(x), i1 (x), vy+2(x), and i, (x). Math-
ematica’s NIntegrate routine is used to compute the necessary inverse Fourier
transforms. In Fig. 10, we plot the numerical solution u(x) of (1) (where 1 = 1,
n = n = 0). Again as we do not have an explicit solution, we truncate the right-hand
side expansion at degree ny = 11, 15, 21, and 27. We then measure the 2-norm dif-
ference in the sum space coefficient vectors at truncation degree n and n — 2 of the
solution for n = ng+2,np+4,...,ny+ 16. We observe spectral convergence in
the coefficient vectors.

As in the previous two examples, we investigate the behaviour of the expansion
coefficients in both the sum space and dual sum space for increasing degree n in Fig. 11.

Numerical solution ®
1
aN
0.50 7\
N\ [}
o
c
0.25 / \ o
~ @ 10710
/ o E
= 0.00 / e
~ =
/ 5]
-0.25 / <
/ N 20
-0.50 \
\,/
-4 -2 0 2 4 30 35 40
xr n

Fig. 10 Numerical approximation of the solution to the nonsmooth right-hand side problem, n = 41 (left).
12-norm difference of the coefficients of the expansion of the solution, where we fix the right-hand side
expansion at degree n F= 11, 15, 21, and 27 (right)
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a

0o—norm
oo—norm

10°

0 100 200 300 0 100 200 300
n n

Fig. 11 The [®°-norm of the coefficient vector of the sum space (left) and the dual sum space (right)
expansions of (115) for increasing truncation degree n. The approximation space contains 10n+31 functions
for each value of n

As in the discontinuous right-hand side example, the /°°-norm of the coefficient vector
begins large and appears to blow-up, reaching a magnitude of approximately O (10°)
at n = 17 for the sum space expansion and O(10%) at n = 13 for the dual sum space
expansion. Thereafter, the norm decreases and for n > 71 plateaus around 0(104) in
both expansions. The convergence rate may be surprising at first glance. The sum space
and the dual sum space contain functions that themselves are nonsmooth. Since the
interval [—1, 1] is included in I, then the nonsmoothness in the sum space functions
aligns with the nonsmoothness in the right-hand side. Hence, the basis functions are
able to approximate the right-hand side at a surprising rate of accuracy.

A stagnation higher than machine precision (in this case at 107%) is typical for
approximation spaces that are frames and is at least partially explained by Theorem
6.2. Essentially, the choice of € as the cutoff in an e-truncated SVD factorization
dictates a minimum error in the expansion of the right-hand side. However, making e
too small leads to numerical instability. It is possible that with more fine-tuning, we
may be able to improve the accuracy before the stagnation in the error.

7.4 Fractional heat equation

Consider the fractional heat equation, i.e., the following time-dependent fractional
PDE:

Qu(x,t) + (=M)Yux, 1) =0, u(x,1) = 0as |x| > oo. (116)

We pick the following two choices for the initial condition:

u(x,0)= x>+ 17", (117)
u(x, 0) = Wo(x). (118)

The initial condition (117) coincides with a constant scaling of the fundamental solu-
tion, # (27 (x2 + £2))~!, to the fractional heat equation at r = 1 [22, Sec. 2]. Hence,
(116) with the initial condition (117) has the exact solution:

I+t

A0 (1

ulx,t) =
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We discretize (116) in time with a backward Euler discretization to yield, for k > 0,

M1 () + (= M) ug 1 (x) = A (x),

(120)
upt+1(x) = 0 as |x| - oo,

where ug(x) = (x2 +1)~! or Wy(x) and A = (Ar)~! where At is the time step. By
choosing = n = 0, we recover the equation (1) which is discretized in space using
our spectral method. We choose the appended sum space functions vg(x), u—i(x),
vy (x), and g(x). We use an FFT (as outlined in Appendix 1) to approximate the
necessary inverse Fourier transforms.

Given the tuple of intervals I and the coefficient vector solution uy at time step
iterate k, we solve the following for the coefficient vector solution w4 :

(AE + ADuy = A(ER)uy. 121)

E and A” are defined in Proposition 4.5 and R is defined in Sect. 5.2. We reiterate that
(AE + AT) is block diagonal and spy plots are provided in Fig. 12. Hence, after the
right-hand side A(ER)u; is computed, we decompose the solve into K smaller linear
solves, where K is the number of intervals, as in (91). Our approximate solution is
given by

u(x, kAL ~ SE+ (o). (122)

We pick the multiple-interval sum space centred at the intervals [—5, —3],[—3, —1],
[—1, 11, [1, 3], and [3, 5]. We fix the truncation degree n = 5. The initial condition
(117) is expanded in the sum space via the least-squares matrix as discussed in Sect. 5.1.
Weuse 5001 equally spaced points in the interval [—5, 5] and 501 equally spaced points
in [—20, —5] and [5, 20] each. This results in 26,001 collocation points. The initial
condition (118) is represented exactly as one of the intervals is [—1, 1], resulting in
zero initial error. We choose a time step of Az = 1072, Snapshots of the solution at

1, I
Spy plot of A\E + A (n=5) Spy plot of \E+ A ",k >2(n=5)

. I 100 50
M . 40
3 . 75 3 . oo
. . o . 30
. . . 50 . .. 20
6 . ° 6 .o D
° ° 25 . . e 10
9 : : 0 9 . . 0
. . _os5 oo . -10
12 . . . . e 20
. . —_50 12 o o .
‘ N * -30
15 . _ . o
. 75 15 . -40
L L L L L —-100 L L L L L ° -50
3 6 9 12 15 3 6 9 12 15

Fig. 12 Spy plots of the matrices in the linear systems after decomposing (121) block-wise with A = 100
and using the additional functions vg, &1, v1, . The matrices are banded and sparse
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1.00 1.00 A
time = 0.0(s) time = 0.0(s) /
time = 0.5(s) time = 0.5(s) [
—— time = 1.0(s) — time = 1.0(s) [
0.75 0.75 [
| |
2 2 [/\|
2050 .Bos50 I\l
En g ]\ Al
0.25 0.25 /‘/ \
,/’ \
= ) \§
0.00 F = — - 0.00 — —
-10 -5 0 5 10 -10 -5 [ 5 10
xr xr

(a) Initial condition (117) (b) Initial condition (118)

Fig. 13 Snapshots of the numerical solutions of the fractional heat equation at = 0, 0.5, and 1 using the
truncated space Sg’+(x), At = 1072

t = 0,1/2 and 1 are found in Fig. 13b and contour plots of # against x are given in
Fig. 14.

InFig. 15, we estimate the errors of our numerical solutions. In Fig. 15a, we compare
our numerical solution with the exact solution (119). An exact solution for the initial
condition (118) is not available. Hence, in Fig. 15b, we compare our approximate
solution with one computed via an approximate inverse Fourier transform at each
time step. By using that F[Wy] = 7 J;(|w|)/|w| and an induction argument, one can
show that (120) has the solution

mJi(|w))

_ H_”WH} . (123)

Upr1(x) = F! |:|

For each iteration k, we approximate the solution u(x) with an FFT as outlined in
Appendix 1. For 100 iterations, this took 92.2s. By contrast, 100 solves of (121) took
0.0162s. The setup took 6.95 s to compute the four FFT's to approximate the solutions
required to construct the appended sum space S£’+(x) (as all the intervals have the
same width) and another 1.06s to compute their expansions in the sum space S,I, (x).
This totals to 8.01 s, approximately an 11 times speedup. We note that the setup is not
tied to the initial condition or knowledge of its Fourier transform. Hence, after one

a

0
z x

(a) Initial condition (117) (b) Initial condition (118)

-3 -2 -1

Fig. 14 Contour plots of the numerical solutions to the fractional heat equation
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Error Error
% %
—50.0020 —£0.0030 4 |
= = .
5 = '
= 0.0018 ‘ = 0.0025 \‘
= ~
"'U'f .-vuln *
| 0.0016 | 0.0020 |
—_ — |
) -~ |
s
4 ‘ Joooisf T
< 0.0014 o \J
=l 5 0.0010 o
0-0012{, 0.0005

0 25 50 75 100 20 40 60 80 100
k k
(a) Initial condition (117) (b) Initial condition (118)

Fig. 15 Error as measured by (124) of the numerical solutions to the fractional heat equation for iterate k
as measured against a the exact solution and b the approximate FFT solution

initial setup, the time evolution of any initial condition can be computed in fractions
of a second via the repeated solve of (121). The [*°-norm error is measured on a
1001-point equally spaced grid at [—20, 20], i.e.,

—s! ) 124
xe{—zo,—léngg)fu ,19.99,20} Ju(x) n(Vu| (124)

Remark 7.1 The choice of time discretization is independent to the spectral method.
In particular, coupling the spectral method to a Runge—Kutta time discretization is no
more difficult than for a standard finite difference of finite element discretization.

7.5 Wave propagation

Consider the fractional Hilbert wave equation:

82
(=02 4 H 4~ Tute, ) = f D). (125)
After a Fourier transform with respect to ¢, we recover the equation
(=)' +H — oMi(x, 0) = f(x, ). (126)
Equation (126) is of the form (1) with A = —w?, u = 1, and n = 0. Thus, the idea
is to solve (126) to find i (x, w), for a range of values of w, and then take the inverse
Fourier transform to recover the approximation of the physical solution u(x, t). We
choose the datum
fe D =Wame™ = f(x,0) = JaWar)e ™/ (127)
This corresponds to a forcing term supported on x € [—1, 1] that exponentially decays

in time.
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(x,w) u(z,t)
0 0.352 6 0.20
251 0.264 5 0.15
i 0.176 0.10
’ 0.088 4 0.05
251
3 \\ 0.000 - 0.00
2.0 :
—0.088 ~0.05
151 X 2
—0.176 ~0.10
1.01
~0.264 . ~0.15
0.5
’ —0.352 '“ —0.20
0.0 . 0 -
~10 -5 0 5 10 ~10 -5 0 5 10
r T

Fig. 16 Contour plot of the approximation of i (x, w) (left) and u(x, 1) (right) with f(x, 1) = Wy(x)e™" :
to the fractional Hilbert wave equation

To fix a unique solution, we enforce that lim | i(x, w) — 0. For this example,
we approximate the additional functions &_1 (x), it,+1(x), vo(x) and v,42(x) via an
FFT (as described in Appendix 1). We pick n = 7 and a uniform distribution of w in
the range [0, 20] in increments of 1/10. The inverse Fourier transform from i (x, ) to
u(x, t) is approximated via an FFT. We provide the contour plots of the approximate
solutions of #(x, w) and u(x, t) in Fig. 16. Even though the right-hand side is even,
there is a drift in the solution u(x, ¢) caused by the Hilbert transform operator. Note
that the Hilbert transform maps even functions to odd functions and vice versa.

8 Conclusions

In this work, we introduced a sparse spectral method for a one-dimensional fractional
PDE posed on an unbounded domain that may contain the identity, Hilbert, derivative,
and sqrt-Laplacian operators. The method is constructed by forming a sum space of
weighted Chebyshev polynomials of the second kind extended to the whole of R by
zero and their Hilbert transforms. We derive explicit identities for the actions of the
identity, Hilbert, derivative, and sqrt-Laplacian operators which allows us to build our
method. The operator applied to different affine transformations of the sum spaces
decouples during the solve. Hence, the solve can be performed in parallel over each
interval separately. Moreover, the induced matrices are sparse leading to fast sparse
solves. Numerically, we observe spectral convergence when the data is smooth. We
emphasize that the coupling of the different interval sum spaces occurs during the
expansion of the right-hand side.

In future work, we plan to orthogonalize the basis as well as extend the method
to general fractional Laplacians, (—A)*, s € (0, 1) by considering weighted Jacobi
polynomials and their fractional Laplacian analogues [1, Tab. 5]. This will be achieved
by combining the techniques introduced in [57] for expanding the right-hand side
with the methods developed in [2] for the construction of linear systems. Moreover,
by considering Zernike polynomials, the spectral method will be extended to two-
dimensional problems posed on a disk [1, Tab. 7].
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Appendix 1: Approximate inverse Fourier transform via the FFT

The setup of the spectral method requires four inverse Fourier transforms per interval.
Although this can be reduced if the intervals are translations on R and are of the
same size as resulting solutions are simply the equivalent translations. In this section
we describe how to use the FFT to approximate the inverse Fourier transform. The
FFT implements the discrete Fourier transform (DFT) or its inverse (IDFT) with
O(N log N) complexity where N is the size of the input vector. Consider a vector
u € RY. We denote the IDFT as ]-"51 and define it as (as implemented in 1 £ft of
FFTW.j1):

N .
Fp'lul; = %Zexp (izn(f _11\/)(n - 1))u,,, j=1...N. (Al

n=1

Suppose that N is even. Then, we also define the shifted IDFT, ﬁgl such that the
components offl;l[u] are reordered from j = N/2+1,...,N,1,...,N/2,

Fplluljenpe 1<j<N/2,

2 . (A2)
Fplulj—np N/24+1=<j<N.

Fp'u); = {

This is implemented as 1 ffshift (ifft (u)) in FFTW. j 1. Consider the approx-
imation, j = 1,..., N:

—1 1 v iwx; 4 = iwp X i
Ful(xj) ~ > u(w)e i do ~ o Z u(wy)e i, (A3)
-w n=0

Here, we choose the parameters W >> land N > 1, N even. The points w,, := n§—W,
n=20,...,N — 1, where § := 2W /N. Substituting in the definition of w,, we see
that

N—1 W N—1
1) o §Ne W | -
o D e = — — [ﬁ D ulon)e™ Wn/N} e
n=0 n=0
Define the vector u, = u(wy-1),n =1, ..., N. Moreover, we fix x; as
. T .
Xj :=(—N/2+]—1)W, j=1,...,N. (AS5)
Then, the right-hand side of (A4) is equal to
sNe= Wi [ 1 & Y1) /N i
= |:N 2;11"62711(] D 1)/Ne i (n 1):| ) (A6)
n=
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By noting that e 77 ("=D = 7= for y € 7, then for 1 < j < N/2, (A6) is equal
to

N
% Z u,, e27iG+N/2=D@=D/N | (A7)

L n=I1 .

5Nefin‘,' B
2

and for N/2+4+1 < j < N, (A6) is equal to

sNe W [ & G ]
27.[ ﬁ Z unGZJTl(j—N/Z—l)(n—l)/N . (AS)

L n=1 .

Hence, by the definition of the shifted IDFT in (A2), we see that, for j,n =1,..., N,

_ SNe Wxj
Ful(x)) ~ Tf,;[u] i (A9)

wherew, = u@2Wm —-1)/N -W),n=1,...,N.

Appendix 2: Approximating the appended sum space functions

With a naive approach, it would take four integrals per interval to approximate the
additional functions found in the appended sum space. This setup cost may become
prohibitive for a large number of intervals. However, the next proposition reveals that
the additional functions on intervals that are translated (and not scaled) are simply
translations of the additional functions associated to one reference interval.

Proposition B.1 (Translations of the reference interval) Consider the interval I =
[a, b] and its associated reference interval Ig = [—(b — a)/2, (b — a)/2]. Then,

vh ) = vt (x — (@ +b)/2), @l (x) =i (x = (@ +b)/2),

. / ~ v (B10)

v () = v (x = (@+b)/2), i5(x) =iy (x — (a+b)/2).
Proof The result follows from the identity F[ f (¢ + a@)](w) = el F[ £ (¢)](w) and a
routine calculation.

The additional functions on the reference interval are approximated with one inte-
gral each. Moreover, all intervals of the same width map to the same reference interval.
Hence, the setup of the method only requires four integrals per interval of different
width. In particular, if all the intervals have the same width, we only require four
integrals in total for the setup, irrespective of the number of intervals used.

Appendix 3: Special cases when 1 = 0
In this subsection, we discuss the conditioning of L for choices of u and n when
A = 0. The ill-conditioning is alleviated by removing the rows of L™ associated with

functions that are no longer in the range of Lo, , S,
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The first special case that we consider is A = = n = 0. Here, (1) reduces to finding
u € HY2(R) that satisfies

(=)l = f. (C11)
The first issue is that the matrix L™, as constructed in (66), is singular. This is due to
three rows and one column whose entries are all zero. The three rows correspond to the
dual sum space functions U_»(x),U n+1(x), and V,, 15 (x) which do not lie in the range
of (=AY ZS;“ (x). The column corresponds to the sum space function Ty(x). Hence,
we remove these rows and column from L™ resulting in an (2n +4) x (2n + 6) matrix.
The second issue is that the additional functions computed to form the square matrix L™
become problematic or redundant. By Proposition 3.5, we have that i (x) = W; (x),
Jj=0andv;(x) = Tj (x), j = 1. Hence, two of the additional functions are already
included in the sum space and correspond to two columns that should be removed. At
first glance, this is advantageous as this reduces L* to a (2n + 4) x (2n + 4) matrix.
However, computing the remaining additional functions _1(x) and vp(x) poses a
numerical difficulty. Although f]_l, Vo e H -l Z(R), since A = 0, the Lax—Milgram
theorem does not guarantee existence of solutions. Attempting to compute these two
solutions by a forward and inverse Fourier transform fails. Hence, as discussed in
Sect. 1, there exist solutions that satisfy the Fourier multiplier reformulation (17) but
not (6). Ignoring these technical issues and naively computing the inverse Fourier
transform via (8) does recover the non-decaying solutions:

- _J—arcsin(x) x| <1,
= {—sgn(x)n/z Xl = 1, 2
_ floe@ -y el < 1.
volx) = Ilog(Z) —y —arcsinh(VxZ =1) |x| > 1. (€13)

However, as neither of these tend to zero as |x| — 0o, they cannot live in H'/2(R).
Therefore, we choose to remove the columns associated with zz_ (x) and vy (x) as well.
Since all the additional functions have been removed, we are only required to consider
the range of (—A)Y/2S, (x). The range does not include U_1(x) and Vy(x). Hence,
these functions can be removed from the dual sum space (whilst still preserving the
exact map (—A)'/2: S, — S;¥) and their correspondlng rows from L. In summary,
we remove the columns associated with To (x), vo(x), _1(x), v )1 (x), and ip(x), and
the rows associated with U_z(x) Vo(x), U_1 (x), Vyy2(x), and U,1+1 (x) reducing L™
froma (2n + 7) x (2n 4+ 7) matrix to a (2n 4+ 2) x (2n + 2) matrix. We emphasize
that the action of (—A)!/2 on S, (x) is still represented exactly by the reduced L.

C2A=u=0,|n>0

We now consider where A = p = 0 but || > 0. This corresponds to finding u €

H'(R) that satisfies d
(na + (—A)‘/Z) [ul = f.
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This special case is similar to the previous one. Again L™ is singular due to three
rows and a column which contain only zeroes. The rows are associated with the dual
sum space functions f],z(x), U,H] (x), and V;,42(x) which do not lie in the range
of (n% + (=AY 2)S;‘ (x) and the column corresponds to fo (x). Hence, we remove
those three rows and column. Moreover, i1 (x) and vo(x) cannot be computed via
a forward and inverse Fourier transform due to the same issues as in the previous
case. Hence, the columns associated with 71 (x) and v (x) must also be removed. This
implies that the rows associated with V(x) and U _1(x) are now all zero and must also
be removed. Hence, as in the previous case, we remove the columns associated with
To(x), vo(x), fi—1(x), v1(x), and ito(x), and the rows associated with U_»(x), Vo (x),
U_1(x), Vp+2(x), and 0n+1(x) reducing L™ from a 2n + 7) x (2n + 7) matrix to a
(2n 4+ 2) x (2n + 2) matrix. Moreover, the action of (% + (=A)"Y%) on S, (x) is
still represented exactly by the reduced L.

Remark C.1 Since we have removed the additional functions from the appended sum
space, the setup cost is minimal when A = u = 0 and n € R as no integrals are
required.

C31=0,|ul>0,neR

The final case to consider is when A = 0 but i # 0. In this case there is only one zero
row and column associated with U_» (x) and Ty (x), respectively. Removing that row
and column results in an invertible matrix that still represents the mapping exactly.
Moreover, unlike the previous two cases, we recover vg(x), u—j(x) € H 1/2(R). How-
ever, we note that with increasing n (truncation degree) L™ has two singular values
that quickly decrease to zero which impact the conditioning of L. If the problem
setup requires high truncation degree n, and small parameter || < 1, then L+ may
become numerically singular. In this case, we suggest using the additional functions
V42 (x) and 1,41 (x) instead of vy(x) and up(x) as suggested in Remark 4.3. This
results in a well-conditioned L™ irrespective of the choices of n and .
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