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In this thesis, first, we propose a novel pseudospectral method to approximate accu-
rately and efficiently the fractional Laplacian without using truncation. More pre-
cisely, given a bounded regular function defined over IR, we map the unbounded
domain into a finite one, and represent the resulting function as a trigonometric se-
ries. Therefore, a key ingredient is the computation of the fractional Laplacian of
an elementary trigonometric function. As an application of the method, we do the
simulation of Fisher’s equation with the fractional Laplacian in the monostable case.

In addition, using complex variable techniques, we compute explicitly, in terms of
the o F; Gaussian hypergeometric function, the one-dimensional fractional Laplacian
of the Higgins functions, the Christov functions, and their sine-like and cosine-like
versions. After discussing the numerical difficulties in the implementation of the
proposed formulas, we develop another method that gives exact results, by using
variable precision arithmetic.

Finally, we discuss some other numerical approximations of the fractional Laplacian
using a fast convolution technique. While the resulting techniques are less accu-
rate, they are extremely fast; furthermore, the results can be improved by the use of
Richardson’s extrapolation.
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Chapter 1

Introduction

In this thesis, we are mainly concerned with the numerical approximation of the
fractional Laplacian. This is a singular integral operator that can be defined in sev-
eral equivalent ways, see e.g [1], but that we take for now to be:

(—A)*2u(x) :cm/ Mdy, (1.1)
R

o |x —ylnte

where a € (0,2), and
tna = —2TCF) 12)
T 2T (=)l
The fractional Laplacian operator is a generalization of the integer-order Laplacian
A = 0%/9x% + ...+ 0*/9x2, with n being the dimension. It appears in a number of
applications (see, for instance, [2, Table 1] and its references).

Before we describe the main contents of the thesis, let us start this introduction by
putting the operator (1.1) into a wider context. We recall that the Fourier transform
of uis

a(F) = / u(x)e " dx, (13)
and that the inverse Fourier transform is
u(r) = 5= [ @i 14
e ) .

Therefore, another definition of the fractional Laplacian consistent with (1.1) is given
by associating the operator with the Fourier symbol:

(—A)72u(E) = |¢]*a(8), (15)

and, hence, when &« = 2, we recover (—A)z/ 2y = —Au, whereas, when &« = 0,

(—=A)%u = u. We remark that, in [1], the author indeed considers —(—A)*/?u in the
definition of the fractional Laplacian, to make it agree with the integer-order Lapla-
cian, when & = 2. The same sign convention is chosen in [3], where an excellent and
up-to-date introduction to the topic can be found.
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We recall that in one dimension, the Hilbert transform [4] is given by

) =+ [ MWy,

T ) oX—Y

—

and that, if u € L?(R), then H(u)(¢) = —isgn(Z)i(&) (see e.g. [5], [6]). It then
follows that, when a« =1,

L — —

(=8)12u(g) = [§]a(8) = —isgn(Z)(ig)a(8) = H(ux)(E),

or, formally,

(=8)2u(x) = H(ux)(x). (1.6)

On the other hand, the Riesz transform is a generalization of the Hilbert transform
to higher dimensions, but an interpretation similar to (1.6) is a little different. If
u € LP(R"), for 1 < p < oo, then the Riesz transform R;u is defined (see e.g. [7]) for
eachl <j<nby

_ Yi —Yj .
Ru(x) = eV [ I u)dy, 1<j<n

where PV denotes the principal value of the integral and

n+1

2
n+

7T

Cp =

—_

Formally, by working in the Fourier side, it can be seen that R;(—A)!/2u(x) = 9ju
for every j. This and the relation (1.6) serve as a motivation to define the frac-
tional Laplacian as the inverse of an integral transform. This idea is related to the
Riemann-Liouville integral that allows defining fractional derivatives by its inver-
sion.

Indeed, the so-called Riesz potential was introduced by Marcel Riesz [8] while look-
ing for generalizations of the Riemann-Liouville operator. On IR”, it is defined by
the convolution with the kernel ¢, 4 |x — ¥ (=) With 0 < a < n:

s _ u(y)
T (1) (%) = 1 % Ka (%) = 0« /R ey (17)
We observe that .
1
e é) = Cn—aH(270) (8] (1.8)

Then, from (1.7) and (1.8), we have formally:

Lu(8) = (27[g])~*a(g),
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On the other hand, .
(=8)e(Z) = 12*a(3),
which suggests that -
Tou(2) = (2721)) (=) */2(©).

In the search for an integral equation that inverts this relationship, one looks at an
operator that satisfies:

(—A)72u(E) = |¢]*a(8),

" /2
2" = lz a:;] |
i=1

One such operator is precisely the operator (1.1) (see [9-11] for details), where the
fractional power is taken over (—A), in order to obtain a positive operator. This
formulation of (—A)*/2 is also the negative generator of the standard isotropic a-
stable Lévy process, and reduces to —A when o = 2 (see [2]).

with 0 < &« <2 and

In this thesis, we work mainly in the one-dimensional case, i.e., on R. Hence, (1.1)
becomes -
(_A)[x/zu(x) — Ctx/ M(x) _“(]/) dy; (19)

oo X — y|1+“

where & € (0,2), and

Moreover, we work with the equivalent definition of (1.9):

*u(x) —u(x+y)
|y|1+rx

(—A)*2u(x) = ca/ dy. (1.10)

—00

In recent years, there has been an increasing interest in evolution equations that in-
corporate nonlocal operators and, in particular, nonlocal operators that resemble a
fractional power of the Laplacian or derivatives of fractional order. There are many
models where such operators appear, and there is also an intrinsic mathematical
interest in analyzing and simulating such equations. For instance, a discussion on
applications where sub- and superdiffusion models might be better suited than clas-
sical diffusion ones can be found in the review manuscripts [12-16]. Among others,
these include applications in acoustics [10, 17], and quantum mechanics [18]. Lévy
flights are a particular example of random motion of particles that leads to superdif-
fusion and that can be characterized in the macroscopic scale as a diffusion equation
by a fractional Laplacian (see, e.g., [19, 20] and the references therein). For a math-
ematical interpretation of the fractional Laplacian, we refer the reader to, e.g., the
monographs [2, 3]. On the other hand, models with fractional diffusion where front
propagating solutions ensue have been subject to mathematical analysis (see, e.g.,
[21-33], to mention a few recent works in this direction).
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In this thesis, we concentrate in the example model where the fractional Laplacian
appears instead of the usual term of Brownian diffusion. We will simulate as a
test a nonlinear reaction-diffusion equation, namely, the following nonlocal Fisher’s
equation:

o+ (—A)*?u = f(u), x€R, t>0, (1.11)

where, generically, f(u) = u(1 — u) is the so-called monostable nonlinearity; and
f(u) = u(l—u)(u—a), witha € (0,1), is the bistable nonlinearity. With classical
diffusion, this is a paradigm equation for pattern forming systems and reaction-
diffusion systems in general (see the classical references for the monostable case
[34-37], etc., and for the biestable case, [38—42], etc.). The non-local version (1.11) has
been proposed as a reaction-diffusion system with anomalous diffusion [22, 43, 44].
Some fundamental analytical results appear in [45, 46], for more general nonlinear
equations and in several dimensions. Our main interest here is to simulate (1.11) as
an illustration of a problem that requires a very large spatial domain or the whole
domain, when traveling wave solutions ensue, since these travel in one direction
and they do so with a wave speed exponentially increasing in time in the monostable
case (see [47-49]). In this regard, we will contrast the numerical results with the
analytical ones, which include, apart from the already mentioned ones, [25-27] for
the bistable case (see also [28, 29] for a nonsymmetric non-local operator of Riesz-
Feller type).

Let us now describe some numerical aspects relevant to this thesis. To the best of
our knowledge, the use of spectral and pseudospectral methods for approximating
the fractional Laplacian is limited to a few instances in the literature: we remark the
works [50-52], where, although a truncation of the domain is not explicitly given,
the method relays on the approximation of the fractional Laplacian by an operator
on a truncated domain.

Most of the fractional models deal with infinite or semi-infinite domains. Our aim
is thus to present numerical methods that deal accurately and efficiently with prob-
lems posed on R, taking particular care of the numerical treatment of (—A)*/2,

One of the main difficulties of approximating numerically (2.5) is the unbounded-
ness of the spatial domain; nevertheless, there is a variety of tools for dealing with
problems in infinite or semi-infinite domains. For problems posed on x € R, we
have options like:

i. Sinc functions.
ii. Hermite functions.
iii. Algebraically mapped Chebyshev polynomials.
iv. Exponentially mapped Chebyshev polynomials.
v. Solving the problem on a large but finite interval (domain truncation).
For problems posed on the semi-infinite interval x € [0, %) it is possible to use:
i. Laguerre functions.

ii. Chebyshev polynomials with various mappings.
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iii. Domain truncation.

In fact, in the study of unboundedness of the spatial domain, according to Boyd [53],
the many possible options for unbounded domains fall into three broad categories:

1. Domain truncation (approximation of x € R by [—-L, L], with L > 1.

2. Using basis functions intrinsic to an infinite interval (for example, Hermite
functions, sinc functions).

3. Mapping the unbounded interval to a finite interval, followed by application
of Chebyshev polynomials or a Fourier series.

Observe that these strategies can be combined; for example, mapping and domain
truncation, etc. In this work, we will adopt the third one. It is worth mentioning
that mapping is equivalent to creating new basis functions, which are the images
of Chebyshev polynomials or Fourier series, and whose natural home is the infinite
or semi-infinite interval. An infinite variety of maps is possible; but three relevant
classes of mappings are the following ones:

1. Logarithmic maps: x = arctanh(¢), Y e [-1,1].

2. Algebraic maps: x = Lyp/+/1 — ¢?, P e [—1,1].
3. Exponential maps: x = sinh(Ly), Y € [—m, ml.

Here x € R. The names for theses classes of mappings come from the behavior
of x, i.e, from how x increases when ¢ tends to +1. In general, an advantage of
not truncating the domain is that the boundary conditions can be ignored when
the domain of integration is infinite [54], while truncating the domain needs setting
artificial boundary conditions [55]. We will concentrate our study on the algebraic
map, and specifically on the algebraically mapped Chebyshev polynomials TB,(x),
known as the rational Chebyshev functions.

Chebyshev polynomials are a well known set of orthogonal polynomials and have
proved useful for numerical analysis. They are a desired choice, because they can
be thought of as a Fourier cosine series in disguise [53, 56] and, as such, allow the
use of existing fast Fourier transform (FFT) software [57]. On the other hand, the ra-
tional Chebyshev functions are a rescaling of the standard Chebyshev polynomials,
so that their domain is the entire real line [54, 56]. In [58], it was shown that rational
Chebyshev functions are the most versatile option, because they are a good choice
for approximating exponentially decaying functions, and they excel when applied
to polynomial decaying solutions. In fact, in some of the numerical test that we
present in this work, we consider exponentially decaying initial data for the frac-
tional Laplacian. Remark that the rational Chebyshev functions are closely related
to the Christov functions and the Higgins functions [59], also considered in this the-
sis, and which are very adequate for computing numerically the Hilbert transform
of functions in L?(IR) (see for instance [60] and [61]), although they are not sufficient
for representing functions that are not in L2(R).

There is a wide range of publications related to the effectiveness of different meth-
ods to solve numerically nonlocal fractional operators. In the particular case of the
fractional Laplacian, several numerical methods have been proposed recently for
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equations associated with this operator in its different equivalent definitions [1]. For
instance, either the spectral definition in the Fourier space, or the singular integral
representation, which we use in this thesis. Note that most of the numerical eval-
uations have been developed on bounded domains; for instance, one of the main
contributions is the work by Huang and Oberman [62, 63]; where, considering one-
dimensional problems, they derived a scheme based on singularity subtraction and
finite-difference approximation with a quadrature rule in a bounded domain. Re-
mark that, for smooth enough functions, the accuracy of their method is very close
to O(h3~%), where h is the linear spacing between nodes, being up to 1073. They
also established that the majority of the numerical methods for solving equations
involving the fractional Laplacian operator are related to fractional derivatives (ei-
ther of the Riemann-Liouville type or of the Caputo type) on bounded domains,
called fractional diffusion.

In [62], the authors take as reference [64], which summarizes the existing algorithms
to solve the fractional derivatives operator, among which we can find the prod-
uct integration technique based on the trapezoidal quadrature rule, and methods
of the type Predict-Evaluate-Correct-Evaluate to solve Caputo-type fractional dif-
fusion equations (FDEs). When used in the discretization of FDEs, the resulting
schemes can usually be interpreted as a random walk with long range jumps [65,
66]. Another popular class of schemes use spectral decomposition in the Fourier
space or other basis [52], usually valid only for finite spatial domains; note that, in
[52], the errors are close to 1077, Similar schemes using a finite difference approxi-
mation are [67-69].

Taking into account [62, 63], Minden and Ying [70] presented a simple solver for
the fractional Laplacian in multiple dimensions based on the hypersingular integral
representation. Through singularity subtraction, they obtained a regularized inte-
grand to which they apply the trapezoidal rule. When the function u is sufficiently
smooth, standard results on convergence of the trapezoidal rule and finite-difference
operators imply that the computation errors tend to zero as O(h?). The work [70]
offers a vast number of references on numerical solutions of one-dimensional frac-
tional Laplacian systems using fast preconditioned iterative methods; for instance,
[71-74].

In the same line of work, but separately, Duo and Zhang [75] proposed a method
that provide a fractional analogue of the central difference schemes for the fractional
Laplacian. However, as in [70], they considered bounded domains for the two- and
three- dimensional cases with extended homogeneous boundary conditions. They
also achieved errors tending to zero as O(h?), for any « € (0,2), and their results
hold for dimensions two and three. In [75], we can find various references on the
finite element method (FEM) to solve problems involving the fractional Laplacian
operator, and numerical results are presented for one-, two-, and three-dimensional
cases (see [76-79]). Some works using finite-element-based approaches are [80-82],
and some general references for the approximation of the fractional Laplacian on
bounded domains include [83-85].

There are notable algorithms for discretizing the fractional Laplacian based on the
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Caffarelli-Silvestre extension [11, 86, 87], followed by the application of spectral ap-
proaches [81, 82, 88]. A more recent publication is, for instance, [89], where a fast
spectral Galerkin method using the generalized Laguerre functions for the extension
problem is applied. The convergence rate with respect to / is essentially of second
order, which is the expected rate for the L2-norm of the error when using piecewise
linear finite elements, until the dominating errors are those in the extended domain.
Moreover, Chen et al. [90] presented a solver via multilevel techniques to deal with
extension problems (see [91-93], for some other related works).

All these publications have in common the use of truncation in the integration do-
main, or that they solve problems on a bounded domain, where different definitions
of the fractional Laplacian are not equivalent. Therefore, in general, truncation of
the domain leads to a natural deterioration of the rate of convergence. On the other
hand, the accuracy of these methods is well below spectral accuracy, which we have
virtually achieved in this thesis in dimension one; more precisely, we have obtained
errors close to the epsilon of the machine for smooth enough functions.

The structure of this thesis is as follows. In Chapter 2 (cf. [94]), we present a new
pseudospectral method to compute efficiently and accurately the fractional Lapla-
cian (1.10) without using truncation of the domain. We start by giving a new expres-
sion of the Laplacian in a more suitable way, which requires at least C? regularity.
Then, we map the unbounded interval R into a finite one [0, 7t] by using an alge-
braic map given by the change of variable x = L cot(s), with L > 0 being a scaling
factor, and s € [0, 7r]. We expand u(s) = u(L cot(s)) into a Fourier series, and, at
its turn, obtain the Fourier series expansion of (—A)*/2(¢'**), which constitutes the
central part of this chapter. We also show the construction of an operational ma-
trix M, that multiply the column vector formed by the Fourier coefficients of u(s)
to approximate (—A)*/?(u(s)) at the non-final nodes s; = 7(2j + 1)/(2N), with
0 <j < N —1. In addition, we develop an error analysis to justify the convergence
of the method; and, in order to measure the accuracy of our scheme, we test it with
a couple of functions for which an explicit expression of the fractional Laplacian is
known. Later on, as an application ot the method, we simulate numerically the evo-
lution of (1.11). Finally, we point out futures lines or research; in particular, we offer
an alternative formula to (1.1) for the fractional Laplacian in R"”, which could serve
as a starting point.

In Chapter 3 (cf. [95]), using complex variable techniques, we obtain explicit expres-
sions, in terms of the » F; Gaussian hypergeometric function, for the one-dimensional
fractional Laplacian of the Higgins and Christov functions, and of their sine-like
and cosine-like versions. Then, we also explain how to implement these expres-
sions efficiently in MATLAB [96], and give numerical examples as an application.
Furthermore, we test their adequacy from a numerical point of view, comparing the
numerical results with those in Chapter 2 (and thus confirming the correctness of
the method presented in Chapter 2). On the one hand, after discussing the numeri-
cal difficulties in the implementation of the proposed formulas, for moderately large
values of n, we develop a method using variable precision arithmetic that gives ac-
curate results; on the other hand, our implementation of ,F; largely outperforms
that of MATLAB. After that, even if the method in Chapter 2 is faster, the method
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in this chapter is much easier to implement and still competitive for not too large
values of n.

In Chapter 4, using some ideas from [97], we discuss other approaches to approxi-
mate numerically the fractional Laplacian on IR, using fast convolution. More pre-
cisely, we apply again the mapping x = L cot(s), to obtain a singular integral on
s € [0, 7], and try different quadrature formulas, expressing them as discrete con-
volutions. At this point, we apply the discrete convolution theorem, that states that
the discrete Fourier transform of a discrete convolution equals the product of the
discrete Fourier transforms, namely, (i % 0), = i,0p, where u = {u,} and v = {v,}
are two sequences of numbers. Since we use the fast Fourier Transform (FFT) [57]
to compute the discrete Fourier transforms, this technique can be referred to as fast
convolution, because it requires O(N log N) operations when the two sequences u
and v are N-periodic; this is an important reduction in the number of operations of
a direct summation procedure, which requires O(NZ) operations (and, hence, be-
comes expensive for relative small values of N). Following the previous arguments,
we develop a method that appears to be of second-order for all « € (0,1) U (1,2),
and that, even if less accurate than those exposed in Chapters 2 and 3, is exceedingly
fast. We test it for the functions considered in Chapter 2 and show how Richardson’s
extrapolation can be used to improve the results. To finish this chapter, we adapt the
numerical method in [98] to the computation of the fractional Laplacian, rewriting it
so the fast convolution can also be applied to it, and implement again Richardson’s
extrapolation to improve the results, too.

To close this thesis, we have added Appendix A, where we list some important
properties of the Chebyshev polynomials, and of the rational Chebyshev functions
defined on R.



Chapter 2

Computation of the fractional
Laplacian for regular functions

The structure of this chapter is as follows. In Section 2.1, we propose a novel method
to compute accurately the fractional Laplacian (1.10) without using truncation. More
precisely, we rewrite the fractional Laplacian in a more suitable way, which re-
quires at least C? regularity; then, after mapping the original domain R to [0, 7]
by using the change of variable x = Lcot(s), with L > 0, s € [0, 7t], we expand
u(s) = u(Lcot(s)) in Fourier series, and, at its turn, obtain the Fourier series ex-
pansion of (—A)*/2(e*s), which constitutes the central part of this chapter. We also
show how to generate efficiently an operational matrix M, that can be applied to
the coefficients of the Fourier expansion of u(s), to approximate (—A)*/%(u(s)) at
the equally-spaced nodes

m(2j+1) ,
= 7 <;<N-1 2.1
5j 2N , 0= ] = (2.1)
Furthermore, we justify theoretically the convergence of the method. Later on, in
Section 2.2, we test the proposed method for a couple of functions; and, in Section

2.3, we apply it to the numerical simulation of (1.11) in the monostable case.

To the best of our knowledge, the numerical computation of the fractional Laplacian
without truncating the domain has not being done so far. However, the change of
variable x = Lcos(s) was applied successfully in [98] to compute numerically a
related nonlocal operator defined on the whole real line. More precisely, in [98], from
which we get several useful ideas, d,D* was considered on IR, where the operator
D* can be regarded as a left-sided fractional derivative in the Caputo sense (see, e.g.,
[99]), with integration taken from —oo:

N B
Du(x) = Td—a) /_oo (x—y)”‘dy' € (0,1). (2.2)

After defining u(s) = u(L cot(s)), 0xD*(u(s)) was approximated at the nodes s; in
(2.1) by the composite midpoint rule taken over the families of nodes

m)  mI+1)

5" = iy 0SIS2'N-1, m=12,.., (2:3)
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although, in practice, only the indices ! satisfying 2" ~1(2j + 1) <1 < 2"N — 1 were
used, denoting as [9;D*]"™) (u(s)) the resulting approximation. Then, studying the
errors of several functions with different types of decay and applying Richardson
extrapolation [100] to [0, D*|™ (u(s)), it was conjectured that

|0xD*] "™ (x) — 3xD*1(x)]|co

_ci(a)  co(a)  c3(a)
o2 B« + mi—w

ca(a) (24)

melx

cs(a) n

+ méfuc

+ ey
and, indeed, this formula yielded very accurate results, at least for the functions
considered. Remark that, in practice, u(s) was expanded in Fourier series, so the
extrapolation was really applied over [0, D] () (¢ks), which enabled to create an
operational matrix acting on the coefficients of the Fourier expansion of u(s).

As we can see, the main difference between the method developed in this chap-
ter and [98] is the numerical computation of the corresponding nonlocal operator
acting on a single Fourier mode ¢’**. In this chapter, we have not considered the
extrapolation technique, because it appears to be more involved than in [98] (we
will comment on this in Section 4.5), and, on the other hand, the method that we are
proposing here is, in our opinion, very accurate.

To the best of our knowledge, the use of spectral and pseudospectral methods for
approximating the fractional Laplacian is limited to a few instances in the literature:
we remark the works [50-52], where, although a truncation of the domain is not
explicitly given, the method relays on the approximation of the fractional Laplacian
by an operator on a truncated domain.

In the following pages, we will use the representation of (1.10), together with Lemma
2.1.1, which requires boundedness and C?-regularity.

2.1 Computation of the fractional Laplacian for regular
functions

In the following pages, we will develop a new method to approximate numerically
(1.10). However, instead of working directly with (1.10), we will use the representa-
tion given by the following lemma, which requires boundedness and C?-regularity.

2.1.1 Equivalent form of the fractional Laplacian for regular func-
tions

Lemma 2.1.1. Consider the twice continuous bounded function u € C2(R). Ifx € [1,2),
ora € (0,1) and limy s+ ux(x) = 0, then

%/ Z’%Md% x=1
— Y

Ca /wL(y)dy « £ 1.

a(1—a) /oo |x -yl

(—A)*2u(x) = (2.5)
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Proof. Let us express first (1.10) as an integral over [0, c0):

(—A)D‘/Zu(x) —c /Oo u(x) B u(x _yz/:—:(x) B u(x+y)dy

- tu
0
© (Y uy(x —z) — ux(x +2)
=c dz d
"‘/0 /0 yl—i—a y

=c,x/0 [(ux(x—z)—ux(xﬂ))/; yl%dy] iz

_ [T ux(x—2) —ux(x—kz)dZ 2.6)
a Jo z% ’ ’

where we have changed the order of integration; observe that this is equivalent to

w2y = Ca [Ty —y)
(=8)"2u(x) = | g

[T yux(x+y)
Sy M dy. 2.7)

We distinguish three cases. Whena =1,c; =1/, so

1 [P mlr—y) —wlx+y)
(=) 2u) = o [ ; dy

_L[ ety

T) oX—Y

ie., (—A)Y?u(x) is precisely the Hilbert transform [4] of u,(x), as mentioned in the
introduction. On the other hand, when « € (1,2),

co [ ux(x —2z) — up(x) +uy(x) — Mx(x+z)dz

_AR/2 _
(-8 Pu) =% | .
:_C_“/OO/Z“xx(x_y)+”xx(x+y)dydz
4 0 0 rdad
o [

=—— [(”xx(x —Y) +”XX(x+y))/yoo ZladZ] dy

& Jo
. Ca /OO ”xx(x_y)+“xx(x+y)d
T (w1 Jy y /
Cu © Uye (X + 1)
_ U\ X 4 Y)
a<1—a>/ et Y




12 Chapter 2. Computation of the fractional Laplacian for regular functions

Finally, when & € (0,1), this last formula also holds, although the deduction is
slightly different, and limy_, 4 x(x) = 0 is required. Indeed, from (2.6),

(_A)tx/zu(x) _ Ca /oo /00 uxx(x - y) + uxx(x +y)dy dz

& Jo
= % [(”xx(x_y)+”xX(x+y))/ _,xdz} dy
. Ca /OO Uy (X y)+”xx(x+]/)d
a(l—a) Jy ya-1
_ Gl /oo txx () y
w(1—a) | o r—yl T
which completes the proof of the lemma. O

2.1.2 Mapping R to a finite interval

Among the different possible mappings which we have mentioned in the introduc-
tion, we use the algebraic one. More precisely, if we consider x € R, ¢ € [—-1,1],
and s € [0, ], then the different domains are mapped onto one another through the
following relationships [53]:

_ X _ Ly
LR S Y X

and x
x = Lcot(s) <= s = arccot <E> ,

for a certain constant L > 0. Small values of L cause the majority of the discretized
points in the abscissa to be clumped near the origin, whereas increasing L pulls out
the points from the origin toward the rest of the domain. The nth rational Chebyshev
is

TBy(x) = Tu(¢) = cos(nt), Vn e INU{0}.

i.e.,
X

VL2 + x2

where T, (¢) is the standard Chebyshev polynomials and TB,(x) are the rational
Chebyshev functions, which form an orthogonal basis in R with respect to the
weight (14 x?)~1:

TBu(x) = Ty < ) = CoS (n arccot (%)) , VneINU{0}, (2.8)

I~
I
S
vV
o o

/°° TBu(x)TBy(x) gy —
o 14+ x2

L awm

I ¥ 3

RN

S
|
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We present more details about the properties of Chebyshev polynomials and ra-
tional Chebyshev functions in Appendix A. Although we can work with (2.8), we
prefer to use a trigonometric representation on them, which allows us an easier han-
dling of them. Thus, we are going to consider the following change of variable:

P = cos(s) < x = Lcot(s), s€]0,m]. (2.9)
Then, (2.8) becomes
Tu(¢) = TBu(x) = cos(ns).

Therefore, a series expansion in terms of Chebyshev polynomials or rational Cheby-
shev functions is equivalent to a cosine expansion.

In this thesis, we work with (2.7) rather than with (2.5), because the calculations in
the next sections appear to be simpler. In order to express (2.5) in terms of s € [0, 7T,
we need the following identities [54]:

sin?
Uy(x) = — L(S)us(s),
sin(s) 2sin>(s) cos(s) (2.10)
Uxx(x) = TMSS(S) + 12 us(s),

where, with some abuse of notation, u(s) = u(x(s)). Then, bearing in mind that
dx = —Lsin"2(s)ds, (2.5) becomes

(L L[ us(n) )
~Lm Jo cot(s) — cot(r])dq’ =1,
(—A)2u(s) = m 211)
" Sinz(n)uss(ﬂ) + 2811’1(17) COS(’?)”S(U)
L . /0 | cot(s) — cot(n)|*~1 dn, a#1,

or, equivalently,

(sin(s) [ sin(17)us (1) -

Ln/o Sns — 1) dn, x=1,
a2 ~J ca| sin(s)|* !
()2 (s) = T (2.12)

. /n sin® (#7) (sin(#7) uss(17) +2COS(77)”5(17))6[;7, o # 1.
\ JO

[sin(s — )]

2.1.3 Discretizing the mapped bounded domain

We discretize the interval s € [0, 7] in the nodes defined in (2.1):

7T(2j+1)>

Sj = M>,

<:>1,1Jj:cos( N



14 Chapter 2. Computation of the fractional Laplacian for regular functions

such that sp = 71/(2N), sy-1 = m — 7/(2N), sj41 —s; = /N, where 0 < j <
N — 1, which divide the interval [0, 7] in N equally-spaced parts. Therefore, we
avoid evaluating (2.11) directly at s = 0 and s = 7. Note that it is also possible to
introduce a spacial shiftin x, i.e.,

x = x¢ + Lcot(s); (2.13)

SO
xj = x¢ + Lcot(s;) = xc + L cot (

7r(22]1\4]—1))

In general, along this thesis, whenever we write u(x;), we refer to u(x) evaluated at
x = x;, whereas, we write u(s;) to refer to u(x(s)) evaluated at s;. Therefore, with
some abuse of notation, u(s;) = u(x;). Observe that the definition of s; in (2.1) does
not depend on x., whereas the definition of X; does, which makes it preferable to
work with u(sj). On the other hand, as mentioned above, since s € [0, 7t], a cosine
series expansion is enough to represent u(s). However, we rather consider a more
general series expansion formed by ¢/, with k € Z, which is somehow easier to
implement numerically:

(o]

u(s) =Y a(k)e™, selonl

k=—o0

Hence, in order to determine the coefficients 71 (k), we have to extend the definition
of u(s) tos € [0,27]. Therefore, we discretize [0, 7] in 2N nodes, s; = 7(2j +
1)/(2N), 0 < j < 2N — 1. Note that an even expansion of u(s) at s = 7 will yield
precisely a cosine series, while an odd extension will yield a sine series.

Since it is impossible to work with infinitely many frequencies, we approximate u(s)

as
N-1

u(s) =~ Y. a(k)e™, selo, 2n), (2.14)
k=—N

which is a 2N-term approximation of a 27t-periodic function u.
Then, taking 0 < j < 2N — 1 in (2.1), we adopt a pseudospectral approach to de-

termine uniquely the 2N coefficients 71(k) in (2.14), i.e., we impose (2.14) to be an
equality at s;:
N-1 N-1

M(S]')E Z ﬁ(k)eiksf: Z ﬁ(k)eikn(ZjJrl)/(ZN)
k k=—N

+ Z [ﬁ(k_ZN)ei(k—zN)n/(zN)} p2ijkn/ (2N) (2.15)
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Equivalently, the coefficients #(k) are given by

e—ikm/(2N) 2N—1

a(k) = —N Y u(s;)e 2T/ N, (2.16)
=0

Note that the discrete Fourier transforms (2.15) and (2.16) can be computed very ef-
ficiently by means of the fast Fourier Transform (FFT) [57]. On the other hand, we
apply systematically a Krasny filter [101], i.e., we set to zero all the Fourier coeffi-
cients 71 (k) with modulus smaller than a fixed threshold, which in this thesis is the
epsilon of the machine.

2.1.4 An explicit calculation of (—A)*/2¢is

Since we are approximating u(s) by (2.14), the problem is reduced to computing
(—A)*/2¢% In this section, we will prove the following theorem:

Theorem 2.1.2. Let « € (0,1) U (1,2), then

co|sin(s)[*71 &

\

8L* tan(75) 20061215 B k — 4kI)
Gl
A2 (ks P(B__a+|l|)r<3+7a ’__ZD | 2.17
CATEIT lsner & f -
ZTZ_ZOOe — 4kl)
.sgn(%‘—l r<i+|ll>r<j—l‘§_—l‘>, k odd.
T (% +|l|)F(2 "“2 ZD

Moreover, when o« = 1,
KIsin%(s) s
. L ’
_ A\1/2¢ ks )
( A) (e ) i _2 B i 4Sgn(l)elzls k Odd (218)
k2 — 1= (k—2D)((k—21)2—-4) ]’ '

k even,

Proof. We prove first the case &« = 1. Introducing u(s) = ¢/ in (2.12), we get

N1/2,iksy _ tksin(s) 7 sin(n)e
(- (et = B [ Ry .19
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When k = 0 mod 2,

™ sin(1) e’ ‘k /” k ks . /” cos(17)e™
— _dp = —e"™ cos(s e™dn — " sin(s —_d
I8k (5) f, ) J, “sin(p)

The first integral is trivial, and the second can be calculated explicitly, too:

/” cos(iy)eik’?d _ isgn(k) /2” cos(;y)sin(]kw)d
0 0

sin(77) T="73 sin(77)

n

o, k=0,
~ )imsgn(k), ke2z\{0};

which is easily proved by induction on 2IN, bearing into account that sin(27) =
2sin(n) cos(n7), and that sin((|k| +2)7n) — sin(|k|y) = 2sin(r) cos((|k| +1)7). There-

fore,
7 sin(1)elk —711C0s(s), k=0,
2T dp = , 2.20
/0 sin(s — 1) 1 —imsgn(k)sin(s)e’*®, k € 2Z\{0}; (2.20)

from which follows the first part of (2.18). On the other hand, when k = 1 mod 2,
e® is not periodic in # € [0,7], and there seems to be no compact formula for

(—A)1/2(e*%), as in k = 0 mod 2. Hence, we have to consider a series expansion for
(—A)Y2(e*s); more precisely, we write

: Tsin(y)er & i2ls
sm(s)/0 mdﬂ —Z_Z_;Oockle , (2.21)

with ¢y given by

1 ™ sin(17)e™ il
Cxl — E/O [Sl]fl(S)/Ov md?] e ds

B 1 s . it nsin(s)e—iﬂs
= E/O Sln(ﬂ)e [A mds d77,

where we have changed the order of integration. The inner integral is given by
(2.20):

/” sin(s)e~#2!s s — {ncos(n), 1=0,
o sin(s—7n) | —imsgn(l)sin(y)e 2, [ € z\{0}.
Hence,
T ., _2
/ sin(1) cos()e*dy = R =0,
=< ""° (2.22)

. T i(k— — /
_1Sgn(l)/0 Slnz(ﬂ)el(k 21)17d77 = (k_ZZ)(AL(]S(gf(ZZ))Z —4) I #0,
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from which we conclude the second part of (2.18).

We consider now a # 1. Introducing u(s) = ¢/** in (2.12), we get

ayas2giksy _ CalSIn(s)[*TT (7 sin® (i) (—k? sin(iy) + 2ik cos (1) e
(ZA)75(e™) = Lra(1l —a) /0 |sin(s —77)]%~1 . (2.23)

Then, as in (2.21), we consider a series expansion:

7 sin® (1) (—k%sin(n) + 2ik cos(17) )’ = 1
: dn = die™”, 2.24
/ Sin(s — 7)1 1= b 22

|=—c0

with dj; given by

T T a3t 12 o i ikny .
L[] [ e int) 2o
o |Jo | sin(s —#)[*

_ 1 nsin”‘( )(—k%sin(n7) 4 2ik cos(1) ) e /7T e ds| d
- o 7 1 1 o |sin(s —n)l*1 T
1 T e—izls T )
= — / ——— s {/ sin®(17)(—k%sin(n) + 2ikcos(17))el(k_21)’7d17}
7 |Jo sin® " (s) 0
1
= Ejl I, (2.25)

where we have changed again the order of integration. Integrals of the type of I; and
I, can be explicitly calculated by means of standard complex-variable techniques
(see, e.g., [102, p. 158], for a classic reference). On the other hand, we have used
MATHEMATICA [103], which computes them immediately (after, occasionally, very
minor rewriting). The expression for I; is

e—ian((Zi)a + (—Zi)“eiZ”l)ncsc(noc)l“ (—1+2zx—21>
4T(—1+a)r (3452)
201 cos(Z2)T(2 — )T (% . z)

S T ) (2.26)

I =

where we have used the well-known Euler’s reflection formula:

7T

Ir(z)r(1—z) = Sin(r2)’
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Moreover, applying twice Euler’s reflection formula,

I(z)  TE)I1-2)1-w)
[(w) T(w)(1—w)l(1-2z2)
_ sin(mw) T'(1 — w)

~ sin(mz) T(1—2)° (2.27)
Therefore, for | € Z,
F(#_O_ sin(ﬁ(%—l)) ]“(1_(3—704_1))
I”(g%a—l) a sin(n(#_l»r(l_ (#—Z))
[ (=5 +1
- % (2.28)

so the value of I; does not depend on the sign of /, and we can replace the appear-
ances of I in (2.26) by —/, |I| or —|I|. In this thesis, we consider the last option,
getting
201 cos(Z4)I(2 — a)T (% + |l|>
L =— o , (2.29)
T (2% + 1)

which is more convenient from an implementation point of view, as we will explain
in Section 2.1.5. Likewise, the expression for I is

I = _2—2—ae—in(a+4l)/2((_1)k + eirf(a—l-zl))
k((—1+ a)k+4l) 7t csc(ma)T <—1++k—21>
| T(—a)T (3++k—21>
(1 — w)((—1+a)k? + 4T (=52 + 5 — 1)
22+a sin(Z4)L(2 — a)T (3+Ttx + % _ l>

(1 — a) (=1 4 &)k? + 4k1)T (—12—“ +k_ z)

(

, keven,

i , kodd.
\ 22+ cos(ZH)I(2 — )T (”T“ +E- l>
Then, applying again (2.27), we get expressions similar to (2.28):
(1”<7127“—<§— >> k even
(o) TG T
cCEeE) | (=o)L
, ko
1)
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Hence, we obtain an equivalent but more convenient expression of I, containing
absolute values as in (2.29):

(

(1= ) ((—1+ @)k + 4k (=52 + [~ 1])
22 sin (Z)T(2 — a)T (252 + \’f - z\) ’

(1 —a)((—1+ a)k? + 4kI)T ( “+) _ZD k odd

k even,

\lsgn(g - 2w cos(B)T(2 - a)T (3 4[5 -1])
(2.30)
Putting (2.29) and (2.30) together,
(cot(Z)a(1 — a)((1 — a)k? — 4k])
r(=5 )T (4|5 1)) .
o 8T (52 + )T (3= + |5 -1]) ' oo
9 Visgn(k — Da(1 — a)((1 — a)k? — 4K1) '
.r<—1+”‘+|l|)r<%+‘§—l‘) o
8T (32 + )T (32 + |5 —1]) '

Therefore, bearing in mind (2.23) and (2.24), we get (2.17), which concludes the proof
of the theorem.

O

Remark: under the change of variable x = cot(s), the cosine-like and sine-like Hig-
gins functions [59] are precisely cos(2ks) and sin((2k + 2)s), which are eigenfunc-
tions of the Hilbert transform [60]. Therefore, the first part of (2.18) follows also from
the results in [60]. Note that we will study the fractional Laplacian of the Higgins
functions in detail in Chapter 3.

2.1.5 Constructing an operational matrix

As explained above, in order to compute (—A)*/2u(x) for a given function u(x),
we first represent it as (2.14), then we apply Theorem 2.1.2 to each basic function
e'ks. In this work, we have opted for a matrix approach, i.e., we have constructed a
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differencing matrix My € My« (2n)(C) based on Theorem 2.1.2, such that

2(0)
(—A)aZ/Zu(SO) M. ﬁ(N:—l) (2.32)
(—8)*2u(syn 1) “ ﬁ(_EN) | |
a(-1)

where the nodes s; are defined in (2.1). It is vital to underline that, by choosing the
appropriate strategy, the speed in the construction of My, and therefore, in the nu-
merical computation of (—A)*/2u(x), can be increased by several orders of magni-
tude. Furthermore, that matrix needs to be computed just once, and then be reused
whenever needed.

In order to generate M, we compute (—A)*/2(e’*) according to Theorem 2.1.2, for
k€ {—N,...,N —1}. However, from (2.12), (—A)*/?(e%) = (—=A)*/2(1) = 0, and

(A7) = (~A)/2(e ),

so we only need to calculate the cases with k > 0. Remark that the N + 1th column
could be assigned either (—A)%/2(e=*N%) or (—A)*/?(¢'N%); in order to avoid choos-
ing between one or the other, we fill it with zeros. Therefore, in order to create M,,
we only need to consider k € {1,...,N — 1}

Note that the implementation of Theorem 2.1.2 offers two difficulties: the need to
evaluate the gamma function a very large number of times when & # 0, and the fact
that [ is taken all over Z.

With respect to the gamma function, a fast and accurate implementation is usually
available in every major scientific environment, such as MATLAB [96], which we use
in this thesis. More precisely, in MATLAB, it is computed by the command gamma,
which is based on algorithms outlined in [104]. However, using solely gamma to
evaluate (2.17) is not numerically stable, because of the quick growth of gamma (for
instance, gamma (172) yields infinity); therefore, even for rather small values of /, we
get spurious NaN results, because we are dividing infinity by infinity. One possible
solution would be to use the command MATLAB gammaln, which computes the nat-
ural logarithm of the gamma function, InT, i.e., the so-called log-gamma function:

(2 (g1
T+ )T (3= + |5 —1])

+InT (=52 + |5 —1]) =InT (352 + J1]) —InT (32 + |5 —1]) |

= exp [lnI’ (’ZJ”" - |l\>

bear in mind that gammaln is not defined for negative values, so minor rewriting
would be necessary in a few cases. However, in general, a much more convenient



2.1. Computation of the fractional Laplacian for regular functions 21

solution is to use the basic property I'(z + 1) = zI'(z):

(54 l)  =3by ) (3 )
CE ) S ()

ey B M Y R C R )

G i) el (i)

(2.33)

where we consider separately the expressions containing |I|, and those containing
|k/2 — 1|, because, for |I| > 1,

—3— k
=S| z“+\z—l\

ool e

~1,

so the factorizations in (2.33) are extremely stable from a numerical point of view.
We apply recursively (2.33), until |I| = 0,and |k/2 — 1| = 0 (if k even) or |k/2 —I| =
1/2 (if k odd). Therefore, for any I and k, the evaluations of I' needed to compute the
left-hand sides of (2.33) are just those in the quotients I'((—1 4+ «)/2)/T'((3 —«a)/2),
I((-1—a)/2)/T((3+a)/2) (ifkeven),and I'(—a/2)/T(2+ a/2) (if k odd). Hence,
taking into account that I' appears also in the definition of c,, it follows that the
global number of evaluations of I' needed to compute (2.17) is very small, although,

unfortunately, it does not seem possible to remove completely all the evaluations of
I.

Bearing in mind the previous arguments, in order to approximate (2.17), we precom-
pute recursively the right-hand sides of (2.33) for a large enough number of values,
then store them in their respective vectors:

r<#+|”> ) I‘( 12+zx> -1 S B

_ , VY|l eN
T T e
r(==+) I(ﬁr>%fl“+ vl €N 239)
CEEA) T8 ak 355w '
D) T I e

) _ , V| eN,
revg ) - Teey dargen

where the second expression is used in the cases with k even, and the third one,
in the cases with k odd. Remark that the usage of absolute values makes trivial the
computational evaluation of the vectors thus generated, because |I| +1, |k/2 —1| +1
(if k even), and |k/2 —I| +1/2 (if k odd) are precisely their respective indices.

With respect to [ spanning Z, we decompose it as | = 1N + [, with [; € Z, and
I e {-N/2,...,N/2—1} (if Neven),orl € {—(N—-1)/2,...,(N—1)/2} G(f N
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odd), ie., I € {—|N/2],...,[N/2] — 1}, considering both cases together. Note
that we take I, between —| N /2] and [N/2] — 1, rather than between 0 and N — 1,
because the numerical results appear to be slightly more accurate in that way. Then,
we observe that

eizlS]' — 612(11N+12)7T(2]+1)/(2N) — (_1)llei2125j,

i.e., aliasing occurs when evaluating ¢? in the actual nodes. Therefore, we truncate

lh, ie, take Iy € {—ljjp, ..., Lim}, for l;;;,, a large nonnegative integer. Then, (2.17)
becomes

(C,x|sin(sj)|"‘*1 [N/2]-1 [ Liim

8L* tan (%) L

ak'll'lzl ei2125]~’ k even,
L=—[N/2]

h=—lip,

A&/ 2( iksi\ A~
(=A)*=(e™) = 4 e 2T (2.35)
Ca| sm(S])‘ = i21ps;
8L« Z gl 1 | €727, k odd,
\ L=—[N/2| Lh=—lin
where
((—1)((1 — a)k? — 4k(LN + 1))
( 12+1X—|—|11N—|—12’>F<7127[X+‘%—llN—IQD
, keven,
[ (37" +[hN+L|)T (HT‘X"_ %‘llN—b)
Akl =
b —1)1((1 — a)k? — 4k(LN + 1)) sgn(5 — 1N — 1)

( Lo 0N+ B ) T (52 + |5 - N = 1)
T(32 4+ |IN+L|)T (”T"‘Jr]%—llN—lZ))

, kodd.

\

In this way, since we have used (2.34) to precompute the appearances of I' and have
stored them in three vectors, the computation of

lim

Y.

llzfllim

is reduced to sums and products and can be done in a very efficient way. Remark
that, from the decomposition | = [1N + I, it follows that, in order to generate the
whole matrix M,, the minimum length of the vectors generated from (2.34) is re-
spectively I;;,, N + [N/2] + 1, I};; N + 2| N/2] and I;;;,N + N.

Finally, we perform the sum over /, in (2.35). Since

i2losn_1_; —i2l5s; i2l5s; 12]5s;
e e2°N-1-j — o 2], e 2%+N — ¢ 2]’

it is enough to compute (2.35), for with j € {0,...,[N/2] — 1}, and extend the
results until j = 2N — 1, by means of those symmetries. Alternatively, it is possible
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to use the FFT, too.

Let us finish this section by mentioning that the case & = 1 in (2.18) presents no
difficulty. When k is even, it is trivial to implement, and when k is odd, we factorize
and truncate /, as when « # 1, obtaining

|k| sinz(s]-) ks,

I i, k even,
_— — bk,l j ] '~ , k Odd,
L \ k2 —4 L=—|N/2| Llhi=lin .
(2.36)

with
, B 4(—1)1 sgn(lh N + Ip)
kT (k—2(LN + 1)) ((k—2(hN +1))2 —4)’

2.1.6 Some remarks on the convergence of the method

Assuming that the errors due to the floating point representation, evaluation of the
involved functions, etc., are negligible, there are only two sources of error in the
proposed method. On the one hand, we have the error in the numerical approxima-
tion of (—A)"‘/z(e"ks) as defined in (2.19), when « = 1, and (2.23), when « # 1; and,
on the other hand, the error due to the expansion of u(s) as a Fourier series. With
respect to the former, the error comes exclusively from truncating ! in (2.21), when
« = 1 and k is odd (recall that the case with « = 1 and k even has a simple, exact
form) or (2.24), when a # 1.

The convergence of the case with & = 1, k odd, is simple to establish. Indeed, for a
tixed value of k, from (2.21) and (2.22), taking I, [, € N,

—I,-1

a . 0 i
Z Ck161215+ Z Ckl€12ls

zk11
sin(s)/ Sm(’?) 17_ Z Cx ezle
0

sin(s —17) =1, [ E— =l +1
-1
< Y lewl+ Z |ci]
JE— I=I, +1
—I,—1 00
4 4
-y + : (2.37)

|k — 21| |(k—21)2 — 4| l:lb+1\k—21|](k—2l)2—4|

|=—c0

Note that these bounds are not intended to be sharp, but they are enough to justify
convergence (this is also valid for the case « # 0 below). Now, remark that, when
g>1,forN=23,...,

1 =01 ® dx 1
(B —1)NP /N :Z_ﬁ /N_lﬁz(ﬁ—n(w_m—l'
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where the sum is precisely the upper Riemann sum at the points x = N,N +1,...
of the integral on the left-hand side, and the lower Riemann sum at the points x =
N —1,N,... of the integral on the right-hand side. Therefore,

©dx 1
[T5 -0 (g=)- 239

and, from (2.37), we conclude that

: ™ sin(1)e L 21
sin(s — _dn — cre'c’s
in( )/0 sin(s —7) 1 l:Zla ki

1 1
=o(g)+o (r) '
which guarantees the convergence of (2.36), as [j;;,, tends to infinity.

Regarding the case with a # 1, for a fixed value of k, from (2.24) and (2.31), reason-
ing as in the case with « = 1, we have

7 sin® () (—k?sin (1) 4 2ik cos(17) ) e’k b ol
: dn — dye*
/0 | sin(s —#7)|*~1 1 I_Z_:Za o

—1,—1 0o
< Y ldul+ Y |dul- (2.39)

In order to obtain how di; decays with [, we use Stirling’s formula for the gamma
function [105]:
T(x) ~x¥ e ™™V2mx, x>1,

to substitute the occurrences of the gamma function in (2.31) with their asymptotic
equivalents:

T )r (e s -1)
CEE+I)T (3 +[5-1])
B ) S e (e )

—3+a

(352 + (1) 2+ eI Jam (3% + 1))

~Y

(2 + |5 — 1) HE e 5 ot | 1))

(3 + [ o Sl g g ]
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Therefore, when |I| > 1,

Lt i) “o(1),

rEEr (i)

and (2.39) becomes

TT Qi _ 12 i ik Ly )
[ S inl) 2icos e, g g
0 | sin(s —77)]*~ =1,

1 1
=0 (E) +0 (E) ,
which guarantees the convergence of (2.35), as [j;;, tends to infinity.

In what respects the expansion of a given function u(s) as a Fourier series, recall that,
under the change of variable x = L cot(s), u(x) becomes u(s), with s € [0, 77|, and
we have to extend it to s € [0,27t]. Even if there are infinitely many ways to extend
a function defined over half a period to the whole period, we comment here only
on the most common option, which is an even extension at s = 7. Such extension
gives rise to a series of cosines, which is equivalent to expanding u(x) as a series
of rational Chebyshev functions TBg(x) defined in (2.8). As mentioned above, this
family of functions is very adequate to represent regular functions having different
types of decay at infinity [58], or, in other words, we may write

u(x) = i ayTBr(x), Vx e€R, (2.40)
k=0

with the coefficients a; decaying fast enough for a variety of functions; we refer the
reader to [53], and the references therein (especially, [53, Table 17.4]), for a detailed
account on the applicability of {TBy(x)}. Furthermore, the fact that the right-hand
side of (2.40) converges to u(x) implies automatically that the method proposed in
this chapter converges to (—A)*/?u(x), too.

In the following section, we consider a few examples that clarify several aspects
related to convergence.

2.2 Numerical tests

In this section, we take x, = 0 in (2.13), because the test functions are symmetrical
with respect to the origin. We have first considered two functions with polynomial
decay:
2
x-—1 2x

ui(x) = 21 up(x) = 21

where the first one tends to 1 as O(1/x?), whereas the second one tends to 0 as
O(1/x). The choice of these two functions has also been motivated by the fact that,
under the change of variable x = cot(s), with L = 1, they become respectively
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u1(s) = cos(2s) and us(s) = sin(2s), i.e., the real and imaginary parts of %, so we

have computed the fractional Laplacian of u1(x) + iup(x). Using MATHEMATICA
applied to (2.6), and further simplifying the result by hand, we get

2I'(1 +w)

(=8)*2(u(x) +iuz(x)) = T+ ix)ite

or, in the s variable,

2I'(1 +«)
(1+icot(s))l+«

(—A)*2(e%) = — = —2T(1 + a)(—isin(s)e™)*%; (2.41)

note that, when & = 1, we recover (2.18). In general, as we will see in Chapter 3, it
is possible to compute explicitly (—A)*/2(e!**) when k is even (and, indeed, we will
compute (—A)*/2(¢'?*) also using analytic techniques), although the complexity of
the resulting expressions quickly grows with k. On the other hand, we have been
unable to obtain a compact formula for (—A)*/2(e**), when k is odd, either by hand
or using symbolic computation.

N im | liotal Error lim | liotal Error

4 300 | 4244 [4.8893-10"'2 | 530 | 4244 |5.0268-10" 1

8 |/ 240 | 6888 |4.9423-10712 | 430 | 6888 | 4.8097 1013

16 || 200 | 11536 | 4.8413-10"12 || 360 | 11536 | 4.9461-10~13
32 || 170 | 19232 | 4.5606-10~12 | 300 | 19232 | 5.0138-10 13
64 | 140 | 32064 | 4.9236-10"12 | 250 | 32064 | 5.0184 1013
128 || 120 | 53888 | 4.5427-10~12 || 210 | 53888 | 5.0219-10"13
256 || 100 | 92416 | 4.6956-10"12 || 180 | 92416 | 5.0570-10"13
512 || 80 | 154112 | 5.7013-10~'2 || 150 | 154112 | 5.0823-10 13
1024 || 70 | 287744 | 4.8721-10"12 || 140 | 287744 | 5.2887 - 10~ 13

TABLE 2.1: Maximum global error, given by (2.42), between the numer-
ical approximation of (—A)*/2(e'?*), given by (2.35), and its exact value,
given by (2.41). We have considered different values of N and, for each
N, a couple of values of I};;,. For comparison purposes, we also offer
the total number of values of [ considered, l;y15 = (20};; + 1) N.

Taking different values of N and [};,,, we have approximated (—A)*/2(¢'?°) numeri-
cally, which we denote as [(—A)*/?],,,m (¢?°), by means of (2.35), without generating
the whole matrix My, for « € {0.01,0.02,...,1.99}, except for the case « = 1, which
is trivial (altogether, 1998 different values of ). Then, we have compared the results
with their exact value of [(—A)*/2],yqct(¢/?°) given by (2.41), and computed the dis-
crete L*-norm of the error as a function of «. In Table 2.1, we show the maximum
global value of the norm considering all «, i.e.,

max | [(—=8) 2 (€%) = [(~8)* 2]exgr ()]

= maxmax |[(—=A)" | uum (€?7) = [(=D)*?]exact (¢*)], (2.42)

x ]
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for different values of N and I};,,,. For comparison, we also offer l;,;,; = (21};,, + 1)N,
which is the exact number of values of I taken, i.e., I € {—liota1/2, -, Liotar /2 — 1}.
The results reveal that the value of [;;,, necessary to achieve an error of the order of
5.10713 slowly decreases as N is doubled, but, more importantly, the accuracy of
the method does not deteriorate, as N increases.

In order to better understand the choice of /;;;, on the accuracy of the results, we
have approximated (—A)*/2(e?), for Ij;,, € {0,1,...,1000}, and have plotted in
Figure 2.1 the corresponding maximum global error given by (2.42). As we can see,
the errors quickly decay from Ij;,, = 0, with an error of 3.1960 - 103, to I};,, = 210,
with an error of 5.0219 - 10~13, from which it remains constant up to infinitesimal
variations. This is important, because it shows that (2.35) is numerically stable, even
for larger values of [;;,,. A practical consequence of this is that, in case of doubt, it is
safe to take a rather large value of [};,,.

N =128

102

104 E

10

108 |

maximum global error
3
>

10—12 L

10—14 1 1 1 1 1 1 L L L
0 100 200 300 400 500 600 700 800 900 1000

llim

FIGURE 2.1: Maximum global error for N = 128, as a function of [j;,,.

Let us consider now a function with Gaussian decay,

Uz = exp(—xz),

such that (see, for instance, [3, pp. 29-30])

_2T(1/2+a/2)

NG

(—A)*?uz3(x) WF(1/24a/2,1/2, —x2), (2.43)

where 1 Fj is the Kummer confluent hypergeometric function (see for instance [106,
Ch. 13]), which can be evaluated, among others, by MATLAB (with the command
hypergeom) and MATHEMATICA (with the command Hypergeometric1F1), even if
its evaluation is extremely time-consuming.

In this example, we have generated the whole matrix M, applied to the Fourier ex-
pansion (2.14) of u3(s), as in (2.32). Remember that, since s € [0, 7r], we have to
extend it to s € [0,27]. In general, the most common option is an even extension
at s = 7, which yields a function that is at least continuous in s € [0,27], and
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can be represented as a cosine series in s. However, in some cases, there are ex-
tensions that are smoother than the even one (see v.g. [107] and [108]), causing the
Fourier coefficients in (2.14) to decay faster. This is not a minor point, because, even
if (—A)*/2(e’**) can be computed accurately, as we have proved in Section 2.1.6 and
confirmed in the previous example, the overall quality of the results depends also
on the adequacy of the representation (2.14).

N | Error (even) | Error (odd)
4 | 3.8426-10"1 | 4.8492-1071
8 | 1.1222-10°1 | 1.3210- 1071
16 | 1.4269-10"2 | 1.7825-102
32 | 4.0393-10% | 4.7926-10*
64 | 1.4351-107° | 1.6891-10°
128 | 1.5947 -10710 | 1.8755.10"10
256 | 8.3982-10"12 | 2.5453 - 1011

TABLE 2.2: Maximum global error, between the numerical approxima-
tion of (—A)¥/2(e~*"), and its exact value, given by (2.43), for differ-
ent values of N, considering an even extension and an odd extension.
lj;, = 500.

In this example, since u3(x) tends to zero as x — +oo (ors — 07 and s — 717),
we have considered both an even and an odd extension at s = 7, i.e., such that
us(n™) = uz(nt~) and uz(wt) = —uz(7w), respectively. For this function, in the
even case, we also have that u3(s + 71) = u3(s), which implies that only even fre-
quencies appear in (2.14); whereas in the odd case, us(s + 77) = —us(s), so only
odd frequencies appear in (2.14). As a consequence, besides comparing two types
of extensions, we are also testing the even and odd cases in (2.35) and (2.36).

We have approximated (—A)%/?u3(x) for & € {0.01,0.02,...,1.99} (including the
case v = 1), for L =1, [};;, = 500, and different values of N. In Table 2.2, we give the
maximum global errors computed as in (2.42). As we can see, the even extension
provides only slightly better results, and the errors quickly decays, as N increase.

Even if we have taken so far L = 1, this is usually by no means the best option,
as we can see in Figure 2.2, where we have plotted the maximum global error for
N =64, and L € {0.1,0.2,...,10}. The results for the even extension and the odd
extension are again similar, and the best errors are achieved in both cases at L = 4.6,
and are respectively 3.8400 - 10713 and 3.9466 - 10~13. Therefore, a good choice of L
can improve drastically the accuracy of the results.

Although there are some theoretical results [109], the optimal value of L depends on
more than one factor: number of points, class of functions, type of problem, etc (see
also [58, 98]). For instance, in the case of (—A)“/ 2 the best choice of L might depend
on «, too. However, a good working rule of thumb seems to be that the absolute
value of a given function at the extreme grid points is smaller than a threshold.
On the other hand, the Fourier representation (2.14), together with (2.13), makes
straightforward to change L (and x. or N), which can be convenient in evolution
problems. Let us recall that, given a function u(x), we are considering a spectral
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N = 128; even extension N = 128; odd extension
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FIGURE 2.2: Maximum global error for N = 64, and different values
of L: L € {0.1,0.2,...,10}, considering an even extension and an odd
extension.

interpolant such that

u(x)% Z ﬁ(k)eikarccot((x—xc)/L)’ (2.44)
k=—N

and, to determine {#(k)} we ask (2.44) to be an equality at the nodes x; = x; +
L cot(s;), which yields (2.16). Therefore, if we choose new values of L and x, say
Lyew and Xc e, and want to approximate u(x) at the corresponding nodes Xnew,j =
Xcnew + Lnew cot(s]-) by using spectral interpolation, it is enough to evaluate the right-
hand side of (2.44) at those nodes:

N-1
u(xnew,j) ~ 2 uA(k)eikarCCOt((xc,new—xc-‘anewCOt(S]'))/L)
k=—N

7

where, when 0 < j < N — 1, we consider the arccot function to be defined in [0, 77),
and, when N < j < 2N — 1, to be defined in [, 277). Moreover, from {u(x;y,j) }, we
obtain the corresponding { .., (k)} by using again a pseudospectral approach, i.e.,
by imposing that (2.44) with the updated L and x; ;e is an equality at x = Xj news
for all j:

N-1
N ik t i— L
u(xnew,j) = § / unew(k)el areee ((xnew’] Xenew)/ new)’
k=—N

so the coefficients e, (k) are given by (2.16), introducing u(xpe,;) in the place of
u(s;), and taking Ly and X¢uew- Then,

N-1
u(x) ~ Z ﬁnew(k)eikarccot((xfxc,ngw)/Lnew)‘
k=—N
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Finally, (2.44) allows also changing N; e.g., if N is increased, we just add some extra
ii(k) equal to zero; if it is decreased, we remove some #(k). In all the cases consid-
ered, it is important to choose the new values of L, x. and N, in such a way that
there is no loss of accuracy.

2.3 A numerical test for the fractional Fisher’s equation
(1.11) with very slowly varying initial conditions

As an illustration of the method presented in Section 2.1, we will simulate numer-
ically the one-dimensional nonlinear evolution equation (1.11) in the monostable
case, i.e., with the following nonlinear source term:

f(u) =u(l—u). (2.45)

The interest on this simulation lies on the fact that (1.11) exhibits accelerating fronts,
and our method allows to capture this rapid propagation. Moreover, the accelera-
tion can be computed and contrasted with theoretical results. Let us first recall some
aspects of front propagation for this model with a = 2.

The front propagation properties of the homogeneous local Fisher equation,

ou  d%u

have been widely studied. We recall that the steady state u = 0 is linearly unstable,
whereas u = 1 is stable. An initial perturbation of u = 0 evolves to a front that
characterizes the transition from the unstable state u = 0 to the stable one u = 1;
and the front-like solution invades the unstable state at a constant speed, as t — 40
(see, e.g., [110]). For initial data that decay in x as an exponential or faster, the front
speed for the specific nonlinearity f(#) = u(1 — u) studied in [35] can be determined
by linear arguments (see, e.g., [111, 112]). The two main formal approaches are
reviewed in, e.g., [113].

One approach assumes that the solution behaves as a traveling wave solution as
t — oo; hence, setting u ~ U(z), z = x —s(t), s(t) ~ ct, as t — oo, gives the
following traveling-wave ordinary differential equation:

U du
FEa + CE + f(U) =0, (2.47)

with far-field conditions

U—1 az—> —0co0, and U — 0, asz — +oo. (2.48)
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The linearization analysis leads to the behaviors

U~ Age2(eEVE—d)z oo o (2.49)
U~ (A+ Bz)e 7, c=2, (2.50)

as z — +oo, where A4+, A and B are constants. Here, ¢ > 2 is necessary for non-
negative wave fronts, and the wave speed selected for faster than exponentially
decaying initial data is the minimal one. Rigorous arguments that show this heuris-
tics are proved in, e.g., [114] (see also [112] for a generalization of the result to two
dimensions).

For slower decaying initial conditions, speeds faster than c = 2 are realized. Specif-
ically, for initial data of the form

up(x) ~e M, asx — +oo, (2.51)

where 0 < A < A; = 1 (i.e,, the initial condition decays more slowly than the far-
field behavior (2.50)), the solution behaves like

v ~e M g x — oo, (2.52)

withc = A+ 1/A (hence, A = (¢ — V c2 —4)/2, which corresponds to slow far-field
decay in (2.49)).

Sufficient conditions on the initial data for the convergence to traveling-wave solu-
tions with different waves speeds, as t — 400, were established in [115, 116] (see
also [117], for a slightly more general nonlinearity, and a different approach). The
dynamic stability of traveling wave solutions has been studied by a number of au-
thors, and we refer the reader to the seminal paper [34] (see also [118-120], and the
references therein for details).

There has also been an effort in obtaining numerical schemes, in particular pseu-
dospectral methods, that capture these fast traveling waves (associated to exponen-
tially decaying initial conditions). Such solutions appear to be very steep, when a
large reaction coefficient is considered (see, e.g., [121], for Fisher’s equation, and
[122], for Nagumo’s equation).

Another important feature of (2.46) regarding solutions invading the unstable state
(but which is a less studied phenomenon) is the existence of accelerating fronts (see,
e.g., [117, 123, 124]). In particular, accelerating fronts ensue for initial conditions
that decay to zero slower than exponentially. In this case, the long time behavior is
given by the balance equation u; = u; hence, as t — oo, u(x, t) ~ e'u(x,0) gives the
dominant behavior (see [117, 123]). Then, for initial conditions of the form u(x,0) ~
1/x7,as x — oo, this implies that the invasion into # = 0, happens with x = O(et/ 7),
as t — oo. These results are proved rigorously in [124].
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We restrict ourselves to the example of slow decaying (according to [49]) initial con-
ditions; more precisely, we consider

In order to check that, for « € (0,2), the propagation has indeed speed that increases
exponentially with time, we track the evolution of xo 5(f), which denotes the value of
x such that u(x, t) = 0.5, and gives an approximation of the position of the front. To
obtain xq5, we apply a bisection method: we find the value of j for which u(x;;1) <
0.5 < u(xj); then, we approximate u((x; + u;;1)/2) by spectral interpolation, etc.,
until convergence is achieved.

x10*

ln(Ioj)

25 0 25

FIGURE 2.3: « = 05,0.55,...,1.95, L = 10°/a®, At = 0.01 and
N = 1024. Left: x5(t) against f. Right: In(xo5()) against f, and the
corresponding least-square fitting lines. In both subfigures, the curves
are ordered according to a: the left-most ones correspond to « = 0.5,
and the right-most ones, to & = 1.95.

In all the numerical experiments, we have considered an even extension at s = 7,
which is enough for our purposes, taken I;;,, = 500 in (2.35), and used the classical
fourth-order Runge-Kutta scheme (see, e.g., [125, p. 226]) to advance in time. We
have done the numerical simulation for « = 0.5,0.55,...,1.95, taking At = 0.01
and N = 1024. Since the exponential behavior of x5(t) appears earlier for smaller
«, larger values of L appear to be convenient in that case. In this example, after
a couple of trials, we have found that taking L = 1000/a® produces satisfactory
results. On the left-hand side of Figure 2.3, we have plotted xo5(f) against . On
the right-hand side of Figure 2.3, we have plotted In(xo5(f)) against ¢, omitting the
initial times, so the exponential regime is clearly observable; in all cases, the points
are separated by time increments of 0.1, and, for each value of «, the accompanying
line is precisely the least-square fitting line, which shows that the linear alignment
is almost perfect.

In Figure 2.4, we have plotted with respect to « the slopes of the least-square fitting
lines corresponding to the right-hand side of Figure 2.3, which we denote as 0y s;
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observe that the colors of the stars are in agreement with their corresponding curves
in Figure 2.3. We have also plotted the curve 1/a, using a dashed-dotted black line.
The results show that the agreement of 0y 5 with respect to 1/a improves,asa — 27:
on the one hand, when a« = 0.5, 0p5 = 1.9346, and 1/0.5 = 2; on the other hand,
when &« = 1.95, 0p5 = 0.51277, and 1/1.95 = 0.51282. Therefore, the numerical
experiments seem to suggest that

x5(t) ~ €05t ~ et/® — c(t) & xps(t) ~ e/",

which is in good agreement with [49], because, from (2.45), f'(0) = 1.
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FIGURE 2.4: Slopes of the least-square fitting lines, as obtained in the
right-hand side of Figure 2.3; the colors of the stars are in agreement
with their corresponding curves in Figure 2.3. The dashed-dotted black
curve is the plot of 1/«.

In order to see whether the results for « = 0.5 can be improved, we have repeated
the simulations for that case, taking L = 10000, At = 0.01, N = 8192. Even if, at first
sight, these values could be deemed excessive, they are not, because we are able to
reach t = 9, instant at which x(5(9) is greater than 107. Indeed, in order to capture
accurately the exponential behavior, it is convenient to advance until times as large
as possible. On the left-hand side of Figure 2.5, we have plotted x(5(t), for t € [0,9];
on the right-hand side, In(x5(t)), for t € [5,9], obtaining again an almost perfect
linear fitting. Furthermore, in this case, 0p5 = 1.9865, which is remarkably closer to
the predicted value 1/0.5 = 2 than in Figure 2.4. Therefore, in order to approximate
accurately o0y 5 for values of a smaller than 0.5, it will be convenient to take even
larger values of N and L.

If we intend to know the type of decay that the wave front has, one option could be
to choose those nodes in the abscissa whose images capture the asymptotic behavior
toward the values 1 and 0, i.e., u(x;) — 1, as x; — —oo, and u(x]-) — 0, as x; — 0.
Here, the integers i and j refer, respectively, to the first m and the last n nodes taken
into account to study such asymptotic behavior of 1. With some abuse of notation,
ui = u(x;) and u; = u(x;j). If we consider ¢t > 1, x; < 1 and x; > 1, it is possible
to assume that the wave front 1; behaves as {;x; 1, as x; — —o0, and u j behaves as
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x10°

Zo.5
(]

FIGURE 2.5: &« = 0.5, L = 10%, At = 5-1073, and N = 8192. Left:
x05(t) against t € [0,9]. Right: In(xo5(t)) against t € [5,9], and the
corresponding least-square fitting line.

gox]-—ﬁo, as x; — oo. Therefore, for (1.11) with the source term (2.45), a least-square
titting can be carried out for both cases. On the left-hand side of Figure 2.6, we plot
the fitting curve when x; < 1, taking m = 65 nodes. On the right-hand side of
Figure 2.6, we plot the fitting curve when x; > 1, taking n = 65 nodes as well.

-3
o X107 0.15

0.1

T <1 x10°

FIGURE 2.6: « = 0.5,0.55,...,1.95, L = 10%/a®, At = 0.0l and N =
1024. Left: least-square fitting for u; — 1 against x; < 1. Right: least-
square fitting for u; — 0 against x; > 1.

Each fitting (for each value of «) yields a residual, which we measure through the
Euclidean norm given by

1 m
Iri']l2 = 7\ Z r¥|?, whenx; <1,
i=1
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and

1
Il =

n
Y [r¥2, whenx; > 1,
=1
where

P = — P
and

& g —Po
1= uj Coxj ™0,

respectively. On the left-hand side of Figure 2.7, we have plotted the norm of the
residuals ||r¥||, with respect to &, achieving a maximum value of 2.4 - 10~7; and, on

the right-hand side of the same figure, the norm of the residuals Hr;" ||2 with respect to

3 %1077

a, achieving a maximum value of 7.3 - 10~°. Hence, these results suggest a potential
decay for this slowly varying initial condition of the non-linear Fisher-KPP equation
(2.6).

6 x10°
25

2
(6%
FIGURE 2.7: Left: norm of the residuals ||r¥||, that comes from the fit-
ting u; ~ {1x; P1. Right: norm of the residuals Hr}" ||l2 that comes from
the fitting u; ~ Jox; .

If we consider a logarithmic scale in each asymptotic behavior:

and

we obtain, equivalently,

and

In(u;) ~ In(g1/x;P1)

ln(uj) ~ ln(Co/x]ﬁO),
In(u;) ~In(Zy) — B1In(x;)

ln(uj) ~ 11’1(60) — [30 ln(x])
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Then, the coefficients 1 and ¢ can be obtained and plotted against a as shown in
Figure 2.8. On the left-hand side of Figure 2.8, we have plotted B; versus & when
x; < 1. On the right-hand side of Figure 2.8, we have plotted By against « when
xj > 1. Both graphics show that § is proportional to «. In Figure 2.8, we have
applied a linear fitting to every set of data and determine the slopes B; and Py,
which are 1.0115 and 1.0215, respectively.

* *
* *
* *
1.8 A 1.8 ¥
K»r '*K
* *
16 ¥ 1.6
1.4 % 1.4 *
« %
¥ *
¥ *
S 1.2 K S 1.2 x

0.8

0.6

0.4

FIGURE 2.8: Left: B; values (against «) corresponding to the fitting
In(u;) ~ In({1) — B1In(x;), for those nodes x; < 1. Right: By values
(against «) corresponding to the fitting In(u;) ~ In(Zo) — Bo In(x;), for
those nodes x; > 1.

For this reaction-diffusion model, we have done simulations with different time
steps At, until t+ = 20. Hence, for a given At, uuum(x,t, At) denotes the numeri-
cal approximation of u(x,t). Since there is no explicit exact solution of u(x,t), we
will take as the “exact” solution uuum(x,t, Ats), for a very small value of At;, say,
At; = 0.0001. Thus, we are able to compute the convergence rate given by the for-

mula
o E(Af) (@)
) = Jim log; (pner ).

where, for a given At, E(At) is the global maximum error obtained through the
discrete L*-norm, i.e., we approximate the error as

E(At) = ||unum(x, t, At) — tyym(x, t, Ats)

loo -

We have taken & = 1.80 and N = 256; table 2.3 shows the evolution of E(At) for
different values of At. On the one hand, the errors are very small; on the other
hand, the columns with log,(E(At)/E(At/2)) confirms clearly the fourth order of
the Runge-Kutta scheme used to solve (1.11).

2.4 Future lines or research

A natural, important question is whether the method can be generalized to approx-
imate numerically the fractional Laplacian in multiple dimensions. In what follows,
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At E(At) log, (%)

1/2 | 1.3701-103 3.7068

1/4 | 1.0493-10* 3.8531

1/8 | 7.2609-10~° 3.9264
1/16 | 4.7755-10~7 3.9631
1/32 | 3.0619-10°8 3.9815
1/64 | 1.9382-10"° 3.9911
1/128 | 1.2189-10~10

TABLE 2.3: Error in discrete L*-norm of u,,,, at t = 20, for different
values of At. Since the exact solution is not available, we use instead
Unum(x,20, Ats) as reference.

we discuss a few lines of work.

We consider an equivalent expression of (1.1), which is the equivalent of (1.10) in n
dimensions (see [1]):

(=A)2U(F) = cna / u(x) j‘fffa* 9 45 (2.53)
R" 171l
where X = (x1,...,x4), ¥ = (y1,--.,¥n), || - || denotes the Euclidean norm, and ¢,

is given by (1.2).

In order to extend the ideas in this thesis to IR”, we need to express (2.53) in such
a way that there is no subtraction in the numerator, as in Lemma 2.1.1. Since this
is quite straightforward, we will show it below in the next subsection. The next
step would be mapping the unbounded domain into a finite one, and the rank of
possibilities is now richer than in the one-dimensional case. For instance, we could
consider again x; = Lj cot(sy),...,x, = Ly cot(s,), which would map ¥ € R" into
S =(s1,...,5n) € [0, ]". Then, after extending u(5s), to [0, 277]", we would approxi-
mate 1(5) using a pseudospectral approach, as in (2.14):

u(s) ~ Yoo ak)e®), ze o, 2n)
ke[-N,..,N—1]"

so the problem would be reduced to computing the fractional Laplacian of ¢/(*%), for
which the lemmas bellow would be helpful. Another option would be to consider n-
dimensional spherical coordinates [126]. For instance, in the two-dimensional case,
this would mean working with polar coordinates, i.e., p € [0,00), 6 € [0,27r|. While
working with 6 would pose no problem, we could apply an algebraic map to to
transform [0, c0) into a finite domain, etc. This approach might be especially useful
if u has radial symmetry. In any case, a detailed study of the multiple-dimensional
case lies beyond the scope of this thesis, and we postpone it for the future.
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2.4.1 Generalization of Lemma 2.1.1 to higher dimensions
We consider first the generalization to two dimensions.

Lemma 2.4.1. Consider the twice continuous bounded function u € C2(IR?), and such that
hm\l(x,y)\l—mo HVu(x, y) || =0 then

Au
A2y C“// (P2 i (2.54)
(=4) we TG —py— g F %
Proof. Let us take n = 2 in (2.53):
A2y // (xy) _”x+p’y+q)d da. (2.55)
(=4) R2 I(p,q) ||+ P

We make a change of variable to polar coordinates in (2.55), i.e., p = rcos(#) and
g = rsin(0); to simplify the notation, we write cy = cos(), s9 = sin(0). Then,

(—A)*2u(x Y) = —2 /Zﬂ /00 u(x + cor,y + sgr) — u(x’y)drd().
“Jo Jo

rlta

Moreover, bearing in mind that

Eu(x +coz, ¥ +592) = coux(x + coz, Y + 592) + sty (X + Coz,Y + 52),

we get

(=0)"2u(x,y

27r
= —Coq / / T / Cotlx (X + oz, Y + 5¢2) + sguy (X + oz, + S¢z)]dz dr db.
Changing the order of integration,

27 oo
(—A)"‘/Zu(x,y) = —cz,“/o /0 [(ceux(x + coz, Y + 52)

+ souy (x + coz,y + 592)) / Ldr} dz de
z

27 oo
1
= —Cz—“ / [coux(x + coz,y + 592)

+ seuy(x + coz,y + spz)| dz db.
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Hence,

C 27
(—=A)*2u(x,y) = e / / 2% [corux(x + cor, y + sor)
+ seruy(x + cor, y + sgr)] dr do

:_t:z_,a/ pux(x+p,y+q)+quy(x+py+q)
a JJre (o, g) 17+

dpdg. (2.56)

Observe that this is precisely

A2y ) = 2 [ (P4 @ y)+(Pa)) g g0 5 57
) 3 P [

which is the two-dimensional equivalent of (2.7).

On the other hand,

Pux(x+ny+q)dp:1/ ex(X +p,y +4)

R (p2_|_q2)1+04/2 & JR (p2+q2)a/2

quy(x+p,y+q), 1/ uyy(x +p,y+1q)
R

R (% + 2)1He/2 =7 (P2 + q2)2/2

4

(2.58)

7

where we have integrated by parts, and used respectively

im u(x+p,y+q)l(p.g)™" =0

p—)

and
[

A wy(x+py+a)ll(p g =0,

for all g and p, respectively. Therefore, applying Fubini’s theorem to (2.56), using
(2.58), and making the change of variable p = p — x, § = q — y, we get (2.54), which
concludes the proof.

0
Remark. The requirement that lim(, )| —e0 | Ve(x,¥)[| = 0 is sufficient for all a €

(0,2), but not sharp. A determination of the minimum requirements of u is future
work.

Lemma 2.4.1 can be immediately generalized to n dimensions.

Lemma 2.4.2. Consider the twice continuous bounded function u € C;'(IR"), and such that
im0 | V(@) || = o([[%]]"~2); then

CANA 2 Cna Au(X+Y) .-
(~0)°/2(3) = s /]R a4y (2.59)




40 Chapter 2. Computation of the fractional Laplacian for regular functions

Proof. The proof is identical to that of Lemma 2.4.1. In this case, we use n-dimension-
al spherical coordinates [126]:

Y1 = rcos(¢r),

j—1
yj=rcos(¢;) [ [sin(¢x), je{2,...,n—2},
k=1
n—2

Yn—1 = rsin(6) cos(¢;j) [ | sin(¢x),

k=1

n—2
Yn = rcos(0) cos(¢;) [ | sin(¢x),
k=1

with r € [0,00), 8 € [0,27], and ¢; € [0, 7], for all j. Moreover, the Jacobian of the
transformation is

n—2
J =1 H sink(qbn,l,k).
k=1
Therefore, bearing in mind that

dg 1 n—2 1
TIGE = 11 sin“(¢p,_1_x) | drd¢y ...dd,_»d0,

and following exactly the same steps as in Lemma 2.4.1, we get

¥ Vu(Z+7) y
7|+

(—8)*/2u () = -
x© R"

(2.60)

which is the n-dimensional equivalent of (2.7) and (2.57).

Finally, we apply Fubini’s theorem to (2.60) and integrate by parts each of the ad-
dends of the numerator. For instance,

yluﬂ(f—i_:‘?)

= d
TG

R

: —n/2—
— 5/]RUX1<X1 +y1/~../X1’l+yn)2y1(y%—‘—...+y%) 1’1/2 D(/Zdyl
1 - J—
:_m/ﬂzuxm(aq + Y1, Xn +yn)(y%+m+y%) n/2+1 oc/Zdyl

— 1 /uxlxl(f+g)d
n—2+afg g2t Y

where we have used
im uy, (X+7)7]7"* =0,

ylﬂioo

forallyy,...,yx.
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Putting everything together and writing the resulting expression as a convolution,
we get (2.59), which concludes the proof.

O
Remark. The requirement

lim [ V(%) = o(||%]"~*)

[[%]| o0

is sufficient for all « € (0,2), but not sharp. As already mentioned in the remark
after the proof of Lemma 2.4.1, the determination of the minimum requirements of
u is future work.
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Chapter 3

Numerical Approximation of the
Fractional Laplacian on R Using
Orthogonal Families

In this chapter, we obtain explicit expressions for the one-dimensional fractional
Laplacian of the Higgins and Christov functions. We also explain how to imple-
ment these results efficiently in MATLAB [96], and give numerical examples as an
application.

As in Chapter 2, we work with the definition (1.10) of the fractional Laplacian. Let
us recall however (1.5), which is another definition of the fractional Laplacian con-
sistent with (1.10) that associates the operator with the Fourier symbol:

(—A)272u(E) = |E*a(E).

We observe that, when a = 0, according to the Fourier symbol,

We also observe, however, that, when the Fourier transform of u(x) does not exist in
the classical sense, the limit « — 07 is singular. For instance, take u(x) =1, whose
Fourier transform is the Dirac delta distribution, i.e., iI({) = 2716(&), then

1, a=20
—A)*1 = ! ! 3.1
(=4) {0, o> 0. (31

In Chapter 2, we have proposed a pseudospectral method to compute the frac-
tional Laplacian of a bounded function u(x) on R without truncation; and the main
idea is to map R into the finite interval [0, 7r] by means of the change of variable
x = Lcot(s), and then obtain the trigonometric Fourier series expansion of u(x(s)).
Therefore, the central point of Chapter 2 is the efficient and accurate numerical com-
putation of the fractional Laplacian of ¢, for n € Z. Observe that the resulting
expressions for (—A)!/2¢i" are quite different, depending on whether 7 is even or
odd. At this point, a crucial observation is that the equivalent on R of the functions
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¢?"s (i.e., the even case) are precisely the complex Higgins functions defined in [59]
(see also [127, 128]):

ix—1\"
Ap(x) = (ix—I—l) , neZz, (3.2)

because A, (cot(s)) = 2. Indeed, in this chapter, thanks to the structure of A, (x),
and using the definition (2.6):

(—A)“/Zu(x) — C_“/Ooo ux(x_y)y_“ux(ery)dy, (3.3)

o

we obtain an explicit expression of their fractional Laplacian by means of contour
integration:

0, n=20,
/2 _ 2[nT(A +a)
(=A)""An(x) =< (isgn(n)x + 1)1+ (3.4)
2
2P1 (1—|n|,1+0¢,2,W), TZGZ\{O},

where > Fj is the Gaussian hypergeometric function (see for instance [106, Ch. 15]).
From this result, we also derive several other related ones outlined below.

The structure of this chapter is as follows. In Section 3.1, we prove (3.4), which con-
stitutes the main result. We observe that {A,(x)} is a complete orthogonal system in
L2(R) with weight w(x) = 1/(7(1 + x2)), because {e'?**} is a complete orthonor-
mal system in £2([0, ]), normalized by w = 1/ 7. Therefore, the related family of
functions (ix — 1)
ix —

pn(x) = CEGi Z, (3.5)
known as the complex Christov functions [59, 128-130], form a complete orthogonal
system in £2(RR) (normalized by the factor 1/ 7).

Throughout this chapter, we use the definition and notation from [59] for the fol-
lowing families of functions:

¢ Cosine-like Higgins functions:

CHyy (x) = 20 A=) 5 (3.6)

¢ Sine-like Higgins functions:

Ans1(x) — 'Afnfl(x)

SHZn—H (x) = i , n= O, 1,2, ce (3.7)
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e (Cosine-like Christov functions:

CCap(x) = ) = pona(®) g1, (3.8)

¢ Sine-like Christov functions:

SCapia(x) = — L) +§_”_1("), n=012,... (3.9)

In Section 3.2, starting from (3.4), we calculate the fractional Laplacian of (3.5)-(3.9).

Even if the fractional Laplacian of all the families considered here can be computed
accurately with the technique explained in Chapter 2, expressions like (3.4) have
the advantage of being very compact and, hence, it is effortless to use them in nu-
merical applications, provided that fast accurate implementations of the Gaussian
hypergeometric function ,F; are available. Therefore, in Section 3.3, using MATLAB,
we test their adequacy from a numerical point of view, comparing the numerical
results with those in Chapter 2. On the one hand, for moderately large values of
n, the use of variable precision arithmetic seems unavoidable; on the other hand,
our implementation of ,F; largely outperforms that of MATLAB. Finally, even if the
method in Chapter 2 is faster, the method developed in this chapter is much easier
to implement and still competitive for not too large values of n.

3.1 Fractional Laplacian of the complex Higgins func-
tions

Before we proceed, let us recall some well-known definitions. Given z € C, the
generalized binomial coefficient is defined by

(z) _ {z(zl)..i.rl!(zn—l—l)’ nEN,

1, n=20.

where N = {1,2,3,...}. Therefore, if z is a nonnegative integer, and n > z, then
(i) = 0. Furthermore, it is immediate to check that, for all z and n,

)= ()

We will also need the Pochhammer symbol, which represents the rising factorial,
and is defined by

(2)n = {i(z+1)...(z—|—n—1), Zi]gl,
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Observe that, when z is not zero or a negative integer, an equivalent definition is

I'(z+n)
T

in particular, when z € IN,
(z+n—-1)!
(z—1!

Remark that, if z is a negative integer or zero, and n > |z|, then (z), = 0. Moreover,
the following identities will be useful, too:

(z)n =

(_Z)n = (-1)”(2 —n+ 1)71/
<z> (z—n+1), (—1)”(—2),1'

n n! N n!

The Pochhammer symbol also appears in the definition of the Gaussian hyperge-
ometric function »F; (see for instance [106, Ch. 15]). Let a,b,c,z € C; then, »F; is
defined by

o S (@b 2F
2Fi(a,b;c;z) —kg;) O K (3.10)

In general, the infinite series converges for |z| < 1. However, in our case, we
take a to be a negative integer, so the sum is finite, because of the properties of
the Pochhammer symbol. More precisely, in this chapter, we are interested in the
following two particular cases:

oFi(—m,14+u;1;2) = i( )( 1_“>zk, (3.11)
0

2F1(Tﬂ1+0622 —%Z()(k_i_l)k
1

B Lo(m+1 1—a\ 4
_m—i—lk_o(k—i—l)( P )z, (3.12)

for m € IN. Observe that the identities also hold after replacing k by m — k in the
sums, a fact that we will also use below. On the other hand, if m = 0,

2F1(0,1 —|—¢X;1,’Z) = 21:1(0,1 —|—0(,'2;Z) =1.

Bearing in mind the previous arguments, let us prove (3.4), which is the main result
of this chapter. Note that we work with the binomial coefficient rather than with the
Pochhammer symbol, because we think that the former is more intuitive.

Theorem 3.1.1. Let A, (x) be defined as in (3.2). Then, (—A)*/?A,(x) is given by (3.4).
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Proof. The case with n = 0 is trivial, because Ag(x) = 1. Assume n € IN. The

derivative of (3.2) is
oni (x4+i\"!
A = — .
0=~ (75)

Introducing this expression in (3.3), we get

N 24711 (1/2 4+ a/2)
(—=A)2Ay(x) = 2ni T 1_“/“2 / gn(y; x)dy, (3.13)

with integrand

(z+x+i) " M z—x+i)" - (z—x—i)" Yz +x—i)""!

gn(2i%) = z(z+x — i) (z — x + )"t ’

where, in this notation, we regard x as a parameter, rather than as an independent
variable.

We next compute (3.13) for every x, by integrating g, (z; x) along certain integration
contours C in C, and using Cauchy’s integral theorem. Since

A ptIn(z) _ pa(ln(z)+iarg(z))

4

z* has a branch cut. In what follows, we consider the principal branch of the loga-
rithm, which corresponds to —7r < arg(z) < 7; in particular, (—1)* = ¢/, unless
the branch cut is crossed. The branch choice determines also how we choose the
contours.

In Figure 3.1, we have depicted one such contour C for x > 0, which consists of
four parts, avoids the branch cut, but encloses the poles z =i — x and z = x — i, for
every x. Then, by the residue theorem, the integral along it is equal to the sum of the
residues. The pieces of the contour that run parallel to the branch cut will give the
approximation of the integral from 0 to co; the other pieces will give integrals that
tend to zero, when C tends to one contour that encloses C, except for the brach cut.
More precisely, for every x € R, we take R > 0, such that R > (1 + |x|?)'/2, and
r > 0, such that r < (1 4+ |x|?)'/2, for instance, r = 1/R. We also take § > 0, such
that, with 6, € (—m, —7t/2) and 0, € (7t/2, ) fixed, § = rsin 6,. Then, we define

C=ClUCrUGC UG,

with

Ci={-y—id:y € (—rcosby, —Rcosb)},
Cr={Re": 0 € (61,6,)},

Co={y+id:y € (Rcosbyrcosr)},

C, = {refei s 0 (=6, —01)}.
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Here, we have omitted the dependecy on x for simplicity of notation. Now, by
Cauchy’s residue theorem, we have:

/gn(z;x)dz: gn(z;x)dz+/ en(z;x)dz
C o]

/gnzxdz+/ en(z; x)d

= 27i[Res(gn(z; x),i — x) + Res(gn(z; x), x —1)]. (3.14)

x>0

FIGURE 3.1: An example of integration contour, for x > 0.

In order to compute the residues of g, (z;x) atz = i — x and z = x — i, we use the
general Leibniz rule:

0@ = 1 (1)@ ),

k=0

In this way, we obtain

Res(gn(z;x),i — x)
1 d" ((z—l—x-i—i)”_l(z—x—i—i)”le — (z—x—i)"‘l(z-i—x—i)”“)

n!dz" z%(z — x +i)"t! i
_ 14" An—1
= Ed—nz (Z+x+1) i

1 () GO o= e
= — k! z™* (z4+x4+0)" 7"

n! = \k k (mn—1—(n—k))! i

= i (Z B D (_ka) (i —x) " *(2i) (3.15)
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Likewise, we have

Res(gn(zx),x i) = — ) (Z B ;) (‘k"‘) (x— i) k2L (3.6

k=1

In order to compute (3.14), we observe that the first and third integrals tend to zero,
as R tends to infinity (this can be easily seen by changing to polar coordinates and
recalling that = 1/R). In what regards the first and third integrals, we have that C;
tends to (—o0,0), parameterized by —y, withy € (0, 0), and C; tends to (—o0,0), pa-
rameterized by y, with y € (—o0,0). We observe that ¢,,(—y;x) = (=1)1"%g,(y; x),
where the argument of —1 is determined by the curve C; before taking the limit
R — o0. Thus, itis —7r on Cq, and 77 on C,. Then,

lim gnzx /gn =YX dy_e /gn y;x dy,
R—o0 G
and
lim gn(zde—/ gn(y; x)dy = /gn —y; x)dy
/ gn(y; x)dy.
Therefore,

/gnzde— zmx_ ma/ gny,

= 27i[Res(gn(z;x),i — x) + Res(gn(z; x),x —1i)].

Finally, after some manipulations, we have

2711

/000 gn(y; x)dy = W[Res(gn(z;x),i —x) + Res(gn(z;x), x —1)]

~ s 1 (1) () 1=

k=1

— (x =) (=20) ]
- — 7-(((511,12_ i (1’1 o i) ( k“) (x _ i)focfk(_zl')kfl
T sin?ii)lérjjil))lﬂ Z_Z:) (n ; 1) (kjl—al) (x_—Zii>k
e i /2 (\14+a
- sin(mx/z)(zx(l :)u,xzﬁ (1 n,1+a,2, il)
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where we have used (3.12). Substituting this last expression into (3.13), and using
Euler’s reflection formula,

T(@)T(1 —w) = ﬁ

at w = a /2, we obtain

24710(1/2 4+ a/2) ial(a/2)T(1 — a/2)

—A)Y 27 (x) =2
(=8)7 () = 20l =) (ix + 1)1+
2
2F1 (1 — n,l +D€,2, m) . (3].7)

Then, (3.4) for n € IN follows from (3.17), using Legendre’s duplication formula

T'(w)T (w - %) = 21720 /7T (2w),

atw = /2. In order to finish the proof, we notice that the case where 7 is a negative
integer follows from the symmetry

An(x) =A_yu(x), nelN. (3.18)

]

3.2 Fractional Laplacian of other families of functions

In this section, we compute the fractional Laplacian of the families of functions de-
fined by (3.5)-(3.9). Let us obtain first the fractional Laplacian of the complex Chris-
tov Functions:

Proposition 3.2.1. Lef j,(x) be defined as in (3.5). Then,

(=0)"2pun(x)

m—+M2F1 —n,1+zx;1;.i , n=20,12,...,

(ix + 1)1+ ix+1 (3.19)
I'(1+a 2 '

_ﬁzpl (1—1—71,1—1—0(,1,7_'_1), n:—l,—Z,—?),...

Moreover, the expression for n = 0 reduces to

(~8)" () = U
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Proof. First, we note that p,(x) can be expressed in terms of A, (x) as follows:

() = ) gy = 5 ) (ix +<1i3f+ <1) 1) _ )~ ),

therefore,

(_A)a/zyn(x) — (_A)a/2)\n(x) _2(_A)“/2/\n+1(x)/ (320)

so we just have to use (3.4) and simplify the resulting expression. First we assume
that n € IN. Substituting (3.4) into this last equation, and using

(1) = () = ()

I'(l+«)
(ix + 1)1+0¢

we get

(=) 2pn(x) =

which is (3.19), for n € IN.
On the other hand, when n = 0, again from (3.4),

(=A)*2M (x)

(=8)* ) = -

2
rl+a« 2
I'(1+a)

" (ix + 1)

and (3.19) also holds.

Finally, when 7 is a negative integer, we observe that
Pn(x) = —p1-n(x), (3.21)

so, in that case, we use
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which concludes the proof.

]

Before we compute the fractional Laplacian of the cosine-like and sine-like Higgins
functions (3.6) and (3.7), we first express (3.4) as a polynomial on x times a negative
power of (isgn(n)x +1).

Lemma 3.2.1. Let A,(x) be defined as in (3.2), and n € Z\{0}. Then, (3.4) can be ex-
panded as

w2y o 2t +a) MENn -1y |1t
(0 0) = e & (1))
2F1(—l, 1+ 0(,'2;2). (322)

Proof. Assume first that n € IN. We express »F; in (3.17) as a sum; then, replacing
the index k by n — 1 — k in the sum, and expanding (ix + 1) by Newton’s binomial
2r(1 n-l
(_A)(x/Z/\n(x) . —|—DC Z (

formula, we get
) )
(1x—|—1 (ix + 1)1+« = \k+1 k ix+1
&1

i 5 () (e e

We now interchange the order of the sums and replace the indices [ by n — 1 — [ and
k by n —1 — k; then, after some rewriting, we get,

(—8)* A ()
C2T(1+a) ' & S 1\ (K[ —1—a
T (ixt 1) Z;O(”C) k; 2\ J\1)\n—1-k
_2'T(1+a) "—1(ix)n,1,, Zl: 1 n n—1-k\/-1-«
(ix + 1)t = stk \n—1—-k/\n—1-1 k
2nT(1+a) "=t /n—1 1 1 [4+1\ (=1 —a\
_(ix+1)n+v<l§)< 1 )(”C) I+1 g kr)\ox )7 G2
which yields (3.22). The case with n a negative integer follows from (3.18).
[l
Remark. If we only consider I = 0 in (3.22), we get the asymptotic behavior of
(—8)*2 A0 (2):
; |n|—1
(— )20, (x) ~ ~2[n|T(1 + a)(isgn(n)x) ~ 2[nT(1+a) % — oo,

(isgn(n)x + 1)lnl+a ~ (isgn(n)x)1+e’
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ie., [(—A)*2),(x)| decays at infinity as |x|~1~* for all 1, whereas

- ~——, X — Too,
ix+1

2 ”_1 _ 2n 2n
ix+1 ix

Anlx) —1 = (1—

ie., [Ay(x) — 1] decays at infinity as |x| 1, for all 1. Therefore, the operator (—A)*/2
introduces an extra decay of |x|~*.

As a consequence of Lemma 3.2.1, we also have the following result.
Proposition 3.2.2. The fractional Laplacian of (3.6) and (3.7) is given respectively by
(—A)*2 CHap(x)

/

0, n=020,
A(1+a) -

0T 9(c2)(1+2)/2 sin ((1 + ) arccot(x) — 7), n=1,
2nT (1 + «)

: il
ESDICE sin ((n + a) arccot(x) — 7)
Ln 1

(3.25)
l(" ) n=1=2 P (=201 4 0 2;2)
)

ZnF 1+«

T
(1 n x2) (nra) /2 08 ((n + a) arccot(x) — —)

2

21 +1

52) .
) (—1)l< )x”_Z_ZIzFl(—ZZ —1,1+a22), n1=234,...,

and

(—A)*2SHyp 41 (x)

(- 2T (1+w)

(1 + xz)(1+a)/2 ¢
2(n+1)I'(1 +«)
(1 + x2)(n+1+a)/2

0s <(1 + «) arccot(x) — %), n=0,

cos <(n + 1+ ) arccot(x) — 7)

L]
= Y (1) (Z) X2 F (=211 4 w;2;2) (3.26)

I'(1+a)

2n 0
(1 + 2) (n+14a)/2

sin ((n + 1+ &) arccot(x) — 7)

L7
Y (_1)l<21i 1>x”_1_212F1(—21 ~1,1+wx22), n=1,23,....
\ 1=0
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Proof. From the definition of (3.6) and (3.7), together with (3.18) and Euler’s formula
e = cos(s) + isin(s),
we have immediately, forn =0,1,2,...,
CHan(x) = R(An(x)),  SHau(x) = S(Auy1(x)),
and this implies (see also [59]) that

CHyy, (cot(s)) = cos(2ns),
SHy;, 11 (cot(s)) = sin(2(n +1)s).
Since CHy, (x) and SHy, (x) are real, their fractional Laplacian is also real. We thus
want to obtain expressions of (—A)*/2 CHy,(x) and (—A)*/? SHy,(x) that avoid the

use of complex numbers. To do this, we express all the complex numbers in (3.24)
in their polar form: e.g., i* = elme/2

1 (x + i)n+o¢ el (n+a)arccot(x)
(x —i)nte - (14 x2)nta o (1+ xZ)(n+oc)/2,

etc. Note that, since x = cot(s), with s € [0, 7r|, we have chosen the definitions of
the arctangent and the arccotangent such that arctan(1/x) = arccot(x) € [0, 7] in
the last expression. Then, (3.24) becomes

2nT(14a) "= (n—1 1
_A\/2 — n—1-1I
( A) /\n(x) - (1 _|_x2 n+a) /2 ( )

ol i((n+w) arccot(x)—m (l—|—1—|—0¢)/2)2 1(_1, 1+a; 2;2)_ (3.27)

With respect to (3.25), the case n = 0 is trivial, because CHy(1) = 1; otherwise,
taking the real part of (3.27),

2nT(1+a) "= (n—1 i
—A 06/2CH n—1-I
(=4) 2n(x) = (1 + x2)(nta) )/2 4 < )

sin ((n + ) arccot(x) — % — %l) 2Fi(—1,1+a;2;2)
2nT(1+a) . T
DI sin ((n + a) arccot(x) — 7)
1

n—1 o
) cos (%l) (n ] )x”l LE (=114 a;2;2)

21T (1 + ) m
(1t 272 <08 (1 + &) arecot(x) = =)

n—1 .
Y sin <%l) <” l 1)x”—1 LE (=114 a;2;2).
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When n = 1, the first sum is equal to one, and the second one is equal to zero. For
the other values of 1, observe that cos(7tl/2) is zero if and only if [ is odd, whereas
sin(7tl/2) is zero, if and only if ] is even. Therefore, substituting [ by 2/ in the first
term, and by 2/ 4 1 in the second term, the proof of (3.25) is concluded.

Likewise, taking the imaginary part of (3.27), and replacing n by n + 1:

2+ 1M1 +a) ¢ (1) -
( A)a SH2n+1(x) — (1 +x2)(n+1+a)/2 = I x"

cos ((n + 1+ &) arccot(x) — . Zl) oFi (=1, 1+ a;2;2)

2 2
_2n+1)I'(1+a) e
= 0 2 cos ((n + 1+ a)arccot(x) — 7)

n
Z cos <£l) (n) x”’lel(—l, 1+a;2;2)
= 2 I

2(n+1)I'(1+«)
(1 +x2)(n+l+a)/2

n
) sin (ll) (”) X LE (=11 + 1;2;2).
= 2 )\

sin ((n + 1+ ) arccot(x) — %)

When n = 0, the first sum is equal to one, and the second one is equal to zero. For
the other values of 1, we substitute again I by 2/ in the first term, and by 2/ 41 in
the second term, to concluded the proof of (3.26).

]

As before, in order to compute the fractional Laplacian of the cosine-like and sine-
like Christov functions, we first express (3.19) as a polynomial on x multiplied by a
rational function as follows:

Lemma 3.2.2. Let py(x) be defined as in (3.5). Then, (3.19) can be expanded as

(=8)*"2pn(x)

Fl+a) &[0\,
(ix+1)n+1+a2<l)(lx)n 2F1(_111+DC}1}2), n=0,12,...,

I'(1+a)
= _(—ix+1)_”+"‘ (3.28)

"' (-1-n coN—1-n—1
Y l (—ix) oFi(-L1+w&;1;2), n=-1,-2,-3,....
\ 1=0

Proof. Assume n is a nonnegative number. The proof is almost identical to that of
Proposition 3.2.1. Indeed, starting from the second last line in (3.19) and following
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the same steps as in (3.23) and (3.24),

o) = e R 2 (1) () () e

01=0 n—k
Fr1+a) &

- (ix+1)”“+“z;o( ) e lz ( )( 1_0()21('

which is (3.28). The case with n a negative integer follows from (3.21)

[
Remark. As we did for (—A

)%/2 ), (x), if we only consider I = 0 in (3.28), we get the
asymptotic behavior of (—A)*/2u,(x), as x — F-oo:

F(14a)@ix)" T(1+a) =012
(ix + 1y~ (ixyiTa T
(=8 2pn(x) ~
T(1+a)(—ix)" 17" I(1+«) _ 1 5 3
T (i) e T T (Dt T T T T

.« oy

whereas

1 2 \" 2\t 1 1
) =3 [( ix+1) ( ix+1) ' ¥ e

ix+1 ix’

Therefore, as expected, the operator (—A)%/2 applied on p,(x) introduces an extra
decay of |x|~*.

As a consequence of Lemma 3.2.2, we have the following result

Proposition 3.2.3. The fractional Laplacian of (3.8) and (3.9) is given respectively by

N 2nT'(1+a . Yo
(—A)¥2CChp(x) = (1 = x2§(n+1+)0¢)/2 sin ((n + 1+ ) arccot(x) — —)

2
& {1 n-21
Z(_l) o) X ZFI(_2111+06,2,1)
1=0

2nI'(1 +« T
- (1 n x2§(ﬂ+1+)06)/2 cos ((n + 1+ ) arccot(x) — —>

2
Lo

(21 N 1) AL R (=21 - 1,14 4;2;1), (3.29)
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and

2nT(1+ )
(1 +x2)(n+1+a

4] ,
Y o (-1) <21) X2 F (=21,1 + w;2;1)
=0

2nT(1 + a)
(1 _|_x2)(n—|—1+a

(=A)*2SCops1(x) =

i
773 €08 ((n + 1+ a)arccot(x) — 7)

: T
772 Sin ((n + 1+ ) arccot(x) — 7)

7]
Y (—1)1(2111)3512112F1(—21—1,1—1—oc;2;1). (3.30)
1=0

Proof. The proof is very similar to that of Proposition 3.2.2, so we omit some details.
We ftirst observe that, from (3.8), (3.9) and (3.21) (see also [59]), forn =0, 1,2, ...,

CCon(x) = R(pun(x)),  SCops1(x) = =S(pns1(x)),
hence,
cos(2ns) — cos(2(n +1)s)
> ,

SCau+1(cot(s)) = sin(2(n + 1);) — sin(2ns)

CCay(cot(s)) =

We treat first the case where 7 is a nonnegative integer. Then, we express all the
complex numbers appearing in (3.28) in their polar form, to obtain:

Ir(l+w
a/2
(=) ]’t”() (1_|_x2 n+1—|—rx/22(>
e i((n+1+4a) arccot(x)— (l+1+a)/2)2 1(_1,1 o 1;2). (3.31)

Now, taking the real part of (3.31) gives

(—A)2CCa(x) = — T 2()

(1+x2 (n+1+wa)/

sin ((n + 1+ a)cot(x) — %‘X — %l) 2Fi(—1,14+wa;2;1)
_ 2nl(1+a«) , T
= L) sin <(n + 1+ &) arccot(x) — 7)

n
Y cos (Zl> (n) XLE (=114 ;2;1)
= 2 )

2nT' (1 + «)
- (1 +x2)(n+1+a

n
Zsin (ll) (n) x”*lel(—l,l +a;2;1).
= 2 !

!
772 €08 ((n + 1+ a) arccot(x) — 7)
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Substituting | by 2I in the first term, and by 2/ + 1 in the second term of the last
expression, we get (3.29).

Likewise, taking the imaginary part of (3.27) and changing the sign, we have

I'(1+«)
/2
( )oc SCZn—H( ) (1+x2 (n+1+wa)/2 Z( )
i 7tl

cos ((n—|—1 + a) cot(x) — -5 7) oFi(—1,14+wa;2;1)

2nT(1 + ) m
N (1 + x2)(n+1+a)/ 7 COS ((” + 1+ a)arccot(x) — 7)

n
Zcos (11) ( )x”_lel(—l,l +a;2;1)
= 2 l

2nT(1 4 a)
(1+ x2)(n+1+1x)/2

n
) sin (Zl) (n) LR (=1L14a;2;1).
= 2 !

sin ((n + 1+ a)arccot(x) — %)

Finally, substituting I by 2I in the first term, and by 2/ + 1 in the second term of the
last expression, we get (3.30). O

3.2.1 Cases witha € {0,1,2}

Since we are working with « € (0,2), it is interesting to see what happens if we
evaluate (3.4), (3.19) and their cosine-like and sine-like expressions at the ends and
at the middle point of the interval. For that purpose, we first express A, (x) in (3.2)

) An(x) = (%)"

hence,

e 2in isgn(n)x i
Au(x) = (isgn(n)x + 1)2 (isgn(n)x ) /
(n)
(n)

A(x) = 4inx — 4n? isgn(n)x — 1) "2
" (isgn(n)x +1)* \isgn(n)x +1 '

We also need Newton’s binomial formula and its derivative:

(1+Z)n_1=;§(n;1)zk:>(n—l)1+z Zk(”_l)
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Let us consider first the case witha = 0, n € Z\{0}:

: 2|n|T'(1) 2
_A\/2 — _ ..
D}EBL( A7 Anlx) isgn(n)x + 121:1 1= Inl, ;2 isgn(n)x +1

- |Z|¥_01 (k@l) (isgn(;§x+ 1)k+1
n _ k
:k:ZLi (|Z|) (isgn(n?x—i—l)

2

B (“W)m !
An(x) = 1.

Therefore, forn =0,1,2,...,

lim (—A)*2CHy, (x) = CHa,(x) — 1,

a—0t

lim (—A)’x/z SH2n+1(x) = SHzn_H(x).

a—0F

Observe that, as with Ap(x) = 1 in (3.1), this limit is singular for A, (x) and CHy,,
since their respective Fourier transforms are not classical functions. On the other
hand, the limit for SHy,,,1(x) is continuous, because the function belongs to £?(R),
and, hence, its Fourier transform is well defined. Therefore, if we consider instead
of Ay(x) and CHy,(x), Ay(x) — 1 and CHy, —1, respectively, the functions belong
now to £?(R), and

m (—A)*(Ay(x) — 1) = Ap(x) — 1

a—0t
= (=0)°(Au(x) — 1),
lim (—A)*(CHay(x) — 1) = CHay (x) — 1

a—0t

= (—A)°(CHy, (x) — 1),

i.e., the limit is now continuous. Likewise, the limit is also continuous for p,(x)
(and, hence, for CCp,(x) and SCy,11(x)), because they are in £2(R). Indeed, from
(3.20),

(=A)*2An(x) = (=28)*2 A4 (x)
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Unlike the previous case, the case with & = 2 poses no problems:

2[n|T'(3)

2
s (— A&/ 2 - _ _ ..
}(1_%( ) () (isgn(n)x + 1)321:1 (1 Inl,3;2; isgn(n)x+1)

- 2|n| =t ) -1 - 2 K
(isgn(n)x +1)3 ,gé( k >(k+2)( isgn(n)x—l—l)

LR P )'“
(isgn(n)x +1)* isgn(n)x +1

- 4|n| - 2 =1
(isgn(n)x +1)3 (1 isgn(n)x—|—1>
),

i.e., we recover (—A)!A,(x). This is also true for all p,(x), CHp,(x), SHa,11(x),
CCypy(x) and SCypy,1(x). Finally, when o = 1,

Y 2 2
lim (—A)* () =~ e2h (1_ I, 2:2; W)

i = () )

B 2|n| - 2 In|—1
(isgn(n)x +1)? <1 isgn(n)x—{—1>
= isgn(n)A,(x).

Note that, if we express the last equality in terms of s, we obtain 2|n|sin?(s)e'?",

which is precisely the expression for (—A)/?),(cot(s)) obtained in Chapter 2 using
a completely different approach. Consequently, for n = 0,1,2,..., from (3.6) and
(3.7), respectively,

isgn(n)Al,(x) +isgn(—n)A", (x)
(~ )2 CHiy (x) = !

_J0, n=20
| -SH,, ((x), neN,

(—A)l/z SHpp41(x) = isgn(n 14,1 (+) Zingn(—n DAL, (%)
= CH/2n+2(x)'

Similarly, in the case of y,(x),

isgn(n)A;(x) —isgn(n+1)A)
(_A)l/z‘un(x): g ( ) ( ) Zg ( ) +1( )
— i‘u;z(x)/ n=20,12,...,
T i(x), n=-1,-2,-3,...,
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or, equivalently, (—A)"/?u,(x) = isgn(n + 1/2)u/,(x). Therefore, forn = 0,1,2,...,
from (3.8) and (3.9), respectively,

isgn(n+1/2)u}(x) — isgn(—n —1/2)p’ (%)

(—A)l/z CCzn(x) =

2
= SC/2n+1(x)/
(~8)1/28Cap41(x) = — L2 0) Fdogn(n = /21 ()
= — CCh,(x).

Observe that all the equalities for « = 1 can be derived from the fact that A, (x) and
1n(x) are eigenfunctions of the Hilbert transform (see for instance [60, 61]).

3.3 Numerical implementation of (3.4)

In this Section, we will focus on the numerical implementation of (3.4), because
the other functions considered in this chapter can be expressed in terms of A, (x).
Moreover, we will reduced ourselves to the case with n € IN, because the case with
nonpositive 7 is trivially reduced to the former. All the experiments that follow
have been carried out in an HP ZBook 15 G3 with processor Intel(R) Core(TM) i7-
6700HQ CPU @ 2.60GHz, graphic card NVIDIA Quadro M1000M, and 16384MB of
RAM, under Windows 7 Enterprise with Service Pack 1. We have mainly worked
with MATLAB R2019b [96], but have also used MATHEMATICA 11.3 [103] in a few
examples.

Let us start by discussing the drawbacks of attempting to implement (3.4) by using
implementations of ;F; in commercial mathematical software. Even if commands
that approximate numerically o F; functions are available in, among others, MATLAB
and MATHEMATICA, it seems that there is still no satisfactory implementation of  F;
for all its possible values. For example, in our case, there seem to be cancellation
errors, due to the fact that we are adding and subtracting alternatively very large
numbers. Recall that the infinite series in (3.10) converges in general for |z| < 1,
which in our case means |z| = |2/ (ix +1)| < 1or|x| > /3, even if we are interested
in evaluating it at any x € R. On the other hand, since the first parameter of > F; in
(3.4), 1 — n, is negative or zero, it implies that the numerical approximation of (3.4)
is reduced to computing a finite sum, which is always convergent, so, in principle,
we should expect no serious accuracy issues from a commercial implementation.
However, if we consider for instance x = 0, for which |2/ (ix + 1)| is largest (and,
hence, the worst case), it is easy to check that both MATLAB and MATHEMATICA
return wrong results for not too large values of n. Take for example n = 400 and
« = 1.5; then, the MATHEMATICA command

Hypergeometric2F1[-399, 2.5, 2, 2]
gives 6.2771 - 10°7, whereas the MATLAB command

hypergeom([-399, 2.5], 2, 2)
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yields 4.9217 - 10'8. This is due to the fact that the signs of (1 — 1) alternate, whereas
(14 a)y is always positive; hence, we are summing large quantities with alternat-
ing signs, for which a 64-bit floating point representation is clearly insufficient to
store all the required digits, giving rise to severe rounding errors. Nevertheless, it is
possible to obtain the correct results with both programs by just introducing minor
modifications. More precisely, both

N[Hypergeometric2F1[-399, 5/2, 2, 2]]

and
double (hypergeom([-399, str2sym(’5/2°)], 2, 2))

return the correct result, o F;(—399,2.5;2;2) = —21.2769.... In fact, if we omit re-
spectively the commands N and double, we get a fraction with very large nominator
and denominator. Observe that, in MATHEMATICA, 5/2 is treated natively in a dif-
ferent way as 2.5, which is stored using a floating point representation; whereas, in
MATLAB, to obtain a similar effect, the Symbolic Math Toolbox needs to be installed.
Then,

str2sym(’5/27)

transforms the string ’5/2° into a symbolic object that stores the fraction 5/2.

In the rest of the section, for the sake of simplicity, we will work exclusively with
MATLAB. The previous arguments suggest working with fractions whenever possi-
ble. However, if some of the parameters of »F; are irrational, approximating them
adequately by fractions might involve large numerators and denominators, which
does not seem ideal, either. Instead, we have found more advisable to work with a
larger number of digits, which can be done by means of the function vpa included
in the Symbolic Math Toolbox. The name of this command comes from the initials
of “variable-precision arithmetic”, i.e., arbitrary-precision arithmetic, and evaluates
by default its argument to at least 32 digits, even if another number of digits can be
specified as a second argument of vpa; e.g.,

vpa(str2sym(’pi’), 500)

returns 500 exact digits of 7t. Furthermore, it is possible to change globally the de-
fault number of digits to d by means of digits(d). Take for instance n = 400,
a = /3, then

hypergeom([-399, 1 + sqrt(3)], 2, 2)

returns —1.4831 - 10'8; whereas digits(24) ; followed by
hypergeom([-399, vpa(str2sym(’1 + sqrt(3)’))]1, 2, 2)
returns the exact value of the first 24 digits of ,F;(—399,1 + V3;2; 2), namely
—84.1742043148953740804326

Therefore, in our opinion, the use of arbitrary precision is the easiest and safest
way to guarantee that the results returned by > F; are correct, and, indeed, research
is currently been conducted on this area (see for instance [131] and its references,
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where >F; and other hypergeometric functions are computed in arbitrary-precision
interval arithmetic).

Coming back to the implementation of (3.4), note that z in
hypergeom([a,b],c,z)

can be a vector, but a, b and ¢ must be scalars. Therefore, if we have a function u(x)
represented as say

N
u(x) = Z AnAn(x),
n=—N

and want to approximate its fractional Laplacian by using hypergeom, we have to
invoke this command N times using arbitrary precision, i.e. forn =1, ..., N, which
can be extremely expensive from a computational point of view. For example, exe-
cuting

hypergeom([1-n, vpa(str2sym(’1 + sqrt(3)’))], 2, 2)

forn =1,2,...,40, using 24 digits, requires 24.31 seconds, even if we are consider-
ing just one single value of z. To avoid this, we compute (3.4) by using directly a
series representation, but in such a way that the evaluations for different n are done
simultaneously (and as much independently from a as possible), which is much
more efficient. More precisely, we express (3.4) in the following form and evaluate
it at M different spatial nodes xy, ..., xpr—1:

(—A)2Au(xj) = —T(1+a)(ix+1)7°

kizl (Z) <—kl_—1tx) <ix]-2+1>k' nel{l,..., N}y (332

After converting & and 77 to arbitrary precision, we generate the spatial nodes and
store them in one column vector x = (xo, .. .,xM_l)T. Then, we create a matrix
A € Mp«n(C), such that its columns are precisely the powers {1,...,N} of the

entries of
2 2 T
ixo+1""" ixpo1+1)
2 \! 2 \V
(ix0+1) (ix0+1)
2' 1 ' 2' N
(ixM_1+1) (iXM_1+1>

This can be done in parallel by just typing

ie.,

A=(2 ./ (1i *x + 1)) .~ (1:N);
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Afterward, we create a matrix B € My« N (C) that stores the binomial coefficients
computed using arbitrary precision:

OGN
03 G .- &)
B=10 0o M [
0 0 0 .(AN,)

which can be done column-wise by using

(1) = (20) + ()

However, if we apply recursively this property, we get
n+1\ (n n\ (n n—1 n—1\ &[]
(o) = () (2) = )+ () + () == 50)

which allows to generate B row-wise as well.

This alternative implementation appears to be faster and is the one we have adopted.
More precisely, after initializing B with

B = vpa(zeros(N, N));
we store the first row, which is explicitly known, i.e.,
B(1, :) = 1:N;

Then, each remaining row is generated recursively by computing the cumulative
sum of the entries of the previous row, i.e.,

for n = 2:N, B(n, n:N) = cumsum(B(n-1, n-1:N-1)); end

At this point, it is important to underline that both A and B are completely inde-
pendent from &, so they can be generated once and then be reused to evaluate (3.32)
at different values of . Furthermore, the parts of (3.32) that depend actually on «
(which we store in an arbitrary-precision variable a) can be stored in just two vec-
tors ¢ € Mpx1(C) and d € Mi,n(C); the former is a column vector containing
the entries of ix + 1 raised to the power —u«, i.e.,

c=(1i*xx+1) .7 (-a);
whereas the latter is a row vector formed by the values

—I(1+a) (;1__1"‘), k=1,...N.
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Moreover, we observe that the entries of d can be generated by obtaining the cumu-
lative product of the following quantities:

—1—-a —2—u« —(N+1)—«
{—F(l—l—zx), T Ty N1 },

ie.,
d = cumprod([-gamma(l + a), -1 - a ./ (1:N-1)1);

At this point, combining all the previously defined variables elements, we generate
a matrix My, € Mxn(C), such that its columns correspond to (3.32) evaluated at
n=1,...,N,respectively:

M, = diag(c)A diag(d)B,

where diag(c) € Mpy«m(C) and diag(d) € Myxn(C) are the diagonal matrices
whose diagonal entries are ¢ and d respectively; in MATLAB,

Ma = diag(c) * A * diag(d) * B;

In this regard, let us mention that we have found that this equivalent expression
executes a bit faster:
M, = (Ao(c-d))B,

where o denotes the Hadamard product, i.e., the entrywise product between matri-
ces or equal size. In that case,

Ma = (A .x (c * d)) * B;

Finally, the resulting matrix can be cast to the 64-bit floating point format by means
of
Ma = double(Ma);

Observe that, if M, is very large, it might happen that double cannot be applied
to a whole arbitrary-precision matrix, because the capacity of MATLAB is exceeded;
in that case, the conversion has to be done row-wise or column-wise, although the
global impact is small.

In the following subsection, we will perform the numerical experiments; special
attention will be given to the number of digits necessary to compute M, with satis-
factory accuracy.

3.3.1 Numerical experiments

The procedure to generate M, € M1 n(C) that we have just explained is by defini-
tion exact, provided that a large enough number of digits is chosen. In our numerical
experiments, we have observed that the number of necessary digits is virtually inde-
pendent from the choice of a € (0,2); in what follows, we have used systematically
the irrational value & = /3. We have first considered only the worst case x = 0,
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and have thus approximated (—A)Y3/2Ax(0), i.e., have computed the last element
of the row vector M 5 € M, n(C) using arbitrary precision with an increasing
number of digits, until satisfactory convergence is achieved. Let ny¥) denote the
k-digit approximation of (—A)VY3/2)(0); then, we take as stopping criterion that

) — e

m%c+1)

<e (3.33)

where ¢ = 2752 eps in MATLAB, is the so-called machine epsilon in 64-bit floating
point arithmetic. Note that the use of the relative discrepancy between nzy*) and
my K+ is justified because | (—=A)V3/2X4(0)] quickly grows with N (we have found

experimentally that |(—A) V3/ 2AN(0)| =~ 3.322N v3), and we are interested in choos-
ing the adequate number of global digits (before and after the decimal point), not of
correct decimals. Remark that, in the numerical experiments, we have found that,
in general, the number of digits required does not diminish with N, even if, very
occasionally, that quantity can be slightly smaller for N 4 1 than for N. Hence, in or-
der to determine the number of digits for a given N + 1, it is completely safe to start
generating m n+1®) with the same number of digits k necessary to generate 1y (*)
satisfying (3.33), and then increase k by one unity, until the convergence condition
(3.33) is fulfilled. In Figure 3.2, we have plotted the number of digits with respect to
N; note that the graph is roughly a straight line with slope slightly less than 1/2; in
fact, the least squares regression line is § = 0.47598x + 6.6938. On the other hand,

250

ol e
® ol /
o

digits

00 50 100 150 200 250 300 350 400 450 500
N
FIGURE 3.2: Number of digits as a function of N necessary to approxi-

mate M, € M;,n(C) with accuracy (3.33)

for a given number of columns N, we have also considered N nodes {xy, ..., xn-1}
and approximated the whole matrix M 5z € Myxn(C). In order to compare the
results with those in Chapter 2, we have taken equally-spaced non-end nodes s;,
which determine the choice of x;:

o (2j+1)

m(2j+1)
T TN

:>x]-:cot( N

), 0<j<N-1. (3.34)
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Let Mi% € Mnxn(C) denote the approximation of (—A)(‘/g/z))tn(xj), for n €

{1,...,N},j € {0,...,N — 1}, using arbitrary precision arithmetic with k digits.
Bearing in mind that xy_;_; = —x;, we have

(—A) V320, (xn 1) = (=) V3D, (—x;) = (—B)V3/DA, (x;),

so the last | N/2] rows of ME% can be generated from its first | N/2| rows, which
reduces the global computational cost. Observe that, from (3.22), it follows that
limy 4 oo ( —A)ﬁ/ 2|Au(x)| = 01in (3.4), for all n, so, in general, we can expect very
large differences in the orders of magnitude of the different entries of M,. There-

fore, denoting M, ¥) = [mi]-(k)] and M, k1) = [ml-]-(kﬂ)], we take now as stopping

criterion that
max (min { ‘ml(]k) — ml(]Hl) }) <, (3.35)
1j

where, again, ¢ = 27°2. We have found this criterion to be very adequate, because,
when ml-]-(k) and mi]-(k*l) are infinitesimal, the absolute discrepancy is enough to
establish convergence, whereas, for larger values, it is preferable to consider the
relative discrepancy.

] (k1)
mij — mi].
mgﬁ-l)

7

Similarly as in the previous example, in order to obtain the number of digits for a
given N + 1, we start generating the matrix M ﬁ(k) € M(n+41)x(Nn+1)(C) with the

number of digits k necessary to generate M \@(k) € Mnxn(C) satisfying (3.35), and
then increase k by one unity, until (3.35) is fulfilled. On the left-hand side of Figure
3.3, we have plotted the number of digits with respect to N; the graph is very similar
(but not identical) to that in Figure 3.2, the least squares regression line being now
7 = 0.47777x + 7.3617; and we have found very similar results for other values of
a. Obviously, if we consider another nodal distribution such that every node x;
satisfies 2/|ix; + 1| < 1, the number of digits will be smaller.

We have also compared the approximation of the N? values (—A)(V3/ 2))tn(x]-) via
the matrices just generated, which we denote My’ € My n(C), with those given
by the method explained in Chapter 2, which we denote M%? € My, n(C); re-
mark that we have adopted the method in Chapter 2 with only minor modification
to make it produce matrices of the required size, using l;;;, = 1000, for all the val-
ues of N. On the right-hand side of Figure 3.3, we have plotted the discrepancy
d(M;"", M) between both (largely unrelated) techniques, using a formula similar

to (3.35):
}) ; (3.36)

such discrepancy is of the order of 107! for the first 500 values of N. Note that,
although (3.36) is not symmetric, the results provided by d(Mg"", M%) and those

1 2

1

7

d(ML, M2) = max (min { ‘mllj - mlzj
1]
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%107
.

250 ; ; ; ; ; ; ‘ ‘ ‘ 14

200

150 08t

digits
error

0.6
100

0.4

. .(‘
/ 02r F
-g'.'-

I 0 N I I I I I I I
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

N N

50 -

0

FIGURE 3.3: Left: Number of digits necessary to approximate M,"" €
Muxm(C), as a function of M, for a = /3. Right: Comparison with
the results in Chapter 2, using (3.36).

by d(M%4, M;"") show only infinitesimal variations in our case. We have also gen-
erated M, and M%, for « € {0.01,0.02,...,1.99}, working with 250 digits in the
case of M,/%; in Figure 3.4, we have plotted d(Mgld, M,/ a) as a function of &, which
is again of the order of 10~ !1. These results confirm the validity of both approaches
when approximating the fractional Laplacian.
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FIGURE 3.4: Comparison with the results in Chapter 2, using (3.36), for
N = 500 and different values of «.

The method that we are describing in this chapter is, in comparison with the method
described in Chapter 2, much simpler to implement and exact by definition, but, in
principle, much more expensive computationally, even if it still largely outperforms
the Matlab function hypergeom. Recall that hypergeom uses transformation formulas
like those in [106, Ch. 15.3], which allow it to evaluate > F; in (3.4), using 64-bit float-
ing point arithmetic, for a much larger range of values of n than it would be possible
by simply using the representation (3.12), although it has to be invoked individually
for each value of n. To give an idea of the time needed for each technique, we have
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considered M, € My« N(C), for N = 330, i.e., a size for which hypergeom produces
accurate results without using arbitrary precision. We have generated column-wise

M, with hypergeom using directly (3.4), which we denote sz, where the super-
script dp stands for double (i.e., 64-bit) precision, needing 1265.04 sec, whereas M
(based on Chapter 2) and M, (using vpa) required only 3.44 sec and 54.64 sec,
respectively.

To have a more complete picture of the possibilities and limitations of variable-
precision arithmetic, we have also tested ADVANPIX [132], the Multiprecision Com-
puting Toolbox for MATLAB. Its main command is mp, which stands for multiple
precision, and works pretty much in the same way as vpa, but, unlike vpa, it can-
not receive symbolic objects as parameters; e.g., to obtain the multiply precision
approximation of /3, we just type

mp (’sqrt(3) )

By default, the number of significant digits of mp is 34 (quadruple precision); and it
can changed globally to d digits by means of

mp.Digits(d)

or, individually, as a second argument of mp. It is important to remark, however, that
vpa and mp do not have exactly the same behavior; e.g, both

vpa(str2sym(’sqrt(3)’), 2)

and
mp(’sqrt(3)’, 2)

show 1.7 at the screen, but
double(vpa(str2sym(’sqrt(3)’), 2)) - sqrt(3)
gives 1.1206 - 10~ 10, whereas
double(mp(’sqrt(3)’, 2)) - sqrt(3)
gives 0.0023. This phenomenon can explained because
vpa(str2sym(’sqrt(3)’), 2)
guarantees at least two digits, even if more digits can be used internally, whereas
mp (’sqrt(3)’, 2)

really yields two digits.

Using ADVANPIX, we have generated again M, € My n(C) for & = /3, which
we denote M,; note that the code is identical to that of M}/, except that we have
replaced the three appearances of vpa with mp, namely mp(’pi’), mp(’sqrt(3)’)
and mp (zeros(N, N)). In Figure 3.5, we have plotted the number of digits used to
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generate M, ", and the least squares regression line is now § = 0.47686x + 14.708.
Therefore, for a given N, M’ requires some seven or eight more digits than My"".
On the other hand, the plot of d(My’, M%) is virtually identical to that on the right-
hand side of Figure 3.3, except for infinitesimal variations of the order of 1071 for a
few values of N.

300

0

100 150 200 250 300 350 400 450 500
N

0 50

FIGURE 3.5: Number of digits necessary to approximate M,’ &
MM (C), as a function of M

In Table 3.1, we show the times required to generate M, € M n(C) using dif-
ferent techniques and sizes. These times are provided on a purely indicative basis,
because they change slightly from execution to execution, and, probably, all of them
can be improved by compiling the codes, etc.

N [ v | mMPP | digits | MY | digits | M2P
330 || 338 | 618 | 172 || 5464 | 165 | 1265.04
500 | 7.84 || 2141 | 253 | 205.12 | 246
1000 | 33.05 || 237.10 | 500 | 2272.98 | 500
1500 | 80.56 || 1010.76 | 750 | 9922.05 | 750
2000 || 158.01 || 3422.38 | 1000

TABLE 3.1: Elapsed time in seconds used for the generation of M, €
Muyx«n(C), for different values of N and different techniques. MY?
corresponds to the method described in Chapter 2; M, " uses the AD-
VANPIX function mp; My"" uses vpa; and M, uses hypergeom without
arbitrary precision. In the case of M " and M,"*, the number of digits
to generate the matrices is also offered.

In our opinion, the results are quite revealing, allowing us to make some conclu-
sions; indeed, for N moderately large (e.g., N = 500), the method described in this
chapter, together with ADVANPIX, is absolutely competitive; and reasonably fast,
when combined with vpa. Furthermore, ADVANPIX, can be still recommended to
generate larger matrices (e.g., N = 1000). On the other hand, even if, in principle, it
is possible to generate very large matrices (e.g., N = 1500, N = 2000 or even larger
sizes), it may be advisable to use in those case the method described in Chapter 2,
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except when time is not an issue and the matrix needs to be generated only once or
a few times. Finally, let us mention that the values of the discrepancy (3.36) between
M9 and M, for N = 1000, N = 1500 and N = 2000 are respectively 2.1238 - 1011,
5.1753-10"', and 8.2190 - 10~ !, ie., of the order of 10~ 1.
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Chapter 4

Other approaches for the fractional
Laplacian on R

In this chapter, we discuss other approaches to approximate numerically the frac-
tional Laplacian on IR, using fast convolution. The methods thus developed, even if
less accurate than those exposed in Chapters 2 and 3, are exceedingly fast. Further-
more, in some of them, it is possible to apply Richardson’s extrapolation to improve
the results.

4.1 Numerical convolution and the approximation of
singular integrals

Let us consider two N-periodic sequences of complex numbers u = {u,} and v =
{v;}, with r € Z. Then, the convolution of u and v, denoted by u * v, is a new

sequence defined as
N-1
(u*xv)y = UnUm—n. (4.1)
n=0

It is straightforward to check that u * v is also N-periodic, and that u x v = v x u. A
very important property of u * v is that

(W*0)p =ipoy, p=0,...,N—1, (4.2)

This is a well-known theorem called the discrete convolution theorem, and it says in
other words that the discrete Fourier transform of the convolution is just the product
of the discrete Fourier transforms. Recall that, given an N-periodic sequence u, its
discrete Fourier transform i is also N-periodic, and is given by

R N-1 _ 2mimp 1 Nil/\ 27timp
y= Y Ume N @um:ﬁZupeN
m=0 p=0
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Then, the proof of (4.2) is straightforward (see for instance [97]):

N-1|N-1 27'[1mp annp 2mti(m—n)p
(Ux0)p=)_ [Z unvm_n] Z e Z Umne N
m=0 | n=0

N-1 _ 2minp N—n— _ 2migp —
n=0 n=0

g=-n

Zmnp

2 vge” R
= UpTp,

2miqp/ N

where we have used that v; and e~ are N-periodic.

Observe that we need O(N?) operations to compute directly (4.1). On the other
hand, the computation of a discrete Fourier transform by means of the fast Fourier
transform [57] algorithm requires O(Nlog N) operations. Since we need two fast
Fourier transforms (FFT) and one inverse fast Fourier transform (IFFT) to compute
(4.1) using (4.2), the total cost is also O(N log N) operations, which is much lower
than O(N?). Therefore, this technique can be referred to as fast convolution.

In the case that the sequences 1 and v are not N-periodic, it is still possible tu com-
pute (4.1) by means of fast convolution. Observe that, in (4.1),if m =0,...,N -1,
we need to know {ug, ..., uny_1} and {v_N41,...,vn-1}. Therefore, we can regard
them as 2N-periodic by extending them respectively as follows [97]:

i, = u, r=0,...,N—1, (4.3)
0, r=N,...,2N—1,

and
Uy, r=0,...,N—1,

’57‘: O/ Tl:N, (44)
v, 9N, Y=N+1,...,2N —1,

and, for other values of n, imposing that i, N = #, and U,;on = U;. Then,

2N-1
(Uu*xv)y = Zunvm n= Z UpOm—n = (U*D)y, m=0,...,N—1, (4.5)

so, in order to obtain u * v, we extend u and v by means of (4.3) and (4.4), then
compute u * v via the fast convolution, and finally keep the first N elements of u * 7,
and discard the last N. The global computation cost is again O (N log N).

As we will see in this section, the application of the fast convolution enables to
develop extremely fast methods to approximate the fractional Laplacian, although
the price to pay is that they are less accurate than those offered in Chapters 2 and 3.

In order to introduce the approach that we will be using (and which takes ideas
from [97]), let us start by presenting a simple example involving the computation of
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a discrete convolution. More precisely, we consider the following integral:

G(s):/ﬂ 8(1) dn, (4.6)

0 |s—nl?

where ¢(7) = f(17)/n* and a + b > —1.

Let us consider first the simpler case b = 0, i.e., g(r7) = f(1), which allows us to
work with only one singularity in (4.6). In that case, we start by decomposing the
domain into subintervals I,, = [s,,s,11], where h = (sy —s9)/N = /N, s, =
hn, etc.,, and the function g can be evaluated in analogously defined subintervals
Liu = [Sm,Sm+1]) of the same length. For simplicity, G is evaluated in the midpoint
Sm+1,2 of every subinterval I;, and so is f in the midpoint of I;, evaluation which
we denote f,, 1 1/2. Observe that we are not using the definition of s, in (2.1); indeed,
in Chapters 2 and 3, s,, corresponds to what we call s,,, 1/, in this section; whereas
we keep now s, to specify the ends of the subintervals. We think that this change
of notation is justified, in order to clearly differentiate the ends of the intervals from
their midpoints.

Bearing in mind the previous remarks, the following sum of integrals is constructed:

N-1 N-1
f () dn
o) = 5 [, 2t Db [,
n=0J1 n=0 Iy

! Sm—&-%_n Sm+%_17

Treating apart the previous integral with domain I,, and applying the change of
variable 7 = s, + (A +1/2)h, with s, = hn, we get:

Sn+1 d 1/2 i
Sn ‘S

m-{—%_n

Therefore, we have the following discrete convolution

N-1
G (sm+%> ~ ’;O Mu-nfypy = (M f). (4.8)

In order to apply the fast convolution to (4.8), we define, on the one hand, f, accord-
ing to (4.3):

Jr =

(4.9)
0, r=N,...,2N—1.

- {fH%, r=0,...,N—1,
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On the other hand, setting r = m — n, we compute explicitly M, = M;;,_:

M, = h'=° /1/2 _a

-1/2 ‘7’—)\|a
a
hl_ulz—a’ r=0,
_ (4.10)
1—a __ o - 1—a
hlfasgn(r+1/2)\r+1/2] sgn(r—1/2)|r —1/2| r 0.

1—a !

Note that, since r is an integer, when r # 0, we can simply write

(Jrl+1/2)17 = (Ir| = 1/2)' ",
1—a !

M, = h'"*

then, we define M, according to (4.4):

M,, r=20,..., N—1,
M, =<0, r=N, (4.11)
M, on, T=N+1,...,2N —1.

Finally, we apply (4.5), i.e,, (M * f) = (M % f), form = 0,...,N — 1. From an
implementational point of view, we compute f = FFT(f) and M = FFT(M), then
multiply in the Fourier space, and calculate the IFFT of the result, keeping only the

first N elements of M * f

. E,i(a)
j| N Error log, < Ezji]_ . (a))
4] 16 |7.183569-1073 1.98390
5] 32 |1.816047-103 1.99421
6| 64 | 4558379 104 1.98776
7 1128 | 1.149302 - 104 1.80143
8 [ 256 | 3.297231-107° 2.20903
9512 | 7.131227-10°°

TABLE 4.1: Errors obtained in discrete L*-norm and convergence rate
of (4.8) to (4.6), with f() = e"("), s = —0.5and b = 0.

We test the numerical convolution by taking f(17) = es™"), 4 € [0, 7], and a = —0.5,
b = 0. An adaptive Gauss-Legendre quadrature with N = 2% nodes (see e.g. [133],
and [134], for an explicit routine) approximates the singular integrals corresponding
to G (s ), and gives us the approximations that will be compared with those coming
from the convolution scheme. In Table 4.1, we show the errors E,; corresponding
to N = 2/, i.e., the differences between both approaches in discrete L*-norm, and
log,(Eyj(a)/Eya(a)), for j = 4,...,8, which gives us a convergence rate of order
two.
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We have also attempted the case b # 0, i.e., have considered

<m+2> Z )(’7) _dy. (4.12)

n=01In |17]®

In this case, in order to extract the term f(17)/|n|’, we approximate it by its mean
over each subinterval I,;; then, since it is still possible to evaluate f at the midpoint
of I,,, we further approximate the resulting integral by extracting f,,,1,,. More pre-
cisely, for y € I,,,

o) 1 fa), Tasd
TP ~i R Wd’7 Sy / n+A>

where we have applied the change of variable 77 = s,, + Ah. Therefore, we write
- /1 A _ . W P(A4+mn)7t —nlh)
0 (1’1 + )\) n+2 1—-0b

- f,H_%Cn/

fn-l-lh

2

where

h_b((l 4 n)l—b o nl—b)
1-0 '
Finally, bearing in mind (4.7) from the case p = 0, (4.12) is approximated as

N—-1
o) (o] )

m—l—%_r]

Cn:

N-1 d
~ 1

~ Z C”fn+%/1 a
n m+§

N-1
= Z Cnfn_"_%Mmfn
n=0

= (Mxcf)m.
We have considered again f (1) = e5"(") as the testing function. Similarly as in Table
4.1, we show in Table 4.2 the errors E,; and the convergence rate for a = —0.75 and
b= —0.15.

4.2 Approximation of the fractional Laplacian using the
fast convolution and midpoint rule
As said above, we want to develop a fast convolution formula applied to the frac-

tional Laplacian. In order to do this, let us consider the integral definition given
by (2.12). From this equation, it is possible to identify the corresponding kernel; in
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. E;(a)
j| N Error log, < E;j . (a))
4] 16 | 8.723048-1073 2.00963
5] 32 [2.166259-1073 2.01458
6| 64 |5.361205-10* 2.01421
7 | 128 | 1.327166 - 10~% 1.90892
8 | 256 | 3.534145-10° 2.11609
9| 512 ] 8.152231-10°°

TABLE 4.2: Errors obtained in discrete L*-norm and convergence rate
of (4.8) to (4.6) with f (1) = e"(1), 3 = —0.75 and b = —0.15.

what follows we will show how to deal with it. We take &« € (0,1) U (1,2), since
the case & = 1 is explicitly known: (—A)Y2u = H(uy), i.e., we have the Hilbert
transform of the derivative. Let us represent (2.12), « # 1 as

cq| sin(s)|* 1

(=8)"2ue) = St [T sins = esint oy, @19

where w(rn) = sin(n)uss(17) + 2 cos(n7)us(n). To obtain a convolution sum, we de-
compose the integral over [s, sy] = [0, 77] into a sum of integrals over subintervals
I, = [sn,sp+1] of length h = (sy —sg)/N = 7/N, as in the previous examples in
Section 4.1. The evaluation of the function u, and consequently, the fractional Lapla-
cian, will be carried out in the midpoint s, 1/, of each subinterval I, = [Sy, Sp+1]:

(—A)"?u <5m+%) - s;joé(;rii?)

Nzl /Sn+1 w(n) ‘Sin <Sm+% - 17) lla sin*(n)dy. (4.14)

n=0 v 5n

a—1

The numerical approximation of the integral will be done as follows. First, we ap-
proximate the term sin”(#) by its mean on I,,, which is at its turn approximated by
the midpoint rule:

n

o 1 Sntl N
sin® (1) & {n = m/ sin® (1) dnj
n s
1

~ Esin”‘ (sn+%> (Sp+1 — Sn)

= sin® <h (n + %)) ; (4.15)

and, second, we approximate the integral of the kernel | sin(s,, 1,2 — 7)|}7%,

Sn+1
Kmfn -
Sn

sin <Sm+% — 17) ‘1—04 dn,
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by distinguishing two cases, r =m —n =0,andr =m—n # 0. If r=m —n =0,
we integrate the singularity directly, by performing the change of variable 7 = s, +
h(A+1/2), with s, = hn, and using that sin(x) ~ x, as x — 0:

1/2 1/2 2zx—1
Ko zhz_"‘/ lm —n — A1 %A :hz“"/ | = A|Y%AA = 2
-1/2 —1/2 2—uw

and if ¥ = m — n # 0, we aproximate K, = K;,_, by the midpoint rule:

. 1—a
K, ~ ‘sm (sm+%—sn+%>‘ (Sp+1— Sn)
= |sin(h(m —n))|*~*h
= | sin(hr) |} *h.
Putting all together, (4.14) becomes

a—1

/2 Cy [SIN (str%) N-1
(=4)" u (Sm+%> ~ L*a(1 — a) n;o Kin—nGnty, 44

3 ( ) a—1
Cy |SIN sm+%
= ra(l—a) (K% Cw)m, (4.16)

where w,, |1/, denotes the evaluation of w at the midpoint of the subinterval I,;. In
order to apply the fast convolution to (4.16), we define, according to (4.3) and (4.4):

0, r=N,... 2N —1,
K,, r=0,...,N—1,
K. =<0, r=N,

K, on, r=N+1,...,2N—1.

Then, we compute K * {@ with the fast convolution, and set (K % {w); = (K % (@) m,
form=0,..., N—1.

4.2.1 Numerical experiments

In order to test this technique, we consider the functions u1(x) and u;(x) defined in

Section 2.2: X
xc—1 2x
ey e =g

uy(x) (4.17)

In this section, we use systematically L = 1 in the numerical experiments. Recall
that u1(x) + iuy(x), under the change of variable x = cot(s), with L = 1, becomes
¢'?s, and its fractional Laplacian is given by (2.41). Thus, the exact and approximated
solutions can be compared by computing the error in discrete L**-norm, which we
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denote E,j, for N = 2/. On the left-hand of Figure 4.1 we plot the errors E,; (from
now on, using semi-logarithmic scale), and on the right-hand side, the convergence
rate log, (E,j(«)/Eyj+1(a)) in terms of a, for « = {0.01,...,0.99} U {1.01,...,1.99}
(i.e., excluding the case « = 1), taking N = 2/ nodes, with j=738,...,12.

107"

102}

S e
B w

errors Fo;

e
&

10—6 L

0 02 04 06 08 1 1.2 1.4 1.6 1.8 2 0 02 04 06 08 1 1.2 1.4 1.6 1.8 2
[0} «

FIGURE 4.1: Left: Error for (—A)*/2¢?. Right: Convergence rate.

We have applied the fast convolution and midpoint rule, taking
a € {0.01,...,099} U{1.01,...,1.99}, and N = 2/ nodes, with j =
7,8,...,12.

As a second example, we consider the Gaussian function
uz(x) = exp(—x?) (4.18)

from Section 2.2, whose fractional Laplacian is given by (2.43).

On the left-hand of Figure 4.2, we plot the errors and on the right-hand side, the
convergence rate, taking N = 2/ nodes, with j = 7,8,...,12. Both Figure 4.1 and
Figure 4.2 suggest that the convergence order is 2 — «, i.e., we do not get the second
order of Tables 4.1 and 4.2. In the following pages, we will show how to improve
the convergence order.

4.3 Approximation of the fractional Laplacian using the
fast convolution and a regular function

In order to improve the results of the previous section, we rewrite the integrand of
(2.12), for « # 1. More precisely, we construct a regular function of the form:

s )
— ] . 4.19
( . (4.19)

sin(s — 1)

f(s,11) = (sin()uss(17) + 2 cos(iy)us(1)) | —— v
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errors Fo;

1085 (o (0) /By (@)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
(67 «

FIGURE 4.2: Left: Errors for (—A)*/ 20—, Right: Convergence
rate. We have applied the fast convolution and midpoint rule, tak-
ing « € {0.01,...,099} U {1.01,...,1.99}, and N = 2/ nodes, with
j=78,...,12.

Hence, when a # 1, (2.12) evaluated at the midpoints s, 1, of I, is expressed as

(=8)2u (s,,,1) = . S;nf(sfj?)

NZ_:1 /Sn+1f (Sm+%,17> ‘Sm+% _17‘1—04 ;7%1,7,
n=0 v Sn

We proceed in a similar way as we did for (4.14). We first approximate f (s,,4+1,2,%)
in I, = [sy, Sy+1] by its value at the midpoint of I, i.e.,

f (st suet) > f (Surpon)

a—1

hence,

a—1

(=8)"%u (s,,1) = - s;nf(sr j‘))

N=1 sy
f<sm+%’sn+%> Z/

n=0 v 5n

1-a "
St —17‘ ntdn. (4.20)

To further proceed, we approximate the term #* by its mean on I,

1+a 14+« 14« 1+a
S S n+1 —n
n_ ar +1) ]/ p e I

“x~ :1/Sn+1 Mgy — ntl  "n
1 "n, T (1+a)h 1+a
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and compute the integral of the kernel |s,, 1/, — 17|14,

Sn+1
Km—n -
Sn

writing ¥ = m — n, we obtain an expression identical to (4.10), after replacing a by
x —1:

S .1— 17‘1_“ dn = h** v lm —n— A|17%dA;
mta ~1/2 '

2a—1
hz—“ g
2—a r=0,
Kr —
hzfasgn(r +1/2)|r+1/2)>7% — sgn(r —1/2)|r — 1/2]>~* r£0
2 -« ! )
Therefore, since r is an integer, when r # 0, we can write
o H1/2P270 — (jr = 1/2)
' 2—« '
Putting all together, (4.20) becomes
a—1
Cy |SIN (s 1) N-1
A\a/2 ~ m+j
(=8)" u <Sm+%> T Ira(1—a) Eb f (Sm+%’sn+%> KinnGn- (421)

However, in this form, we cannot apply the fast convolution, so we have to expand
f(Sma1/2,5n11/2) according to its definition in (4.19) and gather together the terms
bearing n and those bearing m — n to get the following expression:

a—1
Cy |SIN (s 1) N=1\gin(h(m — 1-a
a2 N m+3 sin(h(m —n))
(=4) M(S"“f%) - Léa(1l —a) 7;) h(m —n) K

| Sin(SnJr%) ‘
(sm(er_%)uss(er_%) +2COS(Sn+%)Ms(Sn+%)) T gn/
T3

where we have used that s, . 1/2 — ;11,2 = h(m — n). Finally, defining,

. 14
8= (sin (54 s (5143 #2008 (s ) s (s03)) ($> ;
: (4.22)
K,, r=20,

sin(fr) |1
I’lr K1’/ r 7é 0/

h
£
|
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where s,,1,, = h(r +1/2), and constructing L, and gr as in (4.3) and (4.4), we
conclude that
sin (s mt )

m*%) ~ L (1 —a)

a—1
Cn

(L*3)m- (4.23)

(—A)”‘/zu (s

4.3.1 Numerical experiments

103 — . . . . . . | 2.2

errors Fo;

10.3 L L L L L L L L L 0.6 A L L L L L L L L L
0 02 04 06 08 1 1.2 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

o «
FIGURE 4.3: Left: Errors for (—A)*/2¢/?. Right: Convergence rate. We
have applied the fast convolution scheme, using a regular function as
the integrand, taking @ € {0.01,...,0.99} U{1.01,...,1.99},and N = 2i
nodes, withj =7,8,...,12.

In order to test (4.23) numerically, we consider again the functions uj (x) + iuy(x) =
e?s and uz(x) = exp(—x?) defined in (4.17) and (4.18), and also used in Section
2.2. We have computed the errors in the discrete L*-norm, for N = 2/, with j =
7,8,...,12, and the convergence rate. On the left-hand side of Figure 4.3, the errors
E,; are plotted against a. On the right-hand side of Figure 2.1, the convergence rate
is plotted against &, resembling to be 1 + « when & € (0,1) and 2, when « € (1,2).

In the case of u3(x), on the left-hand side of Figure 4.4, the errors E,; are plotted
against a. On the right-hand side of Figure 4.4, the convergence rate is plotted
against a. In this case, N = 2/, with j = 7,18, ..., 12. Figures 4.3 and 4.4 suggest that
the convergence rate for this technique is approximately 1 + « when « € (0,1) and
2, when a € (1,2). Although these results are better than those in Figures 4.1 and
4.2, they can still be improved, as we will see in the following section.

4.4 Approximation of the fractional Laplacian using the
fast convolution and extrapolation

Let us consider the partition of [0, 7r] given by the nodes sﬁlj )in (2.3) (see also [98]):

() _ w@n+1)

IN -
sy SN 0Sn<2N-1 (4.24)
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1073 T T T T T T T T T 2.2

errors Fo;

0 O.‘2 014 O.‘G 0.‘8 1‘ 112 1.‘4 1.‘6 1.‘8 2 0 O.‘2 0.‘4 0.‘6 018 1‘ 1.‘2 1.‘4 1.‘6 1.‘8 2
(6] (6]
FIGURE 4.4: Left: Errors for (—A)*/ 20—, Right: Convergence rate. We
have applied the fast convolution scheme, using a regular function as
the integrand, taking « € {0.01,...,0.99}U{1.01,...,1.99},and N = 2/
nodes, withj =7,8,...,12.
observe that there are no two nodes s,(qj ) identical. Moreover, when j = 0, the nodes
5,0 are precisely the middle points of the intervals I,, = [sy, Sy+1], B = 71/ N, used
in the previous sections, i.e., 5,0 = Sy+1/2- On the other hand, when j € IN,
S(l) . 1 _
on — °n+1/4s SZn—l—l = Sn+3/4
5(2) — 5(2) — 5(2) — (2)  _
in n+1/87 Sapt+1 = Sn+3/87 San4+2 = Sn+5/8s Sap+3 = Snt7/8/
etc., i.e., each I, contains one node s,(qo), two nodes 5511), fqur nodes 522), etc. Therefore,
the nodes s, 1) can be regarded as a refinement of s,/), and in general of 5,11 /7.

Let us construct the following function, which resembles (4.19), except that there is
no appearance of 17*:

. 1—ua
sin(s =) | i), (4.25)

fls,m) = (sin(r)uss () +2 cos(n)us (1)) | ==

Thus, we obtain the following expression for the fractional Laplacian, when « # 1:

_ cq|sin(s)|

(~8)2ue) = S [ s m)ls =l -va. (4.26)

In what follows, we will obtain an approximation of (4.26) that can be computed by
means of the fast convolution. More precisely, the fact that each node of the form

50,V is the middle point of [s,,s,1,2], and each node of the form soni1 is the
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middle point of [s,1 1,2, 5441, suggests expressing (4.26) as

. a—1 B . B
2 (5,3) = = Sflfff jg) Ng [/f (swe o) ey =] e
Sn+1 1—a
[ )y =] .
i (4.27)

i.e.,, we have split [0, 77| in intervals I,; and each interval I,, in two subintervals
[Sn,Sna1/2) and [Sy11/2,5n+1]. Then, we approximate f(s,,11/2,7) in those intervals
precisely by its values at the middle points:

f (Sm+1/2/ Sé}}) ~ f(Sma1/2:1), 1 € [Sn,Sut1/2]s

1
f <Sm+1/2/5§n)+1> ~ f(Smr1/2.1), M € [Sn1/2,5n+1),

to get
Cy [SIN (s )a_l N-1

_ANa/2 " mt} - W\ [ I
(=) u (Sm+%> ~ Lea(1 — «) L;)f <Sm+%'52n> /Sn Sm—&-% 77) dn

N-1 Sn+1 11—«

1
+ Z f <Sm+l’5§n)+1> S+l ;7‘ dﬂ )
1’l:0 2 Sn+l z
2
(4.28)

The integrals in (4.28) can be computed exactly:

1—a
S —17’ dn

sgn(m —n+1/2)|m—n+1/2]>"* —sgn(m — n)|m — n|*>=*

:hthx ,
2—«

(1) o Sn+1 11—«
Kl,mfn - /s m—i—% - 77‘ d
1

5 i

n+s
sgn(m —n)|lm —n|>~* —sgn(m—n—1/2)|m —n—1/2>~*

:hZ—oc ;
2—uw
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. Then, (4.28) becomes

Cy |SIN <sm+;>

o) ~ [ B et

N-1
+ Z()f <Sm+%’5£}1)+1> K§,1n)17n :

observe that K( ) g rzl

0,n—m

a—1

(4.29)

In order to be able to apply the fast convolution in the sums, we operate as in (4.21),
i.e., expand f(Sy+1/2, s, (V) and f(sma1/2, Sonp1M)) according to their definition in
(4.25) and gather together the terms bearing n and those bearing m — n, which, sim-
ilarly as in (4.22), leads us to define

8(()9 = sin' ™" <S§1)> Uss <S£r)> + 2sin® <s§1)> cos (sé?) Us <s$)> , (4.30)
jJo. sin(h(r + 1/4)) K(l)
0r =1 h(r+1/4) L
sin(h(r +1/4)) 1=a sgn(r+1/2)|r + 1/2]77% — sgn(r)|r]2_"‘

r+1/4 2 —« !
gglr) = sin!** (sSlq) Uss (SSLJ + 2sin® <S$Ll> cos (séﬂrl) Us (SSZFJ , (4.31)

(1) _ sin(h(r —1/4)) 1=a 1)
bir = h(r —1/4) Ko
_ sin(h(r —1/4)) " sgn(r)|r|>~® —sgn(r — 1/2)|r — 1/2|>7«
B r—1/4 2—uw '

where, so,(V) = 5,14 = h(r+1/4), s5,41) = s,,3/4 = h(r +3/4), and in the
definitions of KO,mfn(l) and Kl,m—n(l)/ we have replaced m — n by r. In order to
generate efficiently go (") and g1 ,(1), for 0 < r < N — 1, we evaluate

g(s) = sin! ™ (s)ugs(s) 4 2sin%(s) cos(s)us(s) (4.32)

in all the nodes s,(1), for 0 < r < 2N — 1; the values in odd and even positions form
goM), and g1V, respectively. Note also that L;, = Lo _,. Therefore, (4.29) can be
expressed as the sum of two actual convolutions:

Cy |SIN (s 1) N-1 N-1
A\a/2 - m+; (1) (1) (1) (1)
(=8)"%u (S’“Jf%) - Léa(1 —w) LZ:O LO,mfngO,n + n;) Ll,m—ngl,n] - (4.33)

a—1

Finally, constructing 3oV, Ly, §1() and L;(V, as in (4.3) and (4.4):

a—1
Co

o o)~ e (80 ), ).

2
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Observe that, in principle, we need to compute the FFT of L"), (1), L;() and §; V),
but only one single IFFT:

LV« gV + I gV = rrT(FFT(LY) FFT(RY) + FFT(L) FFT(EY)).

Moreover, in some programming languages like MATLAB it is possible to compute
the four FFTs in parallel, after, for instance, creating a matrix whose respective
columns are precisely LoV, gV, L;(1) and g, (V). Furthermore,

FFT(LY) = FFT(L{Y);

so, the actual number of FFTs is reduced to three, and, depending on the structure
of 1, it might be possible to obtain FFT(; (1)) from FFT(go(") and vice versa.

4.4.1 Refining the mesh

The advantage of the procedure just explained is that we can refine the mesh, while
approximating the fractional Laplacian in the very same nodes s,, 1 /. For instance,
if we divide [0, 7t] in four equally-lengthed subintervals,

X a—1 -
()% (s.4) = = S;log(sf ii)) NZ: [/f (sweio) sy =]
% R 1—«
/ F (smegr) sy =l
"y
LT ) gl
3
[ ) =1
s
Therefore, the equivalent of (4.28) is
Cq |SI (s ) ! N-1
sin 1 — S —
(_A)“/zu (Sm—k%) ~ - szlx(lmizlx) [gf<5m+%154(1;21)> /SHH}1 5m+% _77’1 “d’7
+ Z f< Sm+17 S4i)+1> /SH% Sm+1 _’7‘1“ dn
ntg
T (mepesiha) [ sy o]
n=0 ,H_%
8 (i) [ g o] ]
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where s4,(?, 54n+1(2), 54n+2(2) and S4n+3(2) are respectively the middle points of
[n,Sns1/4)s [Snv1/4:Sut1/2)s [Sn1/2,8u43/4], and [s,43/4,5411]. Using a more com-

pact notation:
o) <)
erj LIX (1 — OC)

Z Zf< Sm+17 S4n+p> /SMPZl §

n=0 p=0

a—1

1—
, —17( “dy, (434)

where the integrals can be explicitly computed:

2 Sn ptl 1-a
K;JL n:/ = Sm+%_17‘ d77
Sn+§
_hz_“sgn(m—n+1/2—p/4)|m—n+1/2—p/4|2_"‘
B 2—«
_hzfasgn(m—n—i—l/Z—(p+1)/4)|m—n—|—1/2—(p+1)/4|2_”‘

22—«

Introducing them into (4.34) and expanding f(s;,11/2, S4n+p(2)) according to its def-
inition in (4.19), (4.34) is reduced to the sum of four convolutions:

a—1
Cq [SIN (Sm+l> N-1 3
/2 ~ @ L
e <Sm+%> T Lna(l —2“) nZO r;of (Sm+%’54n+r1> Kpm—n
cofin (su1)| @ [ @ @
- L (1 — ) F;O L;) Lp,m—ngp,n] ’ (4.35)

g;(a%r = sin' ™ <Sﬁ(13)+p> Uss (Sﬁzrp> +2sin® ( A(Lr)+p> cos (ngrp) Us (Sé(;zrp> /
_|sin(h(r+1/2—(2p+1)/8)) ' "
h(r+1/2—(2p+1)/8) P
sin(h(r+1/2— (2p+1)/8)) [sgn (r+1/2—p/4)|r+1/2—p/4>«
r+1/2—2p+1)/8 2—uw
_sgn(r+1/2— (p+1)/4)|r-|—1/ (p+1)/4* “}

(2
¥

K

2 —

with S4r+p(2) = S,y (2p+1)/8- In order to generate efficiently gp(z), one possibility is
to evaluate g(s) in (4.32) in all the nodes s, for 0 < r < AN — 1; the first, fifth...
values form go(z), the second, sixth... values form ¢ (2), etc. On the other hand, it is
immediate to check that L3,(?) = Ly, and L,,?) = L; (). Then, we construct
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30, Lo, 51, 1,3, 5,3, 1,2, 532 and 133, as in (4.3) and (4.4), to get

a—1
Co

o)~ T 09 )+ 0550,

_|_
(L2 g?) + (10« §<32>>m}.

Moreover, bearing in mind that
FFT(LY) = FFT(LY),  FFT(LY) = FFT(LY);
we need sixth FFTs in the worst case, but only one single IFFT.

4.4.2 General refinements of the mesh

The expressions (4.33) and (4.35) can be generalized to a formula involving the
nodes s,!) in (4.24), for j € IN. Denoting as [(—A)*/2]() the corresponding ap-
proximation of the fractional Laplacian, we have:

(812 (5p11) = 1100 (s,)

a—1
culsin (s,0y)| 2z
- i Eo L Linagin| (430
where
() — s 1+a () (/) () (/) (/)

gp],r =sin'™ (szi-rﬂ?) Uss (52§r+p) + 2sin <52§»r+p> cos (52§r+p) Us (52§r+p> , (4.37)
10) = sin(h(r +1/2— (2p +1)/2t1)) 1_'XK i)
PR h(r+1/2—(2p+1)/21Y) P

11—«

sin(h(r +1/2 — (2p+1)/21*1))
r+1/2—(2p+1)/2i*1
[sgn(r +1/2—p/2)|r+1/2—p/2|*>~*

=h

2—u
_sgn(r+1/2— (p+1)/2)|r+1/2— (p+1)/2/|>*
2—uw ’

with Szjr+p(j) = 814 (2p41) /21 Note that L2j+1717p/r(j) = Lp,,,(j). We use again the

fast convolution technique to compute the 2/ convolutions in (4.36). The procedure
is identical to that of the previous examples, so we omit the details.
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4.4.3 Numerical tests using the fast convolution and extrapolation

In order to test (4.36), we consider again u7(x) + iup(x) and u3(x) from Section 2.2.
As we said after the definition of the nodes s,) in (4.24), the nodes s,U*!) can be
regarded as a refinement of s,(/), and in general of s, 1 /. Therefore, it is important
to remark that, for different refinements, even if the number of s, (/) changes with j,
we will always use the same number of nodes s,, ;1,7 in our numerical experiments.
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FIGURE 4.5: Left: Errors for [~A%/2]()e?, Right: Convergence rate.
We have used (4.36) and fast convolution, taking « € {0.01,...,0.99} U
{1.01,...,1.99}, N =128,j =1,...,5.

We have computed the approximation [(—A)*/2]() given by (4.36) of the fractional
Laplacian corresponding to the jth refinement, for different values of j, compared it
with the exact solution, and obtained the discrete L2-norm of the corresponding er-
ror, which we denote EU). In all the experiments, we have taken N = 128 nodes, and
considered « € {0.01,...,0.99} U {1.01,...,1.99}. Observe that, unlike in the pre-
vious examples, we work now with discrete L2-norm, rather than with the discrete
L*-infinity norm, because the behavior of the error for different j is better appreci-
ated, which is very important in order to adopt the correct extrapolation strategy. In
this regard, recall that, given a vector of n elements, ||x||e < [|X|]2 < V71||X]|co-

On the left-hand side of Figure 4.5, we plot against « the values of EU) correspond-
ing to uj(x) +iup(x) = €%, for j = 1,...,5. On the right-hand side of the same
figure, we plot log,(E () /EG+1); and the results strongly suggest that the conver-
gence rate is equal to 2 when w € (0,1) U (1,2). We use this fact to apply Richardson
extrapolation [100] to [(—A)*/2](). More precisely, we define

2[(—8)*/20+1) (=820

—A/210G+1) —
(—8)2) — ,

(4.38)

and denote as EUJ+1) the discrete L?>-norm of the error of the approximation given
by [(—A)%/2]07+1), On the left-hand side of Figure 4.6, we plot against « the values
of EUJi+1) corresponding to uy(x) + iup(x) = e/, for j = 1,...,4. On the right-hand
side of the same figure, we plot log, (EU7/+1) /EG+1i+2)). The results are not that
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sharp, but they would suggest that the convergence rate behaves like 3 — |a — 1.
Therefore, we apply Richardson extrapolation a second time, by defining
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FIGURE 4.6: Left: Errors for [—A%/2](i+1)ei2 Right: Convergence rate.
We have used (4.36) and fast convolution applying Richardson extrap-
olation once, taking « € {0.01,...,0.99} U {1.01,...,1.99}, N = 128,
j=1,...,4
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FIGURE 4.7: Left: Errors for [—A®/2](i+1i+2)ei2s Right: Convergence
rate. We have used (4.36) and fast convolution applying Richardson

extrapolation twice, taking « € {0.01,...,0.99} U {1.01,...,1.99}, N =
128,j=1,...,3.

. 93— |a—1] [(_A)a/z](j+1,j+2) _ [(_A)ac/Z](j,j+1)
a/21(j,j+1,j+2) _
[(—A)2/2Ui+Li+2) = T , (4.39)

where [(—A)%/2]0i+1) and [(—A)*/2]0+1i*2) are given by (4.38). On the left-hand
side of Figure 4.7, we plot against « the values of EU7+1/+2) corresponding to u1 (x) +
iup(x) = €%, for j =1,...,3. On the right-hand side of the same figure, we plot
log, (EUi+Li+2) /E(+1i+2/%3)) The convergence rate vaguely resembles 3 + |1 — ],
but this is not concluding, so we do not apply extrapolation again.
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FIGURE 4.8: Left: Errors for [-A%/2]()e=*", Right: Convergence rate.
We have used (4.36) and fast convolution, taking a € {0.01,...,0.99} U
{1.01,...,199}, N=128,j=1,...,5.

what respects the fractional Laplacian of u3(x) = exp(—x?), on the left-hand side
Figure 4.8, we plot against a the values of E (), for j=1,...,5 and, on the right-

hand side of the same figure, we plot logz(E(j ) /EUTD). As in Figure 4.5, the results
strongly suggest that the convergence rate is equal to 2 when « € (0,1) U (1,2). We

us

errors B0t (q)

e this fact to apply Richardson extrapolation to [(—A)*/2](), using (4.38) again.
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FIGURE 4.9: Left: Errors for [—A®/2](i+De=% Right: Convergence
rate. We have used (4.36) and fast convolution applying Richardson

extrapolation once, taking « € {0.01,...,0.99} U {1.01,...,1.99}, N =
128,j=1,...,4

On the left-hand side of Figure 4.9, we plot against « the values of EU/*1) corre-
sponding to u3(x) = exp(—x?), for j = 1,...,4. On the right-hand side of the same

tig

ure, we plot log, (EU/+1) /EU+1i+2)) and the results strongly suggest that the

convergence rate is equal to 4 — a. At this point, two relevant remarks can be done:
that EU/) seems to have a second-order convergence rate (as in Tables 4.1 and 4.2) for
regular functions and, hence, (4.38) can be safely applied; and that the convergence
rate of EUJ+1) depends on the chosen function. For instance, in this case, (4.39) is no
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longer valid, and, instead, we have to use

4= [(—A)*/2)(H1i+2) _ [(—A)*/2) (i +D)

/21(7,j+1,j+2) __
[(—)r/2)0 41742 e :

where [(—A)*/2]07+1) and [(—A)*/2](+1i+2) are again given by (4.38). We have
applied Richardson extrapolation a second time, using this last formula. On the left-
hand side of Figure 4.10, we plot against a the values of EU/+1+2) corresponding
to uz(x) = exp(—xz), for j = 1,...,3. On the right-hand side of the same figure,

we plot log, (EU/+1i+2) /E(i+1/+2/+3))  The convergence rate is not that sharp, but
seems to be of order 4.
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FIGURE 4.10: Left: Errors for [—A*/2](ii+1j+2),=2* Right: Convergence
rate. We have used (4.36) and fast convolution applying Richardson
extrapolation twice, taking « € {0.01,...,0.99} U {1.01,...,1.99}, N =
128,j=1,...,3.

With respect to the errors, let us underline that, even without extrapolation, they can
be made arbitrarily small for all &, as we can see on the left-hand sides of Figures
(4.5) and (4.8). On the other hand, unlike the methods in Sections 4.3 and 4.4, we
are not changing the nodes at which we approximate the fractional Laplacian. Fi-
nally, let us mention that further research is needed, in order to prove formally that
second-order convergence is always achieved, and to give an estimate of the error.

4.4.4 Expressing (4.36) as a single summation

In general, it is possible to give a formula equivalent to (4.36) but using only one
summation symbol instead of two. In what follows, we illustrate this for the case
j = 1, but the procedure is identical for larger j. Starting from (4.26), instead of
dividing [0, 7z] in N intervals I, = [sy,s,+1],0 < n < N — 1, and each of those in two
subintervals [s,,S,.1/2] and [s,11/2, Su+1], we divide directly [0, 7r] in 2N intervals
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1Y = [nh/2,(n +1)1/2],0 < n < 2N — 1:

sin <sm+%>
m+%> - Léa(1 —a)

IN-1 (nzl)h

I L7 5 (ueyen) ey 0| “n @ao)
n=0 /7

a—1

Ca

(—A)"‘/Zu <s

Hence, if we approximate f(s,,11,2,%) in I,V by its value at the middle point, i.e.,

f(swesn!) = f (Suepn), n€ /2, (n+1)h/2), (4.41)

we get the following approximation numerically equivalent to (4.29)

Cy |SIN (s 1)
A/2 -~ m+3
(=8)" u (S’”Jr%) - Léa(1 —w)
IN—1 O (nt D 1-a
Z f<sm+%’5” >ﬁh ‘Sm—i-% _77‘ dﬂ
n=0 e

a—1

. a—1
Sin (Sm+%) 2N—-1

Léa(1 —w) n;() f (SWF%’SS}))

[sgn(m —n/2+1/2)|lm—n/2+1/2/>"
2—u

Ca

— hZ—tx

_sgn(m—n/2)|m —n/2)>«
2—« '

Observe however that, unlike in (4.29), it is not completely straightforward to apply
fast convolution to this last expression, so we have discarded it. Moreover, in (4.29),
it is possible to use symmetries to reduce the actual number of FFTs.

4.5 Approximation of the fractional Laplacian using the
fast convolution and the Gauss-Chebyshev quadra-
ture

It is interesting to see what happens if we approximate the integrals in (4.40) by

the midpoint rule, instead of only approximating (4.41) by a constant (and comput-
ing the integral exactly, after extracting the term containing the function f). This is
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equivalent to applying a composite midpoint rule directly to (2.12), for a # 1:
x—1

Cy |SIN (Sm—i—l) h2N 1

(—A)“/zu (Sm+%> ~ Lol _70() z Z f(s ( > ‘Ser% B 51(11)

11—«

a—1

_ Cq |SIN <Sm+%> EZI\illsm (S 1 _S(l)>’1—uc
Lia(l1—a) 2 = mty

(sin””‘ (s,(f)) Ugs (s,(f)) + 2 sin® (s,&”) cos (sgll)) Us (S;gl)) ),

(4.42)

where we have expanded f(s,,11/2, sn(l)) according to its definition in (4.25).

Observe that the composite midpoint rule is nothing other than the Chebyshev-
Gauss quadrature in disguise [106]:

L)
i dyp = Z w;f (¢;) + Rn, (4.43)

j=0

where the nodes are ¢; = cos(m(2j+1)/(2N)), 0 < j < N — 1; the weights are
constant, w; = 7 /N; and the remainder is

7T

Ry = Wf(m)(r), Te (—1,1).

(4.44)

Indeed, under the change of variable ¢ = cos(s), (4.43) becomes
T m(2j+1
/0 f(cos(s)) :—Zf( J >)+RN.

As mentioned at the beginning of Chapter 2, this quadrature formula was used in
[98] to approximate 0, D%, with D* given by (2.2), so it is natural to test it for the
fractional Laplacian, too. On the other, in our case, instead of implementing (4.42),
we have applied the midpoint rule to the integrals in (4.27), etc., getting:

Cy |SIN (sm+%>

. 1 h N-1
o) = A B o) bt

N-1 1-«a
(1) (1)
+ Zof(sm—l—%’SZn—&—l) ‘Sm—i-% _S2n—|—1‘ ]
n—

a—1
1—a
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Then, expanding f(s,11/2,5:") and f(s,11/2, 5011V according to (4.25), we get
the following approximation:

a—1
Cn

7o) = e L B oy - 42)
(sin1+zx (Szn > Uss < ) + 2sin® <52n ) cos <5$1)> ” (qu)> )

+ 1:;_: ‘sin (Ser% - ng)ﬂ) ‘1—“ <sin1+"‘ (SS)H) Uss <S§z)+1>

+ 2sin® (S&)Jrl) cos (SSBH) Us (SS}H) )]

a—1
“sin(strl) N1 n N=log .
) | S s+ T sl s
n= n=

i.e, we obtain a formula resembling (4.33), were go(!) and g;(1), defined respectively
in (4.30) and (4.31), and Py(¥) and P, ©) are given by

h . 1 I-a h . —
Pé/l")l_n = 5 ‘sm <sm+% —sgn)ﬂ =5 |sin (h(m —n + 1/4)))|1

— pll) = M sin(h(r +1/4))),

r 9

h -« k. _
Pl =5 |sin (5,00 —shia )| =5 lsin(h(m—n—1/4))]""

h _
— pY) = 5 Isin(h(r —1/4)['",
where we have used that s, .1/, = h(m+1/2), son() = Spr1/a = h(n+1/4),
Sons1™M) = s,43/4 = h(n +3/4). Note that it is straightforward to apply the fast con-

volution to (4.45); since the details are identical to those of the previous examples,
we omit them.

Likewise, it is possible to obtain a formula resembling (4.36); keeping the notation
[(—A)*/2)) to denote the approximation corresponding to the jth refinement:

(—A)*2u <sm+%> ~ [(—A)* 2Dy (sm+%>

a—1
1 j_
x |Sin (sm+%> 21

) (/)
Léa(1 —a) Z [Z pm— ngp]n] ’ (4.46)
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where ¢ () is again defined by (4.37), and, using that Soin +p(f) = S (2p41) /241
G _h M [
P = 37 510 (S = i)
h . 1—a
= — |si — — j+1
5 ‘sm(h (m n+1/2—2p+1)/2 >>‘

1—a

— P;g{r) = %I\Iil ‘Sin (h <r+ 1/2 — (2P+1)/2j+1>)‘
n=0

Again, it is straightforward to apply the fast convolution to (4.46); the details can be
consulted in the previous examples.

4.5.1 Numerical tests using the fast convolution and the Chebyshev-
Gauss quadrature
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FIGURE 4.11: Left: Errors for [~A"*/2]()¢?s, Right: Convergence rate.
We have used (4.46) and fast convolution applying Richardson, taking
a €{001,...,099} U{1.01,...,1.99}, N =128,j=1,...,5.

As in the previous examples, we have used in the numerical tests 17 (x) + iup(x) and
u3(x) from Section 2.2. We have computed the approximation [(—A)*/2]() given by
(4.46) of the fractional Laplacian corresponding to the jth refinement, for different
values of j, compared it with the exact solution, and obtained, as in Section 4.4, the
discrete L2-norm of the corresponding error, which we denote again EV). In all the
experiments, we have taken N = 128 nodes, and considered « € {0.01,...,0.99} U
{1.01,...,1.99}

On the left-hand side of Figure 4.11, we plot against & the values of EU/) correspond-
ing to u(x) +iup(x) = €%, for j = 1,...,5. On the right-hand side of the same
figure, we plot log, (E () /EG+1); and the results strongly suggest that the conver-
gence rate is equal to 2 —a« when a € (0,1) U (1,2). We use this fact to apply again
Richardson extrapolation to [(—A)%/2](), defining in this case

22—a[(_A)zx/2](j+1) _ [(_A)N/Z](j)

w/21(ie1)
[(—A) 2](]]+1) — PP , (4.47)
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and denoting again as EU/*1) the discrete L>-norm of the error of the approximation
given by [(—A)*/2| Ui+,
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FIGURE 4.12: Left: Errors for [—A%/2]Ui+1ei2s Right: Convergence
rate. We have used (4.46) and fast convolution applying Richardson

extrapolation once, taking « € {0.01,...,0.99} U{1.01,...,1.99}, N =
128,j=1,...,4.

On the left-hand side of Figure 4.12, we plot against « the values of EU/+1) corre-
sponding to u1(x) + iup(x) = €%, for j = 1,...,4. On the right-hand side of the
same figure, we plot log, (E (741 y EG+1i+2)) which suggest a convergence rate of
3 — |a —1|. Therefore, we apply Richardson extrapolation a second time, by defining

23—|a—1] [(—A)*/?] (j+1,j+2) _ [(—A)2/2) (jj+1)

_AY&/210,7+1+2)
[( A) ] 237|1X*1‘ . 1
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FIGURE 4.13: Left: Errors for [—A*/2](/+1/+2)¢i2 Right: Convergence
rate. We have used (4.46) and fast convolution applying Richardson

extrapolation twice, taking « € {0.01,...,0.99} U {1.01,...,1.99}, N =
128,j=1,...,3.
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On the left-hand side of Figure 4.13, we plot against a the values of EU7+1/+2) cor-
responding to u1(x) + iup(x) = €, for j = 1,...,3. On the right-hand side of the
same figure, we plot log, (EU/1/+2) /EU+Li+2i+3)) which suggest a convergence
rate of 3 + |1 — a|, but this is not concluding, so we do not apply extrapolation
again.
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FIGURE 4.14: Left: Errors for [—A%/2]Uit1/+2)¢=2*  Right: Conver-
gence rate. We have used (4.46) and fast convolution, taking a €
{0.01,...,099}U{1.01,...,1.99}, N =128,j=1,...,3.

In what regards the fractional Laplacian of u3(x) = exp(—x?), on the left-hand side
of Figure 4.14, we plot against a the values of EW), for j=1,...,5, and, on the right-
hand side of the same figure, we plot log,(E() /EU*1). As in Figure 4.11, the results
strongly suggest that the convergence rate is equal to 2 — « when a € (0,1) U (1,2),
but the results are now even sharper; therefore, we apply Richardson extrapolation
to [(—A)*/2]0), using (4.47) again.
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FIGURE 4.15: Left: Errors for [—A*/2](ii+1e=x* Right: Convergence
rate. We have used (4.46) and fast convolution applying Richardson
extrapolating once, taking « € {0.01,...,0.99} U{1.01,...,1.99}, N =
128,j=1,...,3.
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On the left-hand side of Figure 4.15, we plot against « the values of EU/*1) corre-
sponding to us(x) = exp(—x?), for j = 1,...,4. On the right-hand side of the same
figure, we plot log, (EU/1) /EUF+1i+2)); the results are extremely sharp and suggest
that the convergence rate is equal to 4 — . Hence, we extrapolate a second time:

4-a[(— A)&/2](j+1j+2) _ [(—A)&/2](ii+1)
24-a 1 '

[(_A)a/Z] (j+1j+2) _

On the left-hand side of Figure 4.10, we plot against a the values of EU/+1/%2) corre-
sponding to u3(x) = exp(—x?), for j = 1,...,3. On the right-hand side of the same
figure, we plot log, (EU/+1i+2) / E(+17+2/+3)) The convergence rate seems to be of
order 6 — «, but it is not completely clear, especially for small values of «, for which,
on the other hand, the errores are smaller than 10~ 13.
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FIGURE 4.16: Left: Errors for [—A*/2](/i+1/+2),=2* Right: Convergence
rate. We have used (4.46) and fast convolution applying Richardson
extrapolation twice, taking « € {0.01,...,0.99} U {1.01,...,1.99}, N =
128,j=1,...,3.

In view of the results, we can say that, without extrapolation, it is preferable to use
the method in Section 4.4, because the convergence rate appears to be 2, instead of
2 — «. This is valid also when extrapolating only once, because the results of Section
4.4 are acceptable for all a, whereas the results in this section are rather poor for
certain values of a. On the other hand, in both this section and Section 4.4, and
unlike in [98], it is not clear how to extrapolate multiple times. This requires further
research.

4.5.2 Some conclusions and future work

In this chapter, we have considered several different techniques to approximate the
fractional Laplacian, and the common denominator of all of them is the use of the
fast convolution; thanks to it, for a given «, the numerical computations usually
take a fraction of a second. On the other hand, we can divide the techniques in two
types: those for which the points s,,.1,, at which we approximate the fractional
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Laplacian (—A)*/?u (s,,41/2) change when refining the mesh, and those for which
the points do not change (i.e., we are approximating the fractional Laplacian at the
same points in all the refinements). While the former techniques only use the val-
ues of u and its derivatives at s, 1/, the latter techniques are well suited to apply
Richardson’s extrapolation, at least once. In this regard, we have studied two strate-
gies to approximate (—A)*/2u (s,,41/2), which yield respectively (4.36) and (4.46).
The most striking fact is that, even if the convergence rate seems to be respectively
2 and 2 — & for regular functions, the convergence order of the extrapolated for-
mulas [(—A)*/2]07+1) and [(—A)*/2]07+1i+2) does depend on the function used.
Here, more research is needed and we postpone it for the future. However, in view
of the results, it seems safe to use (4.36) even without extrapolation, because the
second-order convergence enables to obtain arbitrarily small errors with a reduced
computational cost.

To finish this chapter, let us enunciate a result that can serve at least as a starting
point to determine the behavior of the error of (4.46) and its equivalent formula
(4.42).

Lemma 4.5.1. Let w(y) € C>"*2([0,7t]), such that w(0) # 0 and w(m) # 0. Given
a, b > —1, we consider the following integral:

I(s) = /Osw(q)sina(s — ) sin’(n)dy, se (0,m).

Let us approximate it numerically by the midpoint rule, i.e., given a uniform partition of
(0,s) of N equally spaced intevals of sizeh = s/ N,

N-1
I(s)=hY_ w(s,n)(s— 17]-)“17;’ + E(h), (4.48)
j=0

where )
~ sin(s —77)\” [ sin
w(s,n) =w(ny) (M) (ﬂ) ,
§—1 n
and nj = jh+h/2,forj=0,...,N — 1. Then, there exists coefficient C}Z’m and C]l.”m, such
that the error E(h) is

2m . . .
E(h) = ) ("0 + G ) o O(Rmm 204, ash 0,
j=1

The proof is analogous to the one in [135] with a single power in the kernel, instead
of two.
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Appendix A

Chebyshev Polynomials and Rational
Chebyshev Functions

A.1 The Jacobi polynomials

The Jacobi polynomials P,lf’ﬁ (x) of degree n, n = 0,1,2,..., depend on the parame-
ters « and B (both > —1). The most immediate way to define them is through their
orthogonality relation:

1
/ PR )PP () (1= 0)* (1 4+ x)Pdx = 0, m #n.
-1

Theses polynomials, also known as hypergeometric polynomials, are also solutions
of the Jacobi differential equation [106]:
2, 4%y dy

(1—x)E-l-(ﬁ—zx—(oc+[5-|—2)x)ﬂ—|—n(n—|—oc+[3—|—1)y=0, (A.1)
and have some important particular cases, like the Legendre and Chebyshev poly-
nomials [106], obtained by setting & = p = 0 and « = p = —1, respectively. In the
following pages, we will see some properties of the Chebyshev polynomials, which
constitute the basis of the rational Chebyshev functions. Remark that the proper-
ties that we mention either appear directly in [106], or can be easily derived from
properties contained in [106].

A.1.1 Definition

The Chebyshev Polynomial of the first kind T,(x) of degree n has the following
explicit trigonometric representation [106]:

T (x) = cos(nb), (A.2)

where x = cos(#), and x € [—1, 1], or equivalently, 6 € [0, 7r]. The differentiation of
(A.2) with respect to x implies:

T)(x) = (% cos(n@)) Z—z = _il ziﬁgg)g) = nssi;((:f)), (x =cos()), (A.3)
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Substituting n by n + 1, this suggests defining the following polynomial of degree
n:
1, _ sin((n+1)0) B
un(.X) = n——HTn+1 (.X) = W, (x = COS(@)), (A4:)
which is called the Chebyshev polynomial of the second kind of degree 1 [136]. The
tirst Chebyshev polynomials of the first and second kind are respectively [106]:

To(x) =1, Up(x) =1,

Ti(x) = x, Ui (x) = 2x,

Tr(x) =2x* — 1, Up(x) = 4x* — 1,

Ts(x) = 4x> — 3x, Uz(x) = 8x° — 4x,

Ty(x) = 8x* — 8x> +1, Uy(x) = 16x* — 124> + 1,

Ts(x) = 16x° — 20x° + 5x Us(x) = 32x° — 32x% + 6x.
Let us mention some special values:

Ta(=x) = (=1)"Tu(x), Un(—x) = (=1)"Un(x),
T.(1) =1, U,(1) =n+1,
T5,(0) = (=1)", Uze (0) = (—1)",

T2n4+1(0) =0, Uzp+1(0) =0

A.1.2 Orthogonality property of T,,(x) and U, (x)

The Chebyshev polynomials of the first and second kind are orthogonal on x &
[—1,1], with respective weights (1 — x?)~1/2 and (1 — x%)1/2 [106]:

0, m#n,
1
T (x) T (%) T
AT Ay = 4 28 - A5
[, Vi YT g men#o (A.5)
w, m=n=020,
1 0, m#mn,
/Um(x)un(x)\/l—xzdx: T
-1 E, m=n

A.1.3 Recurrence formulas for T,,(x) and U, (x)

The Chebyshev polynomials of the first and second kind have the following funda-
mental recurrence relation [106], forn = 2,3,4,.. .:

Thi1(x) =2xTy(x) — T,_1(x),
U, 1(x) = 2xUy(x) — Uy, _1(x),

with the initial conditions Ty(x) = Up(x) =1, T1(x) = x and Uy (x) = 2x.
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On the other hand, the recurrence formulas for T},(x) and U], (x) are [106]:
o\ d
(1 —x ) = (Ta(x)) = —nxTu(x) + nTy_1(x),
(1 . x2> — (Un(x)) = —nxUy(x) + (1 + 1)U (%),

Moreover, there are some other recurrence relations involving both T,, and U, [106]:

Tu(x) = Uy (x) — xU,_1(x),
(

A.1.4 The Chebyshev differential equations
From the definitions (A.2) and (A.4), with x = cos(#), we get immediately [136]:

), sin(nB)
Tn (X) = nsin—@’

ooy sin((n+1)8)cos(d) (n+1)cos((n+1)0)sin(0)
Un(x) = sin®(9) sin®() '

in fact, we have mentioned the former in (A.3), as a way to motivate the definition
of U, (x). Then, the second derivative on each polynomial is expressed as follows:

sin(n) cos(0) — n cos(nb) sin(6)

T (x) = sir3 ()

U/ (x) = |3cos®(0) sin((n 4 1)0) — n(n +2) sin((n + 1)8) sin®(6)

—3(n+1)sin(6) cos(0) cos((n + 1)9)] (%) :
sin’(0)
Therefore, T,,(x) and U, (x) satisfy respectively the following second-order ODEs:
(1—x2)T)(x) — xT),(x) + nTy(x) =0,
(1—x*)UY(x) — 3xU, (x) 4+ n(n +2)Uy, (x) = 0.

A.1.5 Rodrigues’ Formula
Ty (x) and Uy, (x) can also be defined by means of Rodrigues’ formula [106]:

nyl n ~1/2
Tu(x) = (-1 20 - a2y 2 ()

(2n)! dx
U,(x) = (-1)”@(1 _ xz)l/zddxn (1 B x2>n+1/z'

(2n+1)!
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A.1.6 Chebyshev coefficients

Given a continuous function f(x) defined on [—1,1], there exists a family of coeffi-
cients {a, };>_, such that

F@) = Y aPala), A6)
n=0

where P, (x) is either T, (x) or U, (x), and the coefficients a, are the so-called Cheby-
shev coefficients. In the important case, when P,(x) = T, (x) and the series (A.6) is
truncated, i.e.,

N—-1
f(x) = ZO anTy(x),

we can determine ay, . .., ay—1 by imposing

N-1
f(xj) = Z() anTn(xj),

where

2i+1
Xj = Cos (7'[(2]—;)>, j=0,...,N—-1,

are the roots of Ty. Therefore, we can construct an interpolating polynomial

N-1
p(x) = Z‘E) anTn(x),

such that p(x;) = f(x;), and, in general, p(x) ~ f(x), when x € [~1,1]. Remark
that the usage of the roots x; of Ty in polynomial interpolation minimizes Runge’s
phenomenon [137]. Moreover, if f(x) is sampled at x;, we obtain the corresponding
coefficients 2, by means of a discrete cosine transform of the values f(x;).

A.1.7 Chebyshev coefficients for differentiation processes

Let us consider an N-degree polynomial p(x) defined as a linear combination of the
Chebyshev polynomials:

N
p(x) = Z:O“nTn(x)-

Then, its derivative is an N — 1-degree polynomial that can also be expressed as a
linear combination of those [138]:

d
/ [ —
p (x) - dx (
More precisely, bearing in mind

T (x) . Tha(x)
n+1 n—1

N N-1
anmx)) = Y a'Tu(x). (A7)
=0 n=0

n

, n=273,...,

2T, (x) =
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we get the following relationship between a,, and a,,(!):

M@ . (aél), ..

where

= O
=

= O

(1)

T
.,aN_1> = (ay,...,an)

IS
SN

2N—4 (1)
2N-2

T (A.8)

1

2N—4
0

L

2N

Furthermore, it is possible to express higher-order derivatives of p(x) as a linear
combination of the Chebyshev polynomials, by applying recursively (A.8). More
precisely, if we denote the Chebyshev coefficients of the kth derivative by a,*):

dk

k _
P( )(x) = Ik

then,

Mk (a((,l),...

We offer M(2), M(®) and M®):

N
Y a,Ty(x)

n=0

(1)

N—k
— Z a;gk) Tn(X),
n=0

T T
'”N—k> = (ax,...,an)

1 0o -1 0 1
S S ] 3 1
24 1 16 1 48 1
s 0 ~30 0 5
2 1 ’ = ' 1
M( ) = IN-2)(N-5) (1) 2(N=3)(N=5) 01 N3 (N-4) |/
I(N-3)(N-4) (1) 2(N-2)(N—4) (1)
IN-2)(N-3) ? 2(N-1)(N-3)
IN-T)(N-2) ?
IN(N-T)
L - & 0 s
* o400 o 1 ' -1
LA -l 5 19 3 960 .
m O 240 0 120 0 1680
8(N76)(I\]1;7)(N78) O. 8(N75)(I\7]é6)(N78) 0. 8(N74)(N376)(N77) 0. 8(N74)(I\7115)(N76)
M(g) _ 1 0 -3 0 3 0
= SN N-GN-7) | SIN-ON-5(N-7) " SN-INFN-6 - ’
S(N—4)(N—5)(N—6) ? S(N=3)(N-4)(N—6) 03 S(N=2)(N—4)(N—5)
SN=3)(N=2)(N=5) (1) SN=2)(N-3)(N=5) 03
S(N—2)(N-3)(N—4) ‘1) SIN-T)(N-2)(N—4)
S(N-1)(N-2)(N-3) (1)
SN(N-1)(N-2)

and
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1 1 3 1 1
2 0 W 0 0 0 Te80 0 ey
1 0 1 0 3 0 =L 0 o
1920 1 960 e} 4032 3 3840 1 26880 1
760 0 B0 0 960 0 7560 0 5
1 0 —1 0 3 0 —1 0 1
EN-SIN-9(N-T0N-1) | IN7N-SN-N-T) ° SN-eN-NIN-T0) | I N7 (N-HN-9) T6(N=35)(N—6)(N-7)(N—-8)
M(4) _ T6(N—7)(N—8)(N—9)(N—10) ? NN NN | SNINONIHNT 0 INHN-GNTNT
- BTN ONNHN O NS NTN9 O N NH NN 0 ININD) (N6 NT)

TN N ON NS 0 IN DN NN 0 SN INDNENT)

! 0 4(Nf3)(f\'f4)1(l\'f5)(f\'f7] 0 S(I’V*2)‘:\/"3»}(1\4‘*5)([\'*6)
? NN N-INe ©
T6(N—2)(N-3)(N—4)( 0 NN DN

T6(N—4)(N-5)(N-6)(N—7)

T6(N-3)(N-4)(N-5)(N-6)

1
T6N(N-1)(N-2)(N-3)

A.1.8 Differentiation through Chebyshev Matrices

For each N > 1, let the rows and columns of the Chebyshev spectral differentiation
matrix Dy of size (N + 1) x (N + 1) be indexed from 0 to N. Then, the entries of
this matrix are [139]

(DN)go = ZNZT+1
(D) n = _2N26+ 1,
(DN)]'] = 2(1__xjx]g)/ j=1,...,N—1,
On); =SV s =0, N,

where
2, i=0o0rN,

1, otherwise.

and x; = cos(j/N),j=0,..., N are now the points at which the extrema of Ty/(x)
are located. The following scheme shows this pattern:

2N2+1 (=1 1(_1\N
6 21—x]- 2( 1)
(_1)i+j
x,-—xj
1= i 1 (DN
DN_ il—xi 2(1—3(]2) § 1+X,‘
(_1)i+j
xi—x]-
_1/_1\N (=N 2N241
E( 1) 2 1+X]' T 6
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Then, if p(x) is a polynomial of degree N,

p'(xo) p(xo0)
p'(x1) p(x1)
: = Dn :
p'(xn-1) p(xn-1)
p'(xn) p(xn)

A.2 Rational Chebyshev Functions

The Chebyshev polynomials are usually employed in problems involving finite in-
tervals, but they can still be extremely useful in problems defined on e.g. R or [0, ),
by applying a transformation mapping [—1, 1] into an infinite or semi-infinite do-
main (see for instance [54, 140-143]).

A.2.1 Rational Chebyshev Functions on R

On the real line, the rational Chebyshev functions TB,(x), x € R, are defined by [53,
56]
TBu(x) = Tu(¢) = cos(ns),

where the different domains are related through the following relationships:

X = by L cot(s), (A9)

s = arccot(x/L) € [0, rt],

with L > 0 a constant chosen arbitrarily; in [53, 54, 109], some suggestions are of-
fered to find a good choice of L; moreover, according to [144], it is convenient to
choose L to be roughly equal to the length scale of the desired solution. By apply-
ing (A.9), it is possible to simplify the programming and also understand special
problems expressed by differential equations on an infinite interval [54]. The first
rational Chebyshev functions are (taking L = 1) [144]:

_ B X
TB()(.X') =1, TBl(X) = W,
x? —1 x(x% —3)
TBy(x) = 21 TB3(x) = 2 1)
4 2 4 2
x*—6x=+1 x(x* — 10y~ + 5)
TBay(x) = C(2+1) TBs(x) = (x2 + 1y)5/2 /

etc. As mentioned in [144], the Chebyshev functions with odd degree are not strictly
speaking rational functions, because of the square root in the denominator; however,
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with some abuse of terminology, we will refer to all of them as the rational Cheby-
shev functions on R. Let us also mention that, in [145], a Matlab function is offered
to compute them.

Orthogonality property

The rational Chebyshev functions are orthogonal on R, with weight L/(L? + x?)
[53] . Therefore,

7T, m:n:O/
°° L
/ TBu(x)TBy(x) (m)dx: 0, m#n,
%/ m=n>1

Conversion formulas of derivatives for the mapping x = L cot(¢)

In order to program the rational Chebyshev functions, it is recommended to use the
trigonometric representation, for which some conversion formulas for the deriva-
tives are necessary [53]. More precisely, the first transformations of derivatives for
the mapping x = L cot(s), which converts a rational Chebyshev series in TB,(x)
into a Fourier cosine series in cos(ns), with x € R and s € [0, 7], are given by

"y — _sin;(s)us’
tr = s“fz(s) [sin(s)uss + 2 cos(s)us)
Uyyy = —Siri;(s) [sinz(s)ussS + 6.cos(s) sin(s)uss + (6 — 85in2(s))us} ,
Uyyey = SinL# [sir13(s)ussss + 12 cos(s) sin®(s) usss + (36 sin(s) — 44 sin>(s) ) ugs

+ (24 cos(s) — 48 cos(s) sinz(s))us} .

etc. On the other hand, the first transformations of derivatives for the mapping

x = Ly/+/1 — 2, which converts a series of TB,(x) into a Chebyshev series in ¢,
i.e., TBy(x) = Ty(¢), with x € Rand ¢ € [—1,1], are given by

1— 2
Uy = Lll] \/1_‘(/}21/[1/],

1— 2\2
Uxx = % |:(1 — lpz)u¢¢ — 31#114;] ,
(1—y?)>/? 2,2 2 2
Uxxx = T [(1 -y ) Upypyp — 9170(1 -y )Mq;l/) + (12 — 15(1 ' ))ulp] ,
(1—¢?)3 2\3 242
Uxxx = ~——3 [(1 —9°) uppypy — 18P(1 — ¢°) uyyy

+(75(1 = 42) = 87(1 — 4?))ugy + (1059(1 — ¢2) — 60¢)uy|.
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