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Abstract

The fractional Laplacian can be viewed as a generalisation of the ordinary Laplacian and
likewise can be used to model systems in sectors such as engineering, hydrology and biology.
Super diffusion, a consequence of Lévy flights, can be described using the fractional Laplacian,
- (—A)a/ % of order a € (0,2). The fractional Laplacian has numerous definitions and here we
will use the Riesz potential definition in one and two dimensions (which is equal to the Riesz
derivative in one dimension). Methods exist to approximate the fractional Laplacian on fixed
uniform grids including the L1 and L2 methods derived from the Caputo fractional derivative
definitions. In this thesis, the new L1(NU) and L1(NU)-2D methods for « € (0,1), and the
L2(NU) and L2(NU)-2D methods for a € (1,2) will be presented to approximate the fractional
Laplacian on non-uniform adaptive finite difference meshes in one and two dimensions. The
L1(NU) and L1(NU)-2D methods for a € (0, 1) display some unstable behaviours and therefore
require a higher number of grid points, and less adaptive grids to work well. The L2(NU) and
L2(NU)-2D methods for a € (1,2) are successfully applied to space-fractional heat, advection-
diffusion and Fisher’s PDEs where the solutions and adaptive grids behave as expected.
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Introduction

The notion of fractional derivatives was first considered in September 1695 in a letter between two leading
mathematicians, Leibniz and L’Hopital, where L’Hopital asked Leibniz if his notation for integer order
derivatives could be extended to fractional orders, specifically 1/2. With no known use for such quan-
tities, it was difficult for Leibniz to know where to begin in defining a fractional differential and this
eventually lead him to so-called “paradoxical” results [32] [47]. It wasn’t until 1823 when Niels Henrik
Abel published a paper studying the Tautochrone problem that fractional differentials were used to el-
egantly solve a problem [47], and Leibniz’s belief that such objects would have “fundamentum un re”
was proved to be true [33]. During the 19" century many different definitions for fractional derivatives
appeared in texts; Laplace in 1812, Lacroix in 1819, Fourier in 1822, Liouville in 1832, but it wasn’t until
1974 that the first text entirely dedicated to fractional calculus was published by Oldham and Spanier [47].

The theory of fractional calculus and its application in science and engineering has developed extensively
over the last 50 years [39] [22] [49], and much of the focus has been on finding numerical methods for ap-
proximating fractional derivatives [34]. There exists a multitude of methods for approximating fractional
derivatives on uniform finite difference grids [34] [18], and using finite element methods [34]. However,
there are far fewer existing methods which can be applied to non-uniform finite difference grids [34] and
there are no signs in the literature of space-fractional derivatives being approximated on adaptive finite
difference meshes, in one or two dimensions. In this thesis we will consider partial differential equations
(PDEs) in one and two dimensions which involve the fractional Laplacian - a space-fractional partial differ-
ential operator. Such PDEs will be solved numerically using finite difference methods on an adaptive grid.

We will draw our focus to fractional derivatives of order less than 2, and particularly of order « € (0, 2).
These will define a fractional Laplacian which will govern super diffusive behaviour - a common applica-
tion of fractional derivatives in the physical world [22]. Some examples of these are Lévy flights applied
to modern epidemic models [27], finance [I3] and reaction diffusion models [9]. Conveniently, for lower
orders of o, many of the definitions for fractional derivatives are simpler in that they also involve lower
order integer derivatives which are often simpler (at least in a book keeping sense) to approximate on
finite difference grids, particularly in the non-uniform case. It is also notable that the fractional Laplacian
holds the property that in the limit o — 2 it equals the ordinary Laplacian [46], so by choosing this range
for the order of the fractional derivatives, «, we can check that this property holds for the numerical
methods we develop.

Just as ordinary diffusion governed by the ordinary Laplacian can be derived via Brownian motion, super
diffusion which is governed by the fractional Laplacian for o € (0,2) can be derived via Lévy flights.
Such a foundational derivation is striking and it can help motivate us to see that fractional calculus is a
deep-rooted part of our universe - although it has its origin linked to the extension of meaning to symbolic
notation, it is in fact useful and can describe behaviours such as Lévy flights which are fundamentally
different to Brownian motions.

There are many different ways of defining fractional derivatives [34] and while each definition has its
advantages in certain situations [22], in general they are not equivalent. These different possible ways
of defining the differential quantities is one of the things that makes the study of fractional calculus so
interesting, but it also means we have to make a decision as to which definition we use. The fractional



Laplacian is defined via the different definitions for fractional derivatives, with each definition preserving
different properties of the ordinary Laplacian. In this thesis we will focus on the fractional Laplacian de-
fined via the Riesz derivative which is a combination of the left and right Riemann-Liuoville derivatives,
and the Riesz potential which is a natural extension of the ordinary Laplacian [I1]. These are equivalent
in one dimension, but not in two dimensions [43].

There are many known ways to approximate the various definitions for fractional derivatives on uniform
finite difference grids in one and two dimensions for « € (0,2) [34] [I8]. Not all of these definitions are
as easy as others to work with: some involve singular integrals, and others are undefined for particular
orders of derivatives, for example o = 1. Throughout this thesis we study three different existing meth-
ods which approximate fractional derivatives on uniform finite difference grids in one dimension, namely:
“A novel and accurate finite difference method for the fractional Laplacian” [18], approximations of the
Griinwald-Letikov definitions [34], and the “L1” and “L2” methods for approximating Caputo derivatives
[34]. We will choose one of these methods to motivate an approach to find approximations to the fractional
Laplacian on non-uniform grids in one and two dimensions.

Finding an approximation for the fractional Laplacian on a non-uniform grid is a crucial step to being
able to solve a PDE on an adaptive grid. Once a method for discretising the space-fractional part of the
PDE is found on a non-uniform grid, we can then implement existing adaptive grid methods used for first
order derivative in time PDEs. The methods used in this thesis were developed by Verwer et al. [52] for
one dimension and taken from papers by Zegeling et al. [55] [57] [58] for two dimensions. We will consider
PDEs of the form,

ug(z,t) = F(u,z,t), = €R orR? (1)

where F' is a function including the space-fractional Laplacian. Thus, once we have a finite difference
approximation for F', and have chosen an adaptive grid method, we can use a stiff differential algebraic
equation (DAE) solver to solve the resulting system of differential equations. We will use two solvers,
Assimulo’s Radaub5DAE, a fifth-order, three-stage method with step-size control based on the FORTRAN
code RADAUS5 [2], and a python wrapper for Sundials DAE integrator IDA which is written in C. This
method is adaptive in time and uses variable-order, variable-coefficient BDF (Backward Differentiation
Formula) [40].

These solvers will allow us to run numerical experiments solving PDEs of type on adaptive finite
difference grids in one and two dimensions. When using adaptive grids we expect to see that the den-
sity of grid points will change as the solution evolves according to where the solution has a greater rate
of change. We will consider three applications: (i) space-fractional heat equations, (ii) space-fractional
advection-diffusion equations and (iii) space-fractional heat equations with Fisher’s term. These three
applications will allow us to observe the degree of success of the adaptive grids. In theory using adaptive
grids is advantageous compared to fixed grids as we can potentially decrease the number of grid points
we need to use as they will automatically move to where they are needed most. This reduction of grid
points can lead to increased efficiency in solving PDEs [§] [29].



Chapter 1

Origins of the Fractional Laplacian and
Important Definitions

In this chapter we will discuss the origins of the fractional Laplacian and the reasons why it took a long time
to properly understand and utilise the theory. Just as the ordinary Laplacian can be derived from studying
the global dynamics of point particles admitting Brownian motion, so too can the fractional Laplacian
be uncovered by studying the somewhat similar behaviour of Lévy flights leading to super-diffusion. The
ideas from these derivations can provide motivation for solving PDEs involving the fractional Laplacian
in later chapters as we will see that systems that can be described in this way exist intrinsically within our
world. We will also present the important definitions of fractional derivatives that we will use throughout
this thesis, and discuss some interesting properties of the fractional Laplacian, including the effects that
boundary conditions have on solutions to space-fractional PDEs. Finally, we will introduce the standard
ways we will approximate the ordinary Laplacian in one and two dimensions.

1.1 Origins of fractional calculus

Many branches of mathematics have their origins in finding solutions to specific problems - whether
they be theoretical or physical questions. This is not the case for fractional calculus which arose due
to a question L’Hopital had for Leibniz in 1695 regarding the limits of the symbolic notation Leibniz
used to describe a n'® order integer derivative. “What if n equals 1/2?” asked L’Hépital in a letter to
Leibniz, which set the study of fractional calculus in motion [47]. In Leibniz’s reply he tried to answer
this question by assuming that the rule for differentiating exponential functions would be preserved for
fractional derivatives also [32]; that is,

d4

ﬁea‘” = %" for g € Q0. (1.1)

Leibniz refers to his result as a paradox, and this could be for a variety of reasons. Although he doesn’t
state any contradictions, his result can lead to perplexing results when his product rule for differentials is
applied to it [44]; we in fact now use a generalised product rule when working with fractional derivatives
[48]. Using generalised factorials in the form of Gamma functions and expressing e* as an infinite sum, we
reach a contradiction to Leibniz’s result [7]. Given that Gamma functions were introduced after Leibniz’s
time this is the least likely reason for him regarding his findings a paradox, although it is possible he may
have considered another form of a generalised factorial, perhaps via interpolations, that could have led
him to see this contradiction. This contradiction can be solved by employing Weyl fractional derivatives
which were defined in 1917 [23]. Lastly, given the use of the world “paradox” during the 17*" century
[42], it is likely Leibniz saw no contradiction in his workings but referred to his results as paradoxical
because with no mathematical problem to apply fractional differentials to, he could neither make sense
of nor understand them.

Whatever Leibniz meant when he called these fractional derivatives “paradoxical”, it is true that fractional
differentials were poorly understood for quite some time. Contributions were made by Euler in 1730 [21]



who considered what a curve defined by,

yd' %z = dv/dy, (1.2)

would look like, and Lagrange helped the cause in 1772 via his law of exponents for (integer) derivatives
[47]. The first definition appeared in 1812 when Laplace used integrals to define fractional differentiation
[22]. Lacroix studied a method to generalise integer order derivatives in 1812, yielding a result which
agrees with the now used Riemann-Liouville derivatives [47]. In 1822, Fourier also defined these deriva-
tives via integrals, but besides Euler’s curves, possible applications remained evasive [22].

This lack of practical use for fractional calculus explains why between 1695 and 1822 the topic was not
quickly evolving. In 1823, Abel published a paper which included the first use of fractional derivatives to
solve a problem, namely the tautochrone problem [45]. Following this there was an increase of activity in
the field: Liouville published three memoirs in 1832 where he applied his definitions to potential theory
and was the first to consider fractional differential equations [47]. At this point there were now two very
different definitions for fractional derivatives and these became known as Riemann class and Liouville class
derivatives [47]. Riemann defined his version of fractional derivatives in a publication in 1876 via Taylor
series [22]. N. Ya. Sonin (1869) and later Letnikov (1868-72) defined fractional derivatives via Cauchy’s
integral formula [22]. This work was continued by Laurent in 1884 whose results are now known as the
Riemann-Liouville derivatives as in different limiting cases they preserve the properties of either Riemann
or Liouville class derivatives [47]. We will study Riemann-Liouville derivatives in this thesis as well as
Griinwald-Letnikov (1868) and Caputo derivatives (1967) [22]. These are not the only definitions that ex-
ist and are used today, we also have for example Weyl derivatives (1917) and many others [5] [22] [47] [34].

It is interesting to note that this origin story is the reason why the study of fractional calculus is given
its name - in the letters between Leibniz and L’Hopital, only fractional order derivatives are considered.
However, the study of fractional calculus is not limited only to rationals: irrational and complex numbers
can also be considered [3] [37].

1.2 Random walks and the fractional Laplacian

To understand the foundational way in which the fractional Laplacian exists within our real world, we
will first look at how the ordinary Laplacian can be derived via observable particles exhibiting Brownian
motion. The phenomenon known as Brownian motion was first observed by a Scottish botanist, Robert
Brown, in 1828 when he noticed the “random walks” taken by pollen floating on the surface of a liquid.

Having found motion in the particles of the pollen of all the living plants which I had
examined, I was led next to inquire whether this property continued after the death of the
plant, and for what length of time it was retained.

Robert Brown, 1828 [10]

And so began the investigation of Brownian particles which was later treated by Einstein in 1905 who
used statistical thermodynamics to describe the movement of small particles suspended in a fluid [20].
Einstein found that the high frequency of collisions of the water molecules exhibiting Brownian motion
was enough to influence the movement of the pollen, thus explaining why Brown was able to observe
movement, even from dead cells.



Following a statistical approach for the diffusive regime over long timescales we can predict the mean-
square displacement to be proportional to the time and diffusion constant, D [41];
kT

6mnR’

(AX?) =2Dt, where D= (1.3)
Here, R is the radius of the Brownian particle, n is the viscosity of the fluid in which the particle is
suspended, T is the temperature and kg the Boltzmann constant.

This proportionality result between the mean-squared displacement of the particle and time is central
to understanding the physical differences between ordinary diffusion and super diffusion. The former is
governed by the ordinary Laplacian, A, and can be derived via Brownian motion where the probability
density function for displacement is of Gaussian type. The latter is governed by the fractional Laplacian,
— (—A)a/ 2fora € (0,2), and can be derived by studying Lévy flights in which case the probability density
function for displacement is no longer normally distributed.

Lévy flights are Markov processes in which the random walk of particles has spatial step sizes governed
by a Lévy distribution [I5]. These distributions differ to normal distributions as they are heavy tailed.
The random walk is influenced by the Lévy distribution and now particles admit “random” jumps where
the spatial step size has increased. Figure displays this behaviour where we see ordinary Brownian
motion (o = 2) as well as random walks governed by Levy flights (o« = 1,5 and 1.75) in two dimensions.
We can see that for a = 1.5 the behaviour of the random walk is more erratic and the variation of spatial
step sizes is more pronounced. As @ — 2, we observe Brownian motion.

*ﬁ#‘\f -

?ﬂﬁ:’ f; ; f‘ {Li. =2

A o =175 H"‘?

Figure 1.1: Random walks in two dimensions for Brownian motion (o = 2), and Lévy flights (o = 1.5 and 1.75). Figure is
taken from [26].

It can in fact be shown that when we consider diffusion equations given by,
u(z, t) = — (—A)*? u(z, ), (1.4)
the mean square displacement varies with time as follows [22] [2§],
(AX?) o 2/, (1.5)

For a = 2 we have ordinary diffusion, present in homogeneous media; for a > 2 we have sub or anomalous
diffusion, present in disordered solids and fractal or porus media; and for o < 2 we have super diffusion
[28] [22]. Super diffusion is governed by the fractional Laplacian for o € (0,2) and gets its name from
the more rapid diffusive regime we observe. We will focus on super diffusion throughout this thesis which
appears in the presence of Lévy flights, transport in polymer and turbulent plasma [28], modern epidemic



models [27], finance models [I3] and reaction diffusion models [9].

For details of how we can begin with a Lévy distribution and reach the fractional diffusion equation see
[28]. The derivation starts with a Fourier-Laplace transformed equation for a continuous time random walk
and Fourier transforms of the Lévy distribution; after some substitution, the inverse Fourier transform of
the Riesz derivative [28] [34] can be applied to give us the fractional diffusion equation. This derivation
highlights the natural existence of fractional calculus and we can see that the fractional Laplacian appears
as a consequence of nature as opposed to a derived tool.

1.3 Important definitions

There are many different definitions for fractional derivatives, which are useful in different situations,
and are equivalent to each other under certain conditions. In this section we will introduce all of the
definitions that are used within this thesis and discuss when they are equal to one another.

1.3.1 One dimension

The Riemann—Liouville derivatives are a more general form of the definition Lacroix used in 1819, and
they are named after both Riemann and Liouville as in different limiting cases they agree with their
earlier definitions [22]. This definition is widely used today.

Definition 1. The left and right Riemann-Liouville derivatives of order a > 0 for a function u(x), where
x € [a,b] are given by [34],

rRLDg  u(x) = F(ml_a)j;n /m(ﬂf — 5)" " Lu(s)ds, (1.6)
_1\ym m b
D gute) = o [ e s, (1.7

respectively. m € Z>° such that m — 1 < a < m.

Specifically this means that for a € (0,1), m =1,

RDla) = e | @ o) u(s)ds. (18)
R DC pu(z) = F((l_l)a)d‘i /x (s — ) "u(s)ds. (1.9)
For a € [1,2), m = 2,
D) = o [T o uts)as, (1.10)
1 d?

rLDg yu(z) =

b
F(Z—a)dﬂﬂ/z (s — ) u(s)ds. (1.11)

The Caputo definitions for fractional derivatives were introduced in 1967 and are related to the Riemann-
Liouville definitions [12] [22].



Definition 2. The left and right Caputo derivatives of order a > 0 for a function u(x), where x € [a, b
are given by [34],

eDg u(r) =

) / I(m — s)m ey (M) (5)ds, (1.12)

I'm—a
_1\m b
oD% yu(x) = F((mlja) / (s — )™ 1y(m) (5)ds, (1.13)

respectively. m € Z>% such that m — 1 < a <m. For a € (0,1), m =1, for a € [1,2), m = 2.

Note that the integer differential operators in the Riemann-Liouville definitions have been moved inside
the integral for the Caputo derivatives. These two definitions for fractional derivatives are related by the
following relations,

=

oy (a)(x — a)k—e

D¢ = D¢ 1.14
S~ wP )b =2y

RLD:c,bu(x) = 2 Tkt+1—a) + CDa:,bU(JU)- (1.15)

Hence throughout this thesis we will impose the conditions that: for a € (0,1), x € [a, b], u(a) = u(b) =0,
and for a € [1,2), x € [a,b], u(a) = v/(a) = u(b) = «/(b) = 0. Thus for the problems we consider the
Caputo and Riemann-Liouville derivatives will agree.

Another alternative definition for fractional derivatives are the Griinwald-Letnikov definitions, inspired
by Liouville’s work and introduced by Griinwald in 1867 and Letnikov in 1868 [22]. These are found via

a simple extension of the general n'" integer derivative, to general fractional orders.

For a function u(z), = € (a,b), the first derivative can be defined by,

. u(x) —u(x —h)
il -1
gz @ = Jimy h ’
and a backward difference approximation by,
’ N Up — Up—1
U ‘rn - h )

where u”x is the first derivative of u(x) at the n'" spatial grid point z,, n = 0,...,N + 1 and h =

(b —a)/(N + 1) is constant. Using Cg:T:ll = d%%, we can find expressions for the second and third
derivatives as follows.
%u(ac) _ }ng% u(z) Z(w h), U/|mn L Un —hun_l7
d? , %u(x) - %u(m —h) ul, —ul
L o], =t
— lim 1 u(z) —u(z — h) B u(z — h) —u(z — 2h) _ 1 [t — tny  Un1 — U
h—0 h h h ' h h h ’
o ule) ~ 2u(e — h) + (e —2h)  tn = 21 + s
h—0 h? h2 ‘
a3 . L ou(z) — Lou(a — h) |~ Uy — Up_y
PR ) h ’ o hoo
. u(z) —3u(x — h) + 3u(x — 2h) — u(x — 3h) _ Un — 3Up—1 + 3Un—2 — Un—3
= lim . h3
h—0 h3



Hence we arrive at a general formula for the ¢'* integer derivative.
Theorem 1. The ¢! derivative, ¢ € N for a function u(x), = € (a,b), is given by,

Du(z) = Lou(z) = lim — 3 (=1 <Z>u(x k). (1.16)

dzd

The backward, finite difference approzimation for the ¢t" derivative of u(z) at the n'™ spatial grid point
Tp,n=0,...N+1, h=(b—a)/(N +1) is constant is given by,

~ %Z(—l)k (Z)un_k (1.17)
k=0

Proof. We will only show the proof for the backward finite difference approximation as the proof for the
general ¢*" derivative given in equation is the same. We have shown already that this expression
holds for n = 1,2, 3, so using proof by induction now let us assume the expression holds for ¢ =r, r € N.
Then we have,

W) = o i(l)’f(,:) ik,

k=0

ul?(z)

Tn

/

u(r+1)($) - (u(r)(x))/ o hlri:(_l)k <]:)Uz—k ’

g

k 0_
_ % _2(1)'6(;) o gy — §(1)8—1 <S " 1>u (where s = k + 1),
) e O]
— hr1+1 _g ((—1)"“M — (—1)kt = 1)!(:!_ i 1)!) wimk +ui + (=1) gy |

r+1
1 (T +1
:hrﬂkz_o(—l) < I >Ui—k
]

Now we can extend equation ([1.16)) to find the left Griinwald-Letikov derivative. The right fractional
derivative is found similarly.

Definition 3. The left and right Griinwald-Letnikov derivatives of order o > 0 for a function u(x), where
x € [a,b] and h = 2, are given by [34],

N
61LDg ul) = lim A= Y (<1) (j)u(m — jh), where h = ——¢ (1.18)
=0
al o b—ux
ar DS yu(x) = }llin% h™ Z(—l)] (J)u(m + jh), where h = . (1.19)
’ —



Here we make use of the general binomial coefficient where o € R and k£ € N which is defined as,

<z>:a(a—1)...(a—k—1)_ T(a—1) (120

k! S T(k+ DT (a—k—1)
In general, the Riemann-Liouville and Griinwald-Letnikov definitions for fractional derivatives are not
equivalent, although, for smooth functions, u(z) € C™]a,b], the left and right Riemann-Liouville deriva-
tives equal the left and right Griinwald Letnikov derivatives. All functions we consider in this thesis will
have this property.

Now, we can consider the general definition for the fractional Laplacian in one dimension for a € (0, 2)
[11].

Definition 4. For a smooth function u(x) and for o € (0, 2), the fractional Laplacian is defined bys;

(—A)/2 y(z) = (/R de>_l P.V./Ru(x)_u(y)dy, (1.21)

|z — y|nto

_ ([ iz N [ e ty) = (@) ule )
- 2</R [qany dc) /R [y[rta dy. (1.22)

The singular integral can make approximating the fractional Laplacian difficult. Alternatively, we can
consider the Riesz derivative which can be defined as a weighted sum of left and right Riemann-Liouville
derivatives for one dimensional functions [34].

Definition 5. The Riesz derivative of order a > 0, a # 2k + 1, k € Z=9, for a function u(z), where
x € [a,b] is given by,
1

rzDulz) = "~ 2cos(am/2)

(RLDgixu(:v) n RLD%bu(x)) . (1.23)
In one dimension we can use the result that, for non-integer derivatives, the fractional Laplacian and
Riesz derivatives coincide (for the proof refer to [43]).

Lemma 1. For a smooth function u(x), z € R, and for a € (0,1) U (1,2) we have,
— (=A)*?u(z) = pzD%u(x). (1.24)

It is important to note that although the Riesz derivative is often taken to be the definition of the fractional
derivative in one dimension, it doesn’t hold for when « is an odd integer as it is undefined. The Riesz
definition of the fractional Laplacian is much easier to approximate as we need only approximate Caputo
or Griinwald-Letnikov derivatives under the conditions stated above (sufficient homogeneous boundary
conditions and smooth functions). We can’t, however, treat the special case of & = 1 using this definition.
In this special case we can find — (—A)l/ ? by considering the Hilbert transform of the first derivative [14].
We do find that in the limit of & — 2 the Riesz derivative approaches the ordinary Laplacian [46].

Lemma 2. For a suitably smooth function u(x), = € R,
lim pzDYu(z) = u"(z). (1.25)
a—2
We will check that this property holds when running numerical experiments in Chapter |5} It is important
to note that similar relations don’t hold for the other relevant integer derivatives [46].

Lemma 3. For a suitably smooth function u(x), x € R,

th,Iol rzDou(x) = —u(x), (1.26)
lim1 rzDSu(x) # +u'(x). (1.27)
a—



1.3.2 Two dimensions

In two dimensions the Riesz derivative and singular integral definitions of the fractional Laplacian given
in definitions [6] and [7] below still agree for o € (0,2)\{1}, but the definitions become more complex [43].
We also have another definition known as the Riesz potential given in definition [8| which is often used in
applications for example to solve space-fractional convection diffusion equations [43] [4].

Definition 6. For a suitably smooth function u(z), = € R? and a € (0,2), the fractional Laplacian is
defined as,

—1
(=A% y(z) = (/R2 HOS(Cl)d<> PV Md% (1.28)

|¢|te R2 |z —y["te

-1
_ L Lmeosl@) u(z +y) - 2u(z) + uz — y)
- 2</R e d<> . e o 0

Definition 7. For a suitably smooth function u(z), z € R? and « € (0,1), the Riesz derivative is defined

as,
Due) = / @Wﬁﬂd (1.30)
z U\ZL) = , .
Rz dyg(a) Jrz  |y/*+e ¢

where | € Z such that [ > « and,

(A’yu) (z) = ki(_nk (li)u <a;+ (é - k:> h) : (1.31)

=0

which represents centered differences with step size h. The coefficients are given by,

Gt = 2 sin Ewa/Q) <F(1 Ia/z))zzl:(_wk_l <llc) £, (1.32)

k=0

Definition 8. For a suitably smooth function u(z), z = (z,y) € [a,b] X [a,c], a,b,c € R and a €
(0,2)\{1}, the Riesz potential is defined as,

2
— (0P u(z) = u@a) (1.33)
Az

j=1

~ 0%u(z)  O0%u(z)
O|z|™ dlyle
1

= Jcos(ra)2) ( rLDg u(z) + rRLDgyu(z) + rLDG  u(z) + RLDZY,CU@))- (1.35)

(1.34)

As in one dimension, we can impose an appropriate number of homogeneous boundary conditions such that
the Riemann—Liouville and Caputo derivative coincide. Thus we can replace all of the Riemann—Liouville
derivatives with Caputo derivatives in definition [§

The Riesz potential is advantageous for two reasons: it is easier to approximate as we don’t need to treat
the singular integral, and often it matches applications very well [4]. Additionally, in both one and two
dimensions, the Riesz potential preserves properties of Fourier transforms while the fractional Laplacian
does not, which is desirable for some applications [43].
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1.4 Boundary conditions for PDEs involving the space-fractional Lapla-
cian

Boundary conditions have a large effect on the solutions to any PDE, but due to the non-local nature of
the definitions for the fractional Laplacian, boundary conditions can have an even more significant effect
[6]. As discussed, taking the fractional Laplacian of order o < 2 results in super diffusive behaviour, that
is, we expect the solution to diffuse faster. This can be seen in [46] Figure 2.4.1 which is recreated in
section (Figure using a method by Duo et al. [I8] outlined in the same section. In this case an
infinite domain is assumed, so we do not see the effect of boundary conditions. The smaller the value of
a, the faster the solution diffuses.

Throughout this thesis we impose homogeneous boundary conditions such that Grinwald-Letnikov,
Riemann-Liouville and Caputo derivatives are equivalent. This choice can have an impact on the qual-
itative behaviour of the solution if the solution lies near enough the boundaries of the domain, as now
we will see that for smaller choices of «, the solutions will diffuse less quickly [16]. To show this, we can
solve the space-fractional heat equation on a uniform grid with 100 grid points using the same method as
Duo et al. [I§], this time with homogeneous boundary conditions and a smaller domain. The results are
shown in Figure It is clear that, as we increase «, the solution diffuses more quickly.

a=025
12

12

a=075

a=125

12

a=175

10

08

0.6

04

02

10

08

0.6

04

02

08

0.6

04

02

10

k]

06

04

02

—

00 00 00 00
-1.00-0.75-050-0.25 0.00 025 050 075 100 -1.00-0.75-0.50-0.25 0.00 025 050 075 100 -1.00-0.75-0.50-0.25 0.00 025 050 075 100 -1.00-0.75-0.50-0.25 0.00 025 050 075 100

Figure 1.2: Solutions to the space-fractional heat equation generated using the method by Duo et al. [I8] for a =
0.25, 0.75, 1.25, 1.75. Solutions are shown at times ¢t = 0, 0.175, 0.35, 0.525, 0.7 in blue, orange, green, red and purple
respectively.

1.5 Numerical approximations of the ordinary Laplacian

It will be important to verify that the methods presented in this thesis to approximate the fractional
Laplacian approach approximations for the ordinary Laplacian in the limit o — 2. In this section we will
introduce the standard methods we will use for approximating the ordinary Laplacian in one and two
dimensions.

1.5.1 One dimension

We will use the standard three-point central approximation for the Laplacian in one dimension,
0?u(x) o u(mpg1) = 2u(wy) + u(rn-2)
Ox? h? ’

T=Inp

(1.36)
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where x € [a,b] and there are N + 2 spatial grid points z¢g = a, x1, ..., *n, Tny41. h is the step size on
the uniform grid, so h = (b —a)/(N + 1). We can write this in vector and matrix notation as,

1

Use = 33 D20, (1.37)

where U = [u(wg), ..., u(zny51)]T and Dy is the (N + 1) x (N + 1) matrix given by,

S R [ O |
1 -2 1
0o 1 =2
(1.38)
-2 1 0
: .1 =2 1
0 -+ «oi v 0 1 -2

On a non-uniform grid, using the method of undetermined coefficients and a three-point central stencil,
we find that that the Laplacian can be approximated by,

0?u(x) N B
D> TAXL(AX, +AX, 1) AX,AX,

T=Tn

2u(Zni1) u(@n) w(@p-1)
AXn_l(AXn + AXn_l)’

(1.39)

where AXy = zp11— 2. We find the accuracy and efficiency of the central difference method sufficient for
use within this thesis where it is used to make a direct comparison between solutions to space-fractional
PDEs in the limit @ — 2 where the fractional Laplacian approaches the ordinary Laplacian.

1.5.2 Two dimensions

When discretising the system in two dimensions, the variables x, y, u, are assigned two indexes i and j
where the first references the x coordinate and the second the y coordinate. We will work on a domain
where x € [a,b], y € [a,c| and there are N + 2 grid points in the x and y directions. We choose to use a
central in space five points finite difference scheme found via the method of undetermined coefficients to
approximate the ordinary Laplacian on a non-uniform grid as follows,

Auli ;= 2Ui+1,5 N 2uij
w (96i+1,j - H?zg) ((Hfzg - OCz'—Lj) + ($i+1,j - UC”)) ('I’Lj - xifl,j)(ZUiJrl,j - Cfu)
2’11,@'_173'
+
(wij — 2ic1y) ((Tiv1y — ig) + (@5 — 1))
n 2Uij+1 _ 2uij
(Wijr1 — Yig) ((Wig — vig—1) + Wiger — ¥ig))  Wig — Yij—1)Yig+1 — Yij)
Qi
n iy (1.40)

(Wi — Yij—1) (Wije1 — yig) + Wi — vij-1))
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Chapter 2

Finite Difference Methods for the Frac-
tional Laplacian in One Dimension

There are many ways of numerically solving PDEs involving the fractional Laplacian via a finite differ-
ence scheme on fixed uniform grids. We consider three different methods with a goal of choosing one of
these to extend to approximate the fractional Laplacian non-uniform grids. First, we discuss a method
by Duo et al. “A novel and accurate finite difference method for the fractional Laplacian” [18], where
we start with the singular integral definition for the fractional Laplacian. The method is based on the
weighted trapezoidal rule where, by introduction of a so-called splitting parameter, the fractional Lapla-
cian operator can be approximated via multiplication with a matrix. In the limit o — 2, this matrix
reduces to the Dy matrix which we can use to approximate the ordinary Laplacian via central
differences. This method is appealing because it holds for a € (0,2), including o« = 1. Another advan-
tage to this model is at the point of publication (2018) it is stated to be the most accurate to date [18] [25].

Next we will discuss the Griinwald-Letnikov formula defined in equations and involving lim-
its for left and right fractional derivatives which can be almost directly applied to approximate solutions
on a finite difference grid [34]. For smooth functions, these derivatives are equivalent to the Riemann-
Liouville derivatives and thus the fractional Laplacian can be defined via the Riesz derivative and written
using equations ([1.23) and ((1.24)). These simple methods for approximation differ only very slightly for
a € (0,1) and o € (1,2), but the main drawback is that we cannot approximate the a = 1 case via this
method as the Riesz derivative isn’t defined in this case.

Finally we will consider the definitions for left and right Caputo derivatives which can, upon combining
according to equation , define the fractional Laplacian. As with the Griinwald-Letnikov derivatives,
due to the definition for the Riesz derivative, we cannot treat the case where a = 1. The cases o € (0, 1)
and a € (1,2) also need to be treated separately as the Caputo derivatives include integer derivatives
1 and 2 respectively for each of these cases, and these derivatives have different approximations. The
known methods to approximate left-fractional derivatives on non-uniform grids are known as the L1 and
L2 methods respectively [34]. Despite us considering two separate methods for these two cases, we will
see that generalising these L1 and L2 methods to non-uniform grids proves to be the most viable option,
and thus from here we will develop the L1(NU) and L2(NU) methods.

2.1 Singular integral definition approach

In this section we will apply the method proposed by Duo et al. [I§] which is second order accurate and,
in the limit a — 2, tends to the central difference method we saw for the ordinary Laplacian.

The main difficulty when solving the space-fractional heat equation is the singularity in the definition

of the fractional derivative. Many numerical methods treat this by removing the singularity as a small
interval, to be treated separately from the tails of the integral [I8] [30]. We take the following definition
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for the fractional derivative in one dimension,

(_A)a/Qu(X) = Cla P.V. / U(X) - (Y)

U 20—1aT (%)
R |x -yt

dy, forae(0,2), clo=—r%5. (2.1)
vl (1-5)

Note that P.V. denotes a principal value integral and this definition is equivalent to Definition [ If we

let £ = |z — y| this can be rewritten as [19],

(—A)a/2u(gp) — eia /000 u(-l" — 5) - 2@25;2) + u(x + 5) de. (2.2>

If we consider an interval [—L/2, L/2] = [I,1] where u(x,t) = 0 outside this interval, then we can split this
integral into two parts and solve one integral exactly. Here we use that for £ > L, u(z £¢) = 0.

(A Pu(z) = 1 ( / ule =€) = 2u(@) +ulz+8) /°° u(e — ) — 2u(e) + u(x +§) d£> |
0 L

€1+a é‘l—l—a
(2.3)
Loz — &) — 2u(z) + ulx o0
= —ia </0 (z=¢) 251(+a) +ul +§)d§—2u(:c)/L 611+ad5> , (2.4)
L u\r — — ZU\T u\x
. </0 &= ¢) 2§1(+a) Tt e aiau(gg)> . (2.5)

The remaining integral is treated numerically. We choose to have K + 1 spatial grid points, resulting in
a stepsize h = 2l/K = L/K. We can then denote spatial grid points by { = kh, 0 < k < K. Then a
so called splitting parameter + is chosen such that v € (0,2]. There is a detailed analysis on how to best
choose this splitting parameter in [I8] but for the purposes of this thesis we will assign v = o/2 + 1.

Eu(z — &) — 2u(z) + u(z + €) B Eu(z — &) — 2u(z) + u(z + €) y—(14a)
/ R i~ | = o(rlge,  (2.0)
L
N /0 Oy (2, )7, 27)
K &k
=Y [ e@oe e (2.8)
k=1 Ek—1

The weighted trapezoidal rule is then employed to solve these integrals over the intervals ({x—1,&k), and
the calculation of for £ = 1 is treated as follows (note the dependence on the choice of 7).

&k 192
| O T~ 5 (6 (0.61) + 6, (7.60) i (2.9)
1 - -«
= m (5;3 - 5;11 ) (% (2, &p—1) + o (757&:)) ) (2.10)
&1
| (o9 e 6 (060, (211)

where r, = 2 if v = 2, or 1 otherwise. The complete system can be written as,

K
(A ule) = =52 5 ] () + > (7 =675 (0 (0. 61) + 0 (2. 60))
261704

+ al®

u(x). (2.12)
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Then we can rewrite the system in matrix form, (—A)ZGU = AU, where U = (u(z1), ...,u(xK_l)))T,

and Aisa (K — 1) x (K — 1) matrix given by,

SE (k—s—l)”I;(k—l)“ + B (KDY (V4 hy— 1)+ 2%, j=4,

1) il—1)v K~ aKe?
Ay = Ch, § U IEIRESY (2.13)
N CE— j=i£l,

according to [I8]. Note that using C’gﬁ = ?T’fj, and v = vy — a, is simple to find,

0 Il L L h h*(K —1)Uh?
ake 7 KoK — 1) T Ko (K —1)®he L

S —k=1)Y R —(k—1)
+k22( (T T > (2.14)

which upon inspection does agree with the expression in [I8] and numerical experiments produce the same
results. We can implement the matrix in Python to first check if Figure 3 in [18] could be generated. This

is shown in Figure where we take u(z) = exp(—z?), and use the system (—A)Q/ZU = AU to plot the

Ay =Cl

Y

hyy
derivatives of this function for different choices of a. The results here match those of the paper perfectly,

and we should note that, as seen in Figure [2.2] in the limit o — 2, the fractional derivative approaches
the ordinary second derivative. This is consistent with the convergence property in equation (|1.25)).

20 f.’n\ = 1(x)
| \ a=0.200000
15 n'l '|| — a=1.000000
IlII — g=1.500000

a=1.990000

[—A)*Fuix)

Figure 2.1: Fractional derivatives for u(z) = 673:2, L =20, K = 640, with different values of o. This matches Figure 3 in

I1s].

Now that the implementation of this method has been shown to match the results from the paper, we
can apply this method to solve the space-fractional heat equation,

Ou(x,t)

5% = (—A)a/2 u(x,t) u(z,0) = exp(—z?°), u(—L,t) = u(L,t) =0, (2.15)
We use Euler backward for the time derivative and the method of lines,
dUu a/2
= —(ARNU = -AU, (2.16)
Un - Un—l
— = —AU,. 2.1
A U (2.17)
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-0.5
20 N — (—=4)'ulx) — [—4)u(x)
[EA\ a=1.990000 a=1.990000
15 | \ -0.6
— 10 { \
L1 | \ = 07
=] ) 1 =
& | | 51
Z os | \ )
L | \ L o8
0y — .'I \ —
b | I' '/
-05 A / \ / 09
) ll."I \ .";
. N/
-1.0 T T T T T T T =1.0 T T T T
-4 -3 -2 -1 0 1 2 3 4 -2.0 -18 -16 -14 -12 -1.0
x x
(a) (b)

Figure 2.2: In the limit o — 2 the fractional derivative approaches the ordinary Laplacian.

Thus by rearranging we find,
U, = (I+AA)TIU, . (2.18)

Figure displays some examples of these numerical experiments where method is used to solve
the space-fractional heat equation with L = 10 for different values of a. Here we can observe that the
way in which the solution profile “diffuses” is different depending on the choice of «. For smaller values
of a, we observe thin tails and the base of the solution profile is less spread out, for larger choices of
« we see fatter tails and the bell-shaped curve of the solution profile is more thin at early times. This
figure reproduces the behaviours seen in [46] Figure 2.4.1 pp. 71. Upon comparison with the solution to
the ordinary heat equation, it can be shown that the solution shown in the top left of Figure where
a = 1.99 is almost equivalent to the solution to the ordinary heat equation (see Figure .

t=0.0018

0.10

—— Ordinary Laplacian
paper A, a =159
— My A, a=1.99

0.08

0.06

uix, t)

0.04

0.02

0.00 T T T T
—0.20 -0.19 -0.18 -0.17 —0.16 -0.15
x

Figure 2.3: Method applied to [2.15] L.=20, solution shown at ¢t = 0.0018. We can see that the solutions for the
expression for matrix A in [I8] labelled “paper A” gives identical results to the expression given in (2.14) labelled “My A”
(orange line is under blue line). It is also clear that the solution for o = 1.99 approaches the solution to the ordinary heat
equation where o = 2.

Although this method produces good results to approximating space-fractional derivatives, and uses only
one method for a € (0,2) including the special case of a = 1, we choose not to extend this method to
work on non-uniform grids as even when working on a uniform grid, the computations leading to the final
matrix in the method were already lengthy. The complexity of these relations would only increase on a
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a=1.99, t=7.6

=
=
T T T T T T T T T T T T T T
a=02,t=7.6
10
0.8 )
061
=
3
041
h,
02 -
0.0 f==
-100 -75 -50 -25 00 25 50 75 100 -100 -75 -50 -25 00 25 50 75 100
X X

Figure 2.4: Solution profiles to problem (2.15) with Gaussian initial condition u(z,0) = exp(—20x?), L = 20, for difference
values of a. solutions u(z,t) are shown every 0.2 seconds until ¢ = 7.6s. Approximations to fractional Laplacian found using
method from section 1|

non-uniform grid resulting in a very complex matrix which the system would have to compute at each
stage of the time integration when solving a PDE.

2.2 Grinwald-Letnikov definition approach

In the same way that equation ([1.16)) can be extended to derivatives of fractional order to obtain the left
Griinwald-Letnikov fractional derivative given in equation ([1.18)), we can extend equation ([1.17]) to obtain
an approximation to the left Griinwald-Letnikov fractional derivative on a uniform finite difference grid

with step size h [34] [17].

Theorem 2 (Griinwald-Letnikov derivatives on uniform grids). For a suitably smooth function u(x), x €
[a,b], we can approzimate the left and right Grinwald-Letnikov derivatives on uniform grid with N + 2
grid points xo = a, xy+1 =0b, h=(b—a)/(N +1), by [34):
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For a € (0,1) the standard Grinwald-Letnikov formulas are given by,

~ hia Zn:(_nj <Of>u(xn_j), (2.19)

J

arDg u(z)
Tn

N—-n
au )], ~ e 317 (S utaney) (2.20)

For a € (1,2) the shifted Grinwald-Letnikov formulas are given by,

n—+p
a 1 o
GLDa,xu(x)w zh—aZ(—l)J <j)u(xn_j+p), (2.21)
N—n—p
a 1 g
crDypu(z)| =2 (—1) <j>U(:cn+jp). (2.22)

J=0

where the p-shifts, p € N, are included to help with stability as the standard Grinwald-Letnikov formulas
can lead to unstable numerical schemes for o € (1,2). p is often chosen to be equal to one for o € (1,2)

154

Thus under the assumption that we have a smooth function, the fractional Laplacian can be approximated
by,

« 1 « o
— (—A) /2 U(I) = —m ( RLDa,:Bu + RLD.I,I)“’) 5 (223)
1 « (6%
So for a € (0,1),
n N—n
— (=N SN S 19 () ulwn; 19 () ulangy) | - .
(0 o)~ =ty | (% )utns+ >y (Sutwen | 229

And for a € (1,2),

a 1 e il NP M
S ARG e vl DSV () KGR CVH (o IEARRY BEEY

j=0 7=0

We don’t consider the special case where o = 1 as we can’t express the fractional Laplacian via Griinwald-
Letnikov derivatives in this case.

These formulas inspire an approach for finding an approximation to Griinwald-Letnikov derivatives on
non-uniform grids. The aim was to first produce a general formula similar to equation which would
approximate any integer derivative on a non-uniform grid using backward differences. From here there
were two possible approaches;

1. Try to generalise this formula to non-integer derivatives giving an approximation for the left Griinwald-
Letnikov derivative on a non-uniform grid. The approximation for the right Griinwald-Letnikov
derivative could be found in a similar way.
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2. Use the definition for fractional derivatives in terms of an infinite sum of integer order derivatives

to find an approximation for the left Griinwald-Letnikov derivative. The formula for
derivative in terms of integer derivatives on a uniform grid is given by [24],

dk

(_1)ka+1(N _ k)hkfa
%U(ZL‘),

a—k

(67

(1))

N—1
= lim

h—0 Z

N—oco k=0

crDg yu(r)

the fractional

(2.27)

where h is the grid spacing and N the number of grid points. This expression would need to be
slightly adapted for a non-uniform grid. Again the right Griinwald-Letnikov derivative could be

approximated in a similar way.

A general expression for approximating integer derivatives on a non-uniform grid was found by a repeated

application of backward differences as follows:

Theorem 3. On a non-uniform grid where AX; = x; — x;_1, the n'" derivative of a function u(zx),

evaluated at point x;, u"|,,, can be approximated by,

1 " 1 » 1 \"'/ 1
n il...inz%kﬂ)o, (AXZ'—("—U> (AXZ'—(”—?)) .”<AX1'1> (AX@'
oy, i >0,
;0(_1) Uik D31,
i,
in—1+..tip_pg<n—1

where we make the choice to repeatedly apply a backwards difference approrimation.

Proof. We use a proof by induction. First we can show that the formula holds for
n = 1 we have,

u/ _ U; — Uj—1
And (2.28)) gives us,
’LL/‘ 1 w 1 _ (7 Us—1

Ti ZAXZ z_lAXi AX;

For n = 2 we have,
S — uy — wj_y _ 1 Ui = Uj—1  Ui—1 — Uj—2
e O Wl

(AX)?  AXAX;

And (2.28)) gives us,
o 1 2 y 1 2+ LS S DR B
w AX; 1 AX; AX,_1 AX; 2 AX,_1 AXZ
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>n—i1—...—in1

(2.28)

n=1and n = 2. For

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)




So (2.28) holds true for the base cases. Now let u(?| be approximated by (2.28) where n = ¢ for some

integer ¢ > 2, and consider ulatd)
Lot~ 4w (2.34)
T; dZU z; ’
d < "
= %Z(—l) u(zi—k)By (2.35)
k=0
where B, is given by,
= () () ) )
i1:---:iq7(k+1):07 AXi—(q—l) AXi—(q—Q) o AXl',l AXZ
_ iq—k>0,
B, = CH
iq71:21,
iq71+-~-+iq7kgq_1
(2.36)
So we have,
q
Ui—f — Uj—(k+1
@] =3 (1 ~ g, (2.37)
T4 k=0 i—k
I 1 1
k
= (-1 AX, - KBy — Z AXi_kui—(k-&-l)BQv (2.38)
k=0 k=0
= e " Zq: B, — Z L 5
"AX, = AX,_ AX, ik = i FAX, ;¢
1 1 1 1
— (—1)%u, 2.
1 q+1 q
=y —u;_iB
<AX2'> ,g AXZ B
1 1 1 1
—1)¢ ; ... 2.4
T ) AR AR AX L AKX (2.40)
g+1
= Z(—l)kui,klgq_;rl. (241)
k=0
where B,y1 is given by,
= () (o) (st ()
Py AXi,(q) AX; —(g—1) AX; 1 AX;
Bq+1 = Z‘é‘;‘lkk>>10 . (242)
iqély
g tigr1—k<q
O
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This formula does not generalise well to non-integer derivatives as the number indexes i1, ..., i, are depen-
dent on the integer order of differentiation. Approach 2 is still viable, however we decide not to proceed in
this manner due to an expected large computational cost associated with computing a truncated infinite
sum of integer derivatives. It is also suspected that such a formula would not accurately approximate high
integer derivatives due to the repeated application of backwards difference approximation. This could be
improved by choosing a central difference approximation of the derivatives. It is also not immediately
clear how to extend the formulation of the fractional derivative in terms of integer derivatives to
work on a non-uniform grid.

2.3 Caputo definitions approach

In this section we study the L1, for « € (0,1), and L2, for o € (1,2), methods which are found using
the Caputo definitions for the left and right fractional derivatives. Currently the methods stated in the
literature [34] [I] [54] are applied to a domain x € [0, b], and only for the left derivatives, so we will make
these methods more general on domains x € [a,b], a < b, a,b € R and also consider the right derivatives.
The L1 method has already been shown to extend easily to non-uniform grids [34], and some work has
been done on extending temporal fractional derivatives to non-uniform grids for the L2 method [3§],
t € 10,1]. We will also extend our adapted L1 and L2 methods to approximate space-fractional derivatives
on non-uniform grids = € [a, b].

2.3.1 L1 method

The L1 method for approximating the left Caputo derivative at * = z, on a uniform grid is found
by applying a forward difference approximation to the first derivative in the definition for the Caputo
derivative [34]. We work with N +2 grid points denoted x, ..., zy+1 where g = a, xy4+1 = b. We denoted
the grid spacings by h = ]l{,jral

cDagul@)] _, = 1“(11_00 /x : (wn — 8)" "0/ (s)ds, (2.43)
R S WA 1—a W(Tgt1) — u(zy)
" T(-a) kZZO/ (@ =5) i ds, (2.44)
B n—1 . B
~te—a o (0= k)7 = (0= k=)' (ulairs) — u(an) (2.45)

where we have used the property of the gamma function zI'(z) = I'(z + 1). Similarly, the L1 method for
approximating the right Caputo derivative at x = x,, is found to be,

o N
oDgu(n)| = _F(Z_a) S (k1 -m)' = = (b= m)') (i) —uleg)), (246)
" k=n

where we use the same approximation for the first derivative. Hence using equation ([1.23)) to define the
fractional Laplacian, and assuming the function u(x) is zero on the boundaries of the domain, we can
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approximate the fractional Laplacian for a € (0, 1) by,

n—1

— (AP ~ _2008(10z7r/2) r(g__am > (=B = (= k= )1 (i) — o)
" k=0
N
= (1= ) = (k=)' ) (u(s) — ulan)
k=n
(2.47)
This L1 method for the left derivative has error estimate given by [34] [31] [36] [50],
u(a)ho‘ = h™® -« - [e} —a
m + 2 m <(k + 1)1 — ]{;1 ) (U(l'k—H) — u(mk)) — RLDa,xu(x) — < Ch2 7
(2.48)

for some constant C', so we can see that the method has lower error for small o. The left approximation
has already been extended to work on non-uniform grids, so this make this approach a good candidate
for finding a non-uniform grid approximation to the fractional Laplacian.

2.3.2 L2 method

This is a method from [34], commonly used and adapted in the literature [38] [1], which approximates
the left Caputo derivative for o € (1,2) on an interval = € [0,b] on a uniform grid. In the limit o — 2
the method reduces to the central 3-point approximation for the second derivative. The accuracy of the
method is dependent on the chosen value for a and is most accurate for a € (1,1.5). There exists a
slightly adapted method known as L2C which performs better for a € (1.5,2) [34], for simplicity we will
only consider the L2 method in this thesis. Here, we adapt the L2 method to work over a general interval
x € |a,b] where a,b € R and a < b. We also use parallel reasoning to find an approximation of the right
Caputo derivative on the same uniform grid and interval with N + 2 grid points as used in the L.L1 method.

The method starts with the Caputo integral definition and then applies an approximation of the second
derivative. The original method applies a three point central approximation, but we use a three point
forward stencil. The reason for this was to avoid any problems near the boundary but the central
approximation would in fact also work as throughout this thesis we always let derivatives on the boundary
be equal to zero for a € (1,2).

CD:zX,a:u(l') — = F(Ql—a) /Z:n (xp — S)I_Oéu”(s)ds, (2.49)
— ¥"_1 h T, — § 1—au// $)ds
TT2-a) kzzo/xk (2n — )"~ %" (s)ds, (2.50)
1 = u(wy) — 2u(xpsr) + u(wpes) [FFH e
(2 —a) kz_o 12 /xk (Tn — s)" " “ds, (2.51)
— L n—1 (u(x ) — 2u(zpy1) + u(x )) <(:c -z )Q—a Sy o— >2_a)
= Ty 2 (00 2k wlonsa)) (@ = = (o a0
(2.52)
. h—« n—1 ) ) - ) 1 - 2
=30 2 (u(@p) = 2u(zps1) + u(zpi2)) ((n — k) —(n—k—1) ) . (2.53)
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Now, when we group terms by the functions u(xy), we get,

B n+1
DY N —— 2.54
where the coefficients are given by,
1 ifk=n+1
227 -3 ifk=n
Wirk)=4% (n—k+2)>*-3n—-k+1)>*+3n—-k)?>*-(n—k-1)>° if2<k<n-1
—2(n?> % —(n—-1)2"+(n—-1)2"2—(n—2)2° if k=1
n?=® — (n— 1)@ if k=0.

(2.55)
We can approximate the right Caputo derivative in a similar way using a three point central stencil for
the second derivative.

cD3yule)| = r(zl—a) /Z jNH(s — )0 () ds, (2.56)
_ r(zl—a) ’é /x :k“(s — ) (5)ds, (2.57)
~ p(gl 2 i ulre) = 2ng) Fulon) /x jkﬂ (5 — 2n) ' ~ds, (2.58)
- i(umm () + (k) (s — 20 = = 20?7,
L (2.59)
= 55=a) 3 (ul@psr) — 2ulay) + ulzp-1) ((k F1-n) o (k- n)H) . (2.60)

k=n

Then, when we group terms by the functions u(zy), we get,

pa N1
DS N 2.61
C z,bu(x) R F(?) — Oé) kzzn:l U(.ZUk)WR(k), ( 6 )
where the coeflicients are given by,
1 ifk=n-1
227 -3 if k=n
Wr(k)={ —(k—1-n)>"*=3k+1-n)>+3k—n)> %+ (k+2—-n)>" ifn+1<k<N-1
—(N—=1-n)>*—2(N+1—n)>"*+3(N —n)>~® if k=N
(N4+1-n)?>"%— (N —n)>@ if k=N +1.

(2.62)
Both the L1 and L2 methods originate from the Caputo definitions for fractional derivatives where we can
use standard approximations for integer derivatives. This makes extending these methods a good option
for working with non-uniform grids as we only need to adapt the approximation for the integer derivatives.
This has already been done for the left Caputo derivative for a € (0,1) [34] so in the following sections
we will generalise the L1 and L2 methods to form the L1(NU) and L2(NU) methods to approximate the
left and right Caputo derivatives on non-uniform grids.
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2.4 L1(NU) method

We now work on a non-uniform grid with N + 2 grid points denoted =z, ..., zny4+1 Where xg = a, zny+1 = b.
We denote the grid spacings by AXy, k= 0,..., N where AXy = z;11 — z. We first slightly adapt the
method from [34] for a general interval x € [a, b],

1 Tn
D] = m / (e — )~ (5)ds, (2.63)
xk“ w(zhy1) — u(zr)
N —— 2.64
1 — a /9; < AXk ds’ ( 0 )
=0 k
1 at) — u(zg) . n—1 1o n—1 1o
AX; — AX; 2.
1—az< AXy )1—a Z J Z J » (2.65)
=0 i=k j=k+1
) _
=— W k — . 2.66
P(2 — a) rat 17L( ) ( (xk+1) u(xk)) ( )
The coeflicients are given by,
l1—a l—a
1 -
Wi (k) = > AX; - Y ax; : (2.67)

AXj, ; .
=k j=k+1

Analysis shows that when a = 0 (and some other conditions are satisfied as described in [34]), the
magnitude of the error is bounded by CAX2-¢ for some constant C, where AX,,q, is the largest step
size on the non-uniform grid [59]. Note that this is similar to the error bound on the uniform grid shown

in equation (2.48)). Similarly the right Caputo derivative of u(x) approximated at x,, is given by,

1 N
D¢ — _ — —a, ! d 2.
Dol = Fray ) e (2.68)
N
1 /$k+1 _ ,
=—— s —xy) %' (s)ds, 2.69
Moa ), - (2:69)
1~ [ ulwre) — ulay) - S
~ +1) — . ,
~ - (2-@%( AT ) ;AXJ ;AXJ : (2.70)
= 2—a ZWlR $k+1)—u(xk)). (2.71)
The coeflicients are given by,
k k—1
1
Wi r(k) = AX, doAx; | - (Do Ax | . (2.72)
j=n j=n
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Thus the Riesz derivative (equivalent to the fractional Laplacian) can be approximated at x = z,, by,

— (=A% u(z) = rzD%(z)| Z Wi (k) (w(zpir) — ulag))

z=z, =z, 3 COS(7T04/2 (2 —a)

— Z W1 R $k+1) — u(mk)) y (273)

Where we assume u(a) —u(b) = 0. We should note that in the case AXy = AX,_1 =(a—0)/(N+1)=h
for all k =1,..., N + 1, i.e a uniform grid, this method reduces to the L1 method in equation (2.47) as in
this case,

Wia () = 3 (0= W)= = (= k= 1)),
i oo
Wan() = 5 (e 1= mh)1 =2 = (k= )12
|

(k+1-n)=— (k- n)l—a} .

2.5 L2(NU) method

We now extend the L2 method for o € (1,2) to a non-uniform grid using a non-uniform approximation
for the second derivative. We work with N 4 2 grid points denoted x, ..., xxy1+1 where xg = a, xy+1 = b.
We denote the grid spacings by AXy, k=0, ..., N where AXy = z54+1 —x. We start with the left Caputo
derivative where we apply a 3 point forward approximation of the second derivative, but this time on a
non-uniform gird. This approximation was found using the method of undetermined coefficients.

— xk+1
D3 u(z)| Z/ — )17 (s)ds, (2.74)
T=Tn k:O zk
L2 5 ( () o) u(zp2) )
[(2—a) & \AXR(AX) + AXpp1)  AXp1AXy  AXpp1 (AXg + AXG)
Th+1
x/ (zn — 8)17%ds, (2.75)
Tp
2 5 ( u(zy) ulmen) u(eis) )
I3 —a) & \AX(AX) + AXpp1)  AXp1AXy  AXpp1 (AXgs + AXG)
2—a 2—«
n—1 n—1
<[> ax; - Y ax; . (2.76)
=k j=k+1

A valid alternative to using the forward approximation for the derivative is the central approximation
which would give a similar expression. Then if we collect terms in u(zy) we get,

2 n+1

cDg.x N ) (@) Wa, (k) (2.77)
le=zp F(S — a) ];)
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where the coeflicients are given by,

2—a 2—a
(Zrmax,) " =(2po axg) o
AXO(AQX0+AX1) ) ) ) 1 -
(Zpzsax,)” (o] ax;) (Zrlaxg)” (2o ax) e
- 2AX()AX1 ) + AXl(A)(21+AX2) ) 1 -
“a —a —a —a
( N ha AX;‘) —( ?:_kl_lAXj) _ ( i ho1 AXj) —(Z}Ckl AXj)
W27L(k) == AXk_l(AXk_Q-f—AXk_l) QAkalAXk )
(i axy) "= (Tih, ax) ” .
AX(AXj+AXp 1) if2<k<n-1
(AX7L72+AX7L71)2_Q7(AX7L71)2_O[ (AX'rLfl)Q_a f k _
AX,_1(AXn 2 FAX0o1) T AX, AKX, hr=n
AX27G e
\ AXn(AXnn,H—AX") fk=n+1.

(2.78)
We follow a similar procedure for the right derivative, but this time apply a central approximation for
the second derivative of u(z) on the non-uniform grid.

N

1 Tk+1 a
oD@ = g / (5 — @) =" (5)ds, (2.79)
i k=n Tk

N
2 Z u(rp—1) ~ u(z) u(Tri1)
F(g — Oz) AXk_l(AXk + AXk—l) AXEAXE AXk(AXk + AXk—l)

k=n
(2.80)
k 2—a b1 2—a
x| [ > ax; - [> ax; . (2.81)
Jj=n j=n
Then we collect terms in u(xy) to get the approximation,
2 N+1
@ ~
cDg yu(x) o m Z Wa,r(k)u(zr), (2.82)
k=n—1
(AX,)2 -
AXp 1 (AXntAXn_1) ifk=n-1
(AX,)2® (AXp+AX, 1) Y —(AX,)2 e
_ AXnAXn7%7 AXH(AXQvﬁ_t,_l-i-AXn) . . 1 =n
(Timaax,) "—(ziz2ax;) (St ax)” (il ax;)
AXp_1(AXp_1—AX_2) N AXpAXE
_ ]?_’_1 AX, 2—a_ 1?7 AX, 2—a
WQ,R(k) + (Z]:n ]) (Zg,n J) fntl<k<N-1

AXp(AXpp1—AXy)

(Z;V;nl AXj)Qia* (Z;V:}Q AXj>2 (Zjv:n AXj)Qia* (Z;y;f AXJ)2
AXN_1 AXN_lfAXN_Q) o AXN_1AXN

SN oAx;) o (sNotax,) !

( : AXj\r)(AXN(l—JAZ(N) J)

—a —a

ifk=N

ifk=N+1.

(2.83)
We can now combine the left and right derivatives using the definition for the Riesz derivative represen-
tation of the fractional Laplacian, equations (1.23)) and (1.24), hence the L2(NU) approximation to the

\
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fractional Laplacian in one dimension when u(a) = u(b) = v/(a) = u/(b) = 0 is given by,

n+1

B (_A)Q/Q U(x) T=Tnp - RZDau(x)‘w:xn ~ _F(S — CV) COS 7T04/2 (Z W2 L

N+1
+ > Wk )). (2.84)

k=n—1
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Chapter 3

Finite Difference Methods for the Frac-
tional Laplacian in Two Dimensions

In higher dimensions, the Riemann-Liouville and Riesz derivatives no longer agree with each other [43],
so depending on the application of the fractional operator, a choice needs to be made as to which of
these definitions we use. Each definition preserves properties of the traditional Laplacian. In this thesis
we choose to define the fractional Laplacian in two dimensions via the Riesz potential as introduced in

Chapter 1,
Ou(x,y)  9u(z,y)
0| Ayl

— (=8)*u(z,y) = (3.1)
When discretising the system in two dimensions, the variables x, y, u, are assigned two indexes i and j
where the first references the x coordinate and the second the y coordinate. We will work on a domain
where x € [a,b], y € [a,c| and there are N + 2 grid points in the x and y directions. We use the Riesz
potential and the L1(NU) and L2(NU) methods to approximate the fractional Laplacian for o € (0,1)
and a € (1,2) respectively.

3.1 L1(NU)-2D method

To approximate the fractional Laplacian for « € (0,1) in two dimensions we start with the definition of
the Riesz potential, equation ((1.35]) in Chapter 1,

_ 9"u(z,y)
T=Tn,Y=Ym N 8‘$|O‘
1

—= —W (CDS@U(CL‘n,ym) + CD?’b’U,([L‘n7ym)

0%u(z,y)
oly|« ’

wz:tnvy:ym

. (_A>O[/2 u (32)

I:.Z’n 7y:ym

+ CDg,yu(l'naym) + CD;CU(ZL'n,ym)) ) (3-3)

where we assume that u(z,y), equals zero on the boundary. From here we can apply the L1(NU) method
from the previous section to find the L1(NU)-2D method,

a (_A)a/2 " T=Tn,Y=Ym ~ (2 - a) cos(ma/2) Z Wis (k) (it ym) = ul@r, ym)
N n—1
- Z Wik (w(@ry1, Ym) — w(h, Ym)) + Z Wi, (k) (w(@n, yrt1) — w(@n, yi))
= k=0
- Z WLR (u(xm yk+1) - u(xnv yk)) . (3'4>
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3.2 L2(NU)-2D method

To approximate the fractional Laplacian for « € (1,2) in two dimensions we start with the definition of
the Riesz potential, equation (1.35)) in Chapter 1,

_ 9%u(z,y)
T=Tn,Y=Ym N a|x|a
1

4 Lule.y) , (3.5)

—(-A)*u -
a|y’ z:zn’y:ym

(szn 7y:ym

+ oD yun, ym) + 0 Dgu(@n,ym) ) 5 (3.6)

where we assume u(a,y) = u(b,y) = u(z,a) = u(z,c) = 0 and uz(a,y) = us(b,y) = uy(x,a) = uy(z,c) =
0. From here we can apply the L2(NU) method from the previous section to find the L2(NU)-2D method,

n+1 N+1
(A2 ~ _
(=4 Homanymym T(3—a)cos a/2) ZWQL (e, Ym) Z Wo,r(k)u(ak, ym)
7 " k=n—1
n+1 N+1
+ZW2,L(k)u(fEnayk) + Z Wa r(k)u(zy, yi)
k=n—1

(3.7)
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Chapter 4

Adaptive Grid Methods for PDEs in One
and Two Dimensions

4.1 One Dimension

We consider PDEs of the form,

ou(z,t)

ot

where the right hand side contains a fractional derivative where « € (0,1) U (1,2). We use the L1(NU)
or L2(NU) methods described in the previous sections to discretise the fractional Laplacian on the RHS
of the PDE and work with N 4 2 grid points denoted xq, ..., zny4+1 where g = a, xny+1 = b. We use the
method developed by Verwer et al. [52] to determine the adaptive grid. This results in a stiff differential
algebraic equation (DAE) system,

= F(u(z,t),z,t), (4.1)

U'— X" diag(D) = F, (4.2)
TBX' =g,

where U’ denotes the derivative of U with respect to time, and U’, X', D, F, and g are column vectors
given by,

U =[Uuj,..,UxN", D =[Dy,...,Dy]T, F =[F,.. Fy]T,
X' = [X1, . X0 9= 1lg1,. gn]".
D; = M7 (4.4)
Tip1 — Ti—1
F; = discretisation of the i*" component of the RHS of the PDE, (4.5)
1+2 1
gi— (_ P BB > 1
Tiy2 — Tigl  Tipl — i Ty — Ti-1) M,
142
—<— B e > for1<i<N, (4.6)
Tipl — T T — Tl Tio1 — T2 ) M
91=0, gy =0. (4.7)
The monitor function we choose is,
M; = \/1+ﬁ Uit — Ui)” (4.8)
wz—&—l - xz)

If 8 =0, the grid will not adapt and remain fixed, the higher the value of 3, the more adaptivity of the
grid is allowed [52] [56]. In general § = 1 are good choices, but the optimal value varies with the PDE
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and factors such as stability and efficiency [52]. B is an N x N matrix, B = [By,...By|T where B; are
row vectors B; = [Bj 1, ..., B; n] with entries given by:

By =[2,-1,0,...,0], (4.9)
By =10,...,0,-1,2], (4.10)
5 _ 142
Bii1 = 1\/11'(A§(i—1)2 T Mi—l(A)?i—l)Q + Mi—l(KXi—ﬂ2
B _ L NN L7 1+2u 4 © )
Lt M;(AX;-1)? M;(AX;)? M;_1(AX;—1)? M;_1(AX;)?
5. ) 5 _ 142
for ¢ =2: Biiv1 = Mi(A%z#l)Q + Mi(A)l(Li)Q + Mi—léuAXi)Q (4.11)
B. . -k
s M;(AXit1)?
B; ; =0for j >1+ 2,
Bi; =0forj<i—2
Bi,z’—Q = _Mi—l(KXi—Q)Z
5 _ 142
Bii1 = Mi(A§¢71)2 - M¢71(A)?i71)2 + Mz‘fl(KXi&)Q
. . >3 _ “ 1+2p 1+2p
for2<i<N-—-1:9Bii  =-\maxp T maxy T woexoe + Mifl(“AXi)Q) (4.12)
.. _ 1+2u 14
?M—H o Mi(A§i+l)2 T M;(AX;)? T M;—1(AX;)?
f:ﬁ’z‘,i+2 = AN
\Bi,j :Oforj>i+2,
Bij =0forj<i—2
Bii o = —7%71(51&72)2
. 3. . — 2] 14+2p B
fori=N-—1: Bz,z—l = M;(AX;_1)? + M;_1(AX;_1)2 + M;_1(AX;_2)? (413)
5 _ 142 142
Biai - Mi(A/)L(i_l)Q + Mz(A)/;z)2 + ]\4-1'—1(A)’?i—1)2 + Mi—l(“AXi)2)
= - 142
kBi’i—H - Mi(A§i+1)2 + Mi(A)?i)z + Mi—l(uAXi)Q'

The value of u is defined via an input parameter x by p = x(k + 1). This parameter is related to the
smoothing of the grid and the density of clusters of points and in general k = 1 or 2 is a good choice [52].
Grid point spacing must obey the local quasi-uniformity relation [52],

K AXZ </€+1'

< 4.14
k+1~ AX,_1 — K ( )
Hence we can see that as we increase the value of k, the grid becomes more uniform.
We re-write this system as
C(Y)Y = L(Y), (4.15)
where,
Y = [Uy,Us,...,UnX1, Xg, ..., Xn]T, (4.16)
INN - _diag(D
o) = <OM ol )> , (417)
L(Y) = [F17-~-7FN7917---,9N]T- (418)
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T is a temporal grid-smoothing parameter which can act as a delay parameter. For large choices of 7 the
grid does not move, and for 7 too small the grid moves too quickly and not smoothly [52]. Typical choices
of Tare 7 =1x107% or 7 = 1 x 1073. We use a Python wrapper for Sundials DAE integrator IDA,
which is written in C, to solve the system . This method is adaptive in time and uses variable-order,
variable-coefficient BDF (Backward Differentiation Formula) [40]. It is possible that rearranging the
system to let Y = [X1, U1, ..., X, Uy]? may help with the efficiency of the method, but since efficiency
was not the goal we did not try this.

4.2 Two Dimensions

We consider PDEs of the form,

ou(x,y,t)

ot =F (u(J:?y’t)?xayut) ’ (419)

where the right hand side contains a fractional derivative with fractional order o € (1,2). We use the
L1(NU)-2D or L2(NU)-2D methods described in the previous chapter to discretise the fractional Laplacian
on the RHS of the PDE and work with (N + 2)? gridpoints denoted w; j, yi;, i,j € (0,..., N + 1) where
Zoj = a, TN41; = b, ¥io = a, ¥in+1 = ¢. We use the method involving a transformation of coordinates
used by Zegeling et al. [55] [57] [58] to determine the solution to the PDE on an adaptive grid.

We consider the coordinate transform u(x,y,t) — u(&,n,6), where £ = &£(x,y,t), n =n(z,y,t), § =t and
we choose £ and 7 such that they form a fixed uniform grid on a square [0, 1] x [0,1]. Thus, there will
always be an invertible transformation between x and &, and y and 7. Applying this transformation to

the left hand side of (4.19)) we get,
up = ugly + uely + uyny. (4.20)

Now we make the assumption that there exists an invertible transformation matrix between the coordi-
nates (x, y, t) and (£, 7, 6), hence the Jacobian of the transform has the property J~!.J = I leading us
to the following system of equations,

§xiﬁg + ‘fy@/& =1,
NeTe + MyYe = 0,
g:vxn + gyyn =0,
NaXyy + NyYn = 1,
51559 + fyyﬂ + gt =0,
Mo + 1yYe +ne = 0.
Upon substitution we get,
TolYn — TnYo ToYe — TnYo
= —_— 4.27
& 7 7 (4.27)
where J = ¢y, — x,y¢ is the determinant of the Jacobian matrix of the transformation. Hence we can

rewrite PDE (4.19)) as,

, and, g =

1
wz—jﬂww—%mmw%mw—%de+FW@%ﬂwwﬁ, (4.28)
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where all derivatives are approximated by,

Litl,j — Li—1,j N e T

Yi+1,j — Yi-1,4 Yij+1 — Yij-1
o = 2T I 4.30
y&‘l,] 2AE ) yn’w 2A7 ) ( )
Uit1j — Uit Ui 41 — Ui j1
uelij = %, upli; = %’ (4.31)
1 1
A= — An=———. 4.32
=Ny T= N2 (432)
The expressions for 2y and yp are determined via the adaptive grid PDEs given by [5§].
1, . -
29 = — (@ze)e + (@9)) (4.33)
T, -
vo = — ((@ye)e + (@yn)n) - (4.34)

Here @ is the filtered monitor function and 7 controls the adaptivity of the grid. As 7 — oo, the grid
becomes less adaptive and does not move. As in the one-dimensional case, the choice of monitor function
determines the adaptivity of the grid. Again, we choose an arc-length type monitor function where

T
_ (0 0
v_<87§’87n)’

:\/1+ﬁw.vu=\/1+ﬁ(ug+u,%). (4.35)

As in the one-dimensional case, § = 0 results in a non-adaptive fixed grid, and as we increase 3, the grid
is more adaptive [58]. Following the approach from [58] and [5I] we can obtain a smoother change in the
mesh from one time step to the next by applying a filter to the monitoring function as follows,

- 1 1 1
“Wig =@ty (i1, F wim1 F Wit wijo1) + 16 (Wit 1,41+ Wig1j-1 +Wic1 41+ Wis1-1) -
(4.36)
Thus the coupled DEA system is,
1

ug = 7 ((CUO?J{ - l'ny@) (xeyn - mnyg)u§) —+ F(’U,(.%', Y, t>7 Z,Y, t)7 (437)

1
Ty = ; ( ¢)e + (wxn)n) (4.38)

1
vo = — (@ye)e + (©yn)n) - (4.30)

Note that on the boundaries we impose the condition that the x and y grid points remain fixed; so for
4(N + 2) — 4 equations we have,

zoloj = To|N+1,5 = Yelio = yoli N1 = 0. (4.40)

The system of 3(N +2)? equations (4.37)), (4.38), (4.39) and are solved via the Assimulo simulation
package [2] on python which uses wrappers from Fortran and C. We choose to use the “Radau5ODE”
integrator, a Radau ITA fifth-order three-stages with step-size control and continuous output, based on
the FORTRAN code RADAUS5 by E.Hairer and G.Wanner [53]. This choice was more optimal than the
Sundials DEA integrator IDA used in the one-dimensional case due to Assimulo’s capability to deal with
larger systems more efficiently. For a numerical experiment in two dimensions with the same parameters,
the IDA solver will time-out after 24 hrs, whereas Radaub5ODE can reach a stable solution in less than
1hr.
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Chapter 5

Adaptive Grid Solutions to
Space-Fractional PDEs

Here we provide results of numerical experiments which use the L1(NU), L2(NU), L1(NU)-2D and L2(NU)-
2D methods to solve space-fractional partial differential equations for o € (0,1) U (1,2) in one and two
dimensions. We consider three PDEs which will display the quality of solutions and adaptive grids.

1. Space-fractional heat equations in which we expect solutions to diffuse to the edges of the domain
and lose height.

2. Space-fractional heat equations with advection term in which we expect the solution to lose magni-
tude while travelling in the direction of the source term.

3. Space-fractional Fisher’s equations where we expect the solutions to gain height and approach the
edge of the domain in a symmetric fashion.

For one-dimensional PDEs, the systems are solved via the one-dimensional adaptive grid method outlined
in Chapter |4 with parameters, 8 = 1.0, k = 2, 7 = 1 x 1074, unless stated otherwise. We work on a
domain z € [—1,1] with the following homogeneous boundary conditions:

u(—1,t) = u(1,t) =0, ugp(—1,t) = uy(1,t) = 0. (5.1)

For two-dimensional PDEs, the systems are solved via the two-dimensional method outlined in Section
with parameters 7 = 1, § = 5 and on an (N + 2) x (N + 2) = 31 x 31 grid unless stated otherwise.

We work on a square domain (z,y) € [a,b] X [a,¢] = [-1,1] x [-1,1], t > 0 together with boundary
conditions:
u(a,y,t) = u(b,y,t) =0, ug(a,y,t) = ug(b,y,t) =0, (5.2)
u(z,a,t) = u(z,c, t) =0, uy(z,a,t) = uy(x,c, t) =0.

All figures are clearly referenced and most are included within this chapter, on occasion we will refer
to Appendix [A] where the supplementary figures show solutions at a greater number of time points, and
also some examples of cases in which solutions are almost identical. The code used for these numerical
experiments is shown in Appendix [B]

5.1 One dimension

There were some problems regarding stability of solutions when implementing the L1(NU) methods for
a € (0,1). These issues can be avoided if we take the number of grid points to be very large (N > 199) or
limit the maximum time step that the solver can use. The run time for large N or small time step sizes
is very long so we only show solutions using the L1(NU) method on few occasions. It is suspected that
these stability issues could be improved by choosing a more stable method than forward differences for
the approximation of the first derivative in the definitions for the left and right Caputo derivatives when
deriving the L1(NU) methods.
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5.1.1 Space-fractional heat equations

In this subsection we consider space-fractional heat equations in one dimension. We consider three dif-
ferent PDEs, one involving only the left space-fractional derivative, one with the right space-fractional
derivative, and one with the space-fractional Laplacian. It is interesting to consider the left and right
space-fractional heat equations because we can observe limiting behaviour as o — 1 in which the PDEs
approach the transport equation.

Left space-fractional heat equation

The left space-fractional heat equation is given by,

gtu(x,t) =d ¢Dg ,u(w,1). (5.4)

We take the diffusion coefficient d = 1 and for the initial condition we take the Gaussian function,
u(z,0) = exp (—50x2> . (5.5)

Figure shows how the solution of PDE differs for different choices of a. We can see that as
« increases, the magnitude of the solution decreases at a faster rate and the tails become thicker. For
instance at time ¢t = 0.025, the solution for @ = 1.75 (shown in red) has a peak at wu(z,0.025) ~ 0.5,
whereas the solution for & = 1.25 (shown in green) has a peak at u(z,0.025) ~ 0.85. At the same time we
can see that the solution for o = 1.75 also has longer and thinner tails than the solution for o = 1.25. For
more solutions and adaptive grids to PDE (5.4) for « = 1.25, 1.5 and 1.75 from times ¢ = 0 to ¢t = 0.25
see [Al

Different values of @, N=99, d=1.0, =2, T=0.0001, A=1.0, f=1.0, a=-1.0, b=1.0, p=50, ulx, 0) = exp(-50x?}

— a=175
— a=15
— =125

Figure 5.1: Differences to the solution of (5.4)) with different values of a. Solutions for @ = 1.75, 1.5 and 1.25 are shown in
red, blue and green respectively at times ¢t = 0.025 and ¢t = 0.25.

Figure shows how the adaptive grids for the solutions of PDE differ for different choices of «.
For a higher value of oo = 1.75, the adaptive grid reflects the fast diffusive behaviour. At time ¢ = 0 the
grid is very dense near the center of the domain where the solution is most steep, then as the solution
diffuses quickly and soon loses magnitude, the grid also quickly becomes a uniform grid. For a smaller
value of a = 1.25, the solution diffuses less quickly and the movement of the solution to the left hand
side of the domain is more pronounced. The adaptive grid moves to where the solution is steepest so we
observe the dense areas of grid points shift to the left as time increases from zero. For later times we see
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a=125,N=99, d=10, r=0.0, k=2, T=0.0001, A=10, =10, a=-1.0,b=1.0, p=50, runtime=0316362204551697, ulx, 0) = exp(~50x7) a=175, N=99, d=10, r=0.0, k=2, T=00001, A=10, f=10, a=-1.0, b=10, p=50, runtime=1777.3882727622086, ulx, 0) =exp(—50x’)

(a) Adaptive grid for a = 1.25 (b) Adaptive grid for o = 1.75

Figure 5.2: A comparison of the adaptive grids for solutions to the left space-fractional heat equation (5.4)) generated using
the L2(NU) method with ov = 1.25 and « = 1.75. Time is shown on the y-axis.

that this grid also approaches a uniform grid as the solution becomes more flat.

We now consider the case where we take a very close to one and compare it with the solution to the
transport equation,

ou  Ou

% e (5.6)
We should note that whilst the Caputo and Riemann-Liouville derivatives are defined for all «, the L2(NU)
method for approximating the right or left derivatives applies only to « € (1,2]. The case for & = 1 may
be more accurately modelled using the L1(NU) method which is valid for o € (0, 1]. Note that the integer
1 is only contained within these intervals while discussing the Caputo and Riemann-Lioville derivatives,

not the Riesz derivative.

Figure shows the comparison between the solution to PDE compared to PDE (5.6) which is
labelled as oo = 1. We can see that as we take values of a closer to 1, the solution becomes closer to that
of the transport equation. The solution to PDE (5.4) with o = 0.999 is also shown which was solved
using the L1(NU) method, and this solution already almost exactly agrees with the transport equation.
The adaptive grid for the case where o = 1.001 is also shown.

36



a=1.001,N=99, d=10, r=0.0, k=2, T=0.0001, A=10, 8=10, a=-10, b=1.0, p=50, runtime=286101505279541, ulx,0) = exp(-50x’)

Different values of a near 1, N=99, d=1.0, k=2, T=0.0001, A=1.0, =10, a=-10, b=10, p=50, u(x, 0) = exp(~50x’)
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Figure 5.3: A comparison to the transport equation (5.6): Solutions to (5.4) near o = 1. The dashed black line represents
the initial condition and the solutions for « = 1.001, 1.01, 0.99, 0.999 and 1 are shown in light-green, orange, dark-green,
blue and red respectively for times ¢t = 0.025 and ¢ = 0.25. The adaptive grid is shown for o = 1.001.

Right space-fractional heat equation

The right space-fractional heat equation is given by,

0
au(x,t) =d ¢ Dy yu(z,t). (5.7)
Again we take d = 1 and same initial condition as before given by equation (/5.5).

This PDE behaves in a symmetrical mirrored fashion when compared to the left space-fractional heat
equation. The solution profile diffuses while moving to the right hand side of the domain, for higher
values of « this diffusive process is faster than for smaller a.. Figure [5.4 shows the solutions and adaptive
grids to PDE for a = 1.25, a = 1.5, a = 1.75. When we compare these to Figures and we can
see that they are mirror images of one another. For full solutions and adaptive grids for each choice of «
from t = 0 to t = 0.25 see Figure

We now consider the case where we take a very close to one and compare it with the solution to the

transport equation, 5 5
u U
il (5.8)
Figure shows the comparison between the solution to PDE compared to PDE which is
labelled as o = 1. We can see that as we take values of a closer to 1, the solution becomes closer to that
of the transport equation. The solution to PDE with a = 0.99 is also shown which was solved using
the L1(NU) method, and this solution already almost exactly agrees with the transport equation. The
adaptive grid for the case where v = 1.001 is also shown.

Convergence with increasing number of grid points

All numerical presented experiments so far have been run with N 4+ 2 = 101 grid points. This number
was chosen as it was high enough to get accurate, smooth solutions, but also low enough that the run
time was kept to manageable times. We will now show that as we increase the number of grid points,
N, the solution converges to one solution. The left and right space-fractional derivatives are symmetrical
so we will just show this convergence for the right derivative. Figure [5.6] shows how with increasing NV,
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Different values of a, N=09, d=1.0, k=2, 7=0.0001, A=10, =1.0, a=-1.0, b=1.0, p=50, u(x, 0} = exp(-50x?)
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(a) Differences to the solution of 1) with different values of a. o = 1.75, 1.5 and 1.25 are shown in red, blue and green respectively.

@=125,N=99, d=1.0, r=0.0, k=2, T=0.0001, A=10, =1.0, a=-1.0, b=1.0, p=50, runtime=907.1: ulx, 0) = exp(-50x%) @=1.75, N=99, d=1.0, r=0.0, k=2, T=0.0001, A=1.0, =10, a=-1.0, b=1.0, p=50, runtime=1982.8061525821686. u(x, 0) = exp(—50x?)
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Figure 5.4: (a) shows the solutions to PDE (5.7)) at ¢ = 0.025 and t = 0.25 for a = 1.25, 1.5, 1.75. Adaptive grids for the
solution of ([5.7)) are shown for (b) oo = 1.25 and (c) « = 1.75.

=1.001, N=99, d=10, r=0.0, k=2, T=0.0001, A=10, f=1.0, a=-10, b=1.0, p=50, runtime=1422.9107041358948, u(x, 0) = exp(~50x2)

Different values of a near 1, N=99, d=1.0, k=2, T=0.0001, A=10, =10, a=-1.0, b=10, p=50, ulx, 0) = exp(~50x)
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Figure 5.5: A comparison to the transport equation (5.8)): Solutions to (5.7) near a = 1.

the solution of PDE ([5.7) converges to one solution, we show this at time 0.025 and 0.25 with the same
initial condition ([5.5)). There is very little difference between the blue and green solutions (N = 99 and
N = 199 respectively).
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Right fractional heat equation with different values of N, =15, d=1.0, k=2, t=0.0001, A=1.0, 8=1.0, a=-1.0, b=1.0, p=50, ulx, 0) = exp(—50x?)
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Figure 5.6: Showing the convergence of solutions to PDE ([5.7) with a = 1.5 as the value of N increases. N = 49, 99 and
199 are shown in red, blue and green respectively.

Left and right space-fractional heat equations: « € (0,1), L1(NU)

We observe some instability when applying the L1(NU) method to PDEs and (5.7)). This is perhaps
due to the nature of the solutions which become very steep and negative in some parts of the domain
as seen in Figure for PDE , the solutions are a mirror image for PDE (/5.7)). The solutions are
generated using the L1(NU) method for o = 0.5. These stability issues can be reduced by decreasing the
adaptivity of the grid, i.e by increasing 7 = 1 x 107 to 1 x 1072. We can also increase the number of grid
points from N = 49 to 99. The results of these changes are also seen in Figure When using the usual
arc-length monitor function, the adaptive grid doesn’t seem to move to become dense at the negative part
of the solution with positive gradient; this unstable behaviour is similar to that discussed in [35]. In this
paper they are able to improve results by taking a larger number of grid points, and also considering a
curvature type monitor function. In Figures and we consider a curvature type monitor function,

O%u

M=4/1
+ 0x2

. (5.9)

We can see that, although the solution is still unstable, the adaptive grid now considers the curvature of
the solution so we also get dense grid points near the minimum of the solution on the right hand side of
the domain. This is in contrast to the solutions where we use the arc-length type monitor function where,
as the positive peak is more steep than the negative trough, the grid points cluster around the peak on
the left side of the domain, leading to unstable solutions near the negative trough on the right hand side
of the domain.
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@=0.5, N=99, d=1.0, r=0.0, k=2, T=0.0001, A=1.0, =1.0, a=-1.0, b=1.0, p=50, runtime=1858.8191084861755. u(x, 0) = exp(—50x?)
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Figure 5.7: Solutions and adaptive grids for PDE for a = 0.5 with different choices for N, 7 and monitor function.
(a), (b), (c) and (d) use the usual arc-length monitor function whereas (e) and (f) use curvature monitor function. For (a),
(c¢) and (e) solutions are shown at times ¢ = 0, 0.05, 0.1, 0.149, 1.99, 0.249, 0.349, 0.398, 0.448 and 0.5 in dark-blue,
orange, green, red, purple, brown, pink, grey, light-green, light-blue and blue respectively.
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Space-fractional heat equation

The space-fractional heat equation with the fractional Laplacian is given by,

9 52 a/2
(e, t) = —d (—W> u(, t). (5.10)

Again we take d = 1 and the same initial condition given by equation (5.5)). This time the solutions to
the PDE are symmetric and the solution diffuses without being skewed to the left or right.

We can observe the same patterns in behaviour that for increasing values of «, the solution diffuses and
loses magnitude more quickly, as well as having thicker tails. Figure shows the solutions for « € (1,2)
computed using the L2(NU) method at ¢ = 0.025 and ¢ = 0.25. See figure for the full solutions of
PDE for « = 1.25, 1.5, 1.75 from ¢t = 0 to t = 0.25 and the adaptive grids. Figure shows the
solution and adaptive grid for & = 0.5 at times ¢t = 0, ¢t = 0.164, 0.332 and 0.5. The solutions on uniform
grids where N = 99 and the L1 and Griinwald-Letnikov methods are also shown. We can see that these
solutions are in agreement so the instability of the L1(NU) method with the adaptive mesh equations has
not impacted the result.

Different values of @, N=99, d=1.0, =2, T=0.0001, A=1.0, f=1.0, a=-1.0, b=1.0, p=50, ulx, 0) = exp(-50x?}

— a=175
— a=15
— =125

Figure 5.8: Differences to the solution of (5.10) with different values of a € (1,2). Solutions for o = 1.75, 1.5 and 1.25 are
shown in red, green and blue respectively for times ¢ = 0.05 and 0.25.

We can also compare the solutions to PDE ([5.10|) in the limiting case ov = 1.99, with the solution to the
ordinary heat equation where oo = 2 and the central difference approximation is used to approximate
the ordinary Laplacian. Figure shows that solutions for @ = 1.99 approaches the solution for a = 2
which shows that the property in equation holds for this numerical method as expected. To see
the adaptive grids and solutions at more time points which also agree see Figure

5.1.2 Space-fractional Fisher’s equation

In this subsection we consider the space-fractional Fisher’s equations in one dimension. We again consider
three different PDEs, one involving only the left space-fractional derivative, one with the right space-
fractional derivative, and one with the space-fractional Laplacian. In all cases we take the diffusion
coefficient d = 0.05 and the Fisher’s constant » = 5. We also always use the same Gaussian type initial
condition,

(0, ) = %exp (—50332) . (5.11)
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@=05,N=99, d=10, r=0.0, k=2, T=0.0001, A=10, =10, a=-1, b=1, p=50, runtime=1068 2225654125214, ulx, 0) =exp(—50x?)
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Figure 5.9: (a) shows the solution of (5.10) for a = 0.5 generated using the L1(NU), L1 and Griinwald-Letnikov methods
(shown in red, green and blue respectively). The dashed black line shows the initial condition and the solutions are shown
at times ¢ = 0.164, 0.332 and 0.5. (b) shows the adaptive grid for the L1(NU) method.

Comparison of a near 2, N=99, d=10, k=2, T=0.0001, A=1.0, =10, a=-1.0, b=10, p=50, ulx, 0) = exp(~50x*)
=005

Figure 5.10: A comparison of the solutions generated using the L2(NU) method with o = 1.99 (red), with the results where
a = 2 (blue) and we use the standard central difference approximation for the second derivative of the ordinary Laplacian.

Left space-fractional heat equation with Fisher’s term
The left space-fractional heat equation with Fisher’s term is given by,

%u(m,t) =d ¢Dg u(w,t) + ru(x, t)(1 — u(z,t)). (5.12)

Figure shows how the solution of PDE differs for different choices of a. We can see that as «
increases, the solution reaches the boundary faster, but takes more time to reach the solution’s limiting
height of 1. As the diffusive term includes only the left fractional derivative, the solution is also skewed
to the left boundary of the domain and thus the solution on the left hand side is steeper than the right
hand side. We can see that this behaviour is reflected in the adaptive grids as there is a higher density
cluster of grid points on the left sloping side of the solution compared to the right.

Right space-fractional heat equation with Fisher’s term

The right space-fractional heat equation with Fisher’s term is given by,

gtu(x, t) =d cDg yu(w,t) + ru(z, t)(1 — u(z,t)). (5.13)
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Figure 5.11: A comparison of the results to the left space-fractional heat equation with Fisher’s term gener-
ated using the L2(NU) method. Solutions with o = 1.25 and 1.75 are shown in (a) and (c) at times ¢ =
0, 0.12, 0.24, 0.36, 0.48, 0.6, 0.72, 0.84, 0.96, 1.08 and 1.2 shown in dark-blue, orange, green, red, purple, brown, pink,
grey, light-green, light-blue and blue respectively. The respective adaptive grids in (b) and (d). (e) shows the differences in
solutions at time points ¢t = 0.025 and ¢ = 0.25 for & = 1.25 (green), a = 1.5 (blue) and a = 1.75 (red).

The solutions are a mirror image of those of the left space-fractional heat equation with Fisher’s term
(5.12) and this time the solutions are skewed to the right, see Figure

Convergence with increasing number of grid points

The L2(NU) method also performs well when we increase the number of grid points N for the space-
fractional Fisher’s equations. Figure shows how the solution of PDE ([5.13)) changes as we increase

43



N. We can see that as we increase N the solutions begin to converge. For early points in time, ¢t = 0.12,
the solutions for NV =99 and N = 199 almost exactly agree, whereas for later points in time ¢ = 1.2 there
is a more noticeable difference, but the solution is converging to a more accurate solution as we increase

N.

Right fractional Fisher equation with differentvales of N, a=1.5, d=0.05, k=2, T=0.0001, A=10, §=10, a=-10, b=10, p=50, u(x, 0) = 0.5exp(=50x}
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— N=t9
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Figure 5.12: The solution to PDE (5.13)) with o = 1.5 for different choices for N. N = 49, 99 and 199 are shown in red,
blue and green respectively.

Heat equation with space-fractional Laplacian and Fisher’s term

The heat equation with space-fractional Laplacian and Fisher’s term is given by,

8 8 01/2
gu(:n,t) =—d <_6$2> u(z,t) + ru(z, t)(1 — u(x, t)). (5.14)
The solutions to this equation are symmetrical as we now include the fractional Laplacian which is a
weighted average of the left and right fractional derivatives, and we take the same symmetric Gaussian
initial condition (5.11)). As before, for higher values of «, the solution diffuses to reach the boundaries of
the domain faster, but takes more time to reach the limiting magnitude of u(z,t) = 1. For the solutions
and adaptive grids for PDE (5.14) for a = 1.25, 1.5 and 1.75 which display this behaviour, see Figure

We see some of the effects of the unstable L1(NU) method when considering the space-fractional Fisher’s
equation. The solution is symmetric but it takes slightly longer for the grid to adjust to ensure smooth
solutions near the left boundary. We can see this clearly in Figure where the solution to PDE ([5.14))
where a = 0.5 is shown for V = 199 and adaptive grids for N = 99, 149, 199 till ¢ = 1.5. Note here
we used 7 = 0.001 to reduce the speed at which the grid could adapt in an attempt to reduce stability
errors. In all cases the adaptive grid ensures there is a smooth solution at the boundary on the left hand
side before the right hand side.

We can also consider again the limiting case as o — 2 to check if the property in equation holds.
Figure shows that the solution to PDE (5.14) where a = 1.99 and the L2(NU) method is used to
discretise the RHS is very close to the solution of the ordinary Fisher’s equation when o = 2 and we have
the ordinary Laplacian approximated via central differences . The adaptive grids are almost also
identical.
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(e) Differences to the solution of () with different values of .

Figure 5.13: A comparison of the results to the space-fractional heat equation with Fisher’s term, equation , generated
using the L2(NU) method with o = 1.25, 1.5, 1.75. (a) and (c) show the solutions for & = 1.25 and a = 1.75 respectively
at times ¢t =0, 0.12, 0.24, 0.36, 0.48, 0.6, 0.72, 0.84, 0.96, 1.08 and 1.2. (b) and (d) show the adaptive grids for a = 1.25
and « = 1.75 respectively. (e) shows how the solutions differ at times ¢t = 0.12 and ¢t = 1.2 for « = 1.25, 1.5 and 1.75 shown
in green, blue and red respectively.
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Figure 5.14: Solutions to PDE (5.14) with o« = 0.5 generated using the L1(NU) method at times t =

0, 0.149, 0.299, 0.448, 0.598, 0.747, 0.896, 1.049, 1.195, 1.345 and 1.5 shown in dark-blue, orange, green, red, purple,
brown, pink, grey, light-green, light-blue and blue respectively. The adaptive grids are shown for different values of N.
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Figure 5.15: A comparison of the results generated using the L2(NU) method with o = 1.99 (red), with the results where
a = 2 (blue) and we use the normal central difference approximation for the second derivative of the ordinary Laplacian.
The solutions and adaptive grids are identical.
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5.2 Two dimensions

5.2.1 Space-fractional heat equation

In this subsection we consider the space-fractional heat equation in two dimensions,

w(z,y,t) = — (—A)Y? u(z,y, t) (5.15)

for a € (1,2), (z,y) € [a,b] X [a,c] =[-1,1] x [-1,1], t > 0 together with boundary conditions,
u(a,y,t) = u(b,y,t) =0, ug(a,y,t) = ugy(b,y,t) =0, (5.16)
u(z,a,t) = u(z,c,t) =0, uy(z,a,t) = uy(x,c, t) =0, (5.17)

and Gaussian type initial condition,

u(z,y,0) = exp <—10 (372 + y2)> : (5.18)

The space-fractional derivative on the RHS of PDE ([5.15]) is approximated using the L2(NU)-2D method
equation for @ € (1,2) and using the L1(NU)-2D method equation for a € (0,1). The system
is solved via the two-dimensional method outlined in Section [4] with parameters 7 = 1, 8 = 5 and on an
(N +2) x (N +2) =31 x 31 grid unless stated otherwise.

Figure shows the solutions and adaptive grids to PDE for « = 0.5 from time ¢t = 0 till £ = 0.18
seconds. We can see that the long tails that the fractional Laplacian term produces means that we observe
a diamond shaped solution at longer times rather than a circular one as the solution is affected by the
boundary conditions.

Figure shows the solutions to PDE for a = 1.5 from time t = 0 till ¢ = 0.045 seconds. We see
that we can observe sub-diffusive behaviour as expected and the grid adapts well to the solution, with
a higher density of points at steeper parts of the solution. When comparing Figures [5.17b| and [5.17(]
we can see that by increasing 5 the grid becomes more adaptive. The choice of § = 5 was found to be
optimal as it produced satisfying adaptivity results while keeping the run-time of the numerical exper-
iments manageable. Changing the value of 8 doesn’t change the behaviour of the solution, see Figure

We can see the differences in the solution to PDE for different values of « in Figure where we
see the solutions and grids for o = 1.25 and 1.75 at time 0.02. We can see that the solution takes longer
to diffuse outwards for smaller «, and the grid points are therefore more dense around the center of the
domain in this case when compared to a higher value of . For a = 1.75, the grid points have already
started to spread out closer to the boundaries of the domain as the solution is less steep in the center and
has spread closer to the boundaries.

We also consider the limiting case as &« — 2 and the results behave as expected as we observe no significant
visible difference between the solutions or adaptive grids for PDE ([5.15) for o = 1.99 compared to the
ordinary heat equation,

ut($7y7t) = uxx(xayat)) (519)
where we use the central difference approximation given in equation ((1.40)) to discretise the RHS. This

agrees with the expected behaviour that as o — 2 the fractional Laplacian becomes the ordinary Lapla-
cian. See Figure [A.7]

Figure shows the adaptive grid evolution over a longer time for a = 1.99. We take the final time to

be t = 0.3 and thus the solution at this point is almost zero everywhere. The grid behaves as expected
and has returned to the initial uniform form.
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Figure 5.16: Solutions and grids to the space-fractional heat equation, o = 0.5, from time ¢ = 0 till ¢ = 0.18 seconds.
Adaptive grid parameters 7 =1, =1 or 5, and an (N 4 2) x (N +2) = 31 x 31 grid.
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Figure 5.17: Solutions and grids to the space-fractional heat equation, = 1.5, from time ¢ = 0 till £ = 0.045 seconds.
Adaptive grid parameters 7 =1, =1 or 5 and an (N + 2) x (N + 2) = 31 x 31 grid.
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5.2.2 Space-fractional Fisher’s equation

In this section we consider the space-fractional Fisher’s equation in two dimensions,

wg(z,y,t) = —d (—A)*? u(z, y,t) + ru(l — u), (5.20)

for a € (1,2), (z,y) € [a,b] X [a,c] =[-1,1] x [-1,1], t > 0 together with boundary conditions,
u(a,y,t) = u(b,y,t) =0, ug(a,y,t) = ug(b,y,t) =0, (5.21)
u(z,a,t) = u(z,c,t) =0, uy(z,a,t) = uy(x,c, t) =0, (5.22)

and Gaussian type initial condition,

u(z,y,0) = %exp <1() <x2 + y2>> . (5.23)

The space-fractional derivative on the RHS of PDE is approximated using the L2(NU)-2D method
equation (3.7). The system is solved via the two-dimensional method outlined in Section 4| with param-
eters 7 =1, 8 =5 and on an (N + 2) x (N + 2) = 31 x 31 grid unless stated otherwise. Figure
shows the solutions and adaptive grids for PDE for « = 1.5 from time t = 0 to t = 1.2. We
observe the solutions spreading out towards the edges of the domain while the magnitude of the solution
increases until it reaches a magnitude of 1. The adaptive grid moves well throughout the simulation;
we initially see a high density of grid points near the middle of the domain where the Gaussian initial
condition lies, then as the solution spreads out and becomes steeper near the boundary, we observe that
the grid points become less dense in the center of the domain and more dense near the boundaries where
the solution is steeper. We should note that as expected both the solution and the adaptive grids behave
in a symmetrical way in the x and y directions.

When considering the space-fractional heat equation in two dimensions we observed that increasing the
parameter of 8 from 1 to 5 allowed for a more adaptive grid, but what happens when we change the value
of the parameter 77 The choice of this value doesn’t affect the solution of the PDE, but it does affect how
adaptive the grids are. Figure shows the adaptive grids when 7 = 1 and Figure shows the
adaptive grids when 7 = 0.01. We can see that choosing the smaller choice for 7 does not allow for the
grid to adapt as quickly over time. We should note however that the run-time for the experiment where
7 = 0.01 was significantly faster than when 7 =1 (38138 compared to 71013 seconds).

We also consider the differences we can observe in solutions for different values of a. Figure shows
the solutions and adaptive grids for PDE at t = 1.2 for « = 1.25 and o = 1.75. We can see that for
a large value of «, at the same point in time the solution has reached a higher magnitude and stretched
further out towards the boundaries of the domain.

We can also check that behaviour in the limit @ — 2 approaches the ordinary Fisher’s equation. To do
this we run a simulation that solves equation ([5.20) with « = 1.99, and compare this to the solution for
the ordinary Fisher’s equation in two dimensions given by,

ut(x,y,t) = dAu(z,y,t) + ru(l — u), (5.24)

with the same parameter values, initial condition and boundary conditions. The results (see Figure |A.8))
show that the solution to the Fisher’s equation with the fractional Laplacian does indeed approach the
solution to Fisher’s equation with the ordinary Laplacian as « approaches 2.

Lastly we show that as ¢ — oo the adaptive grid will become very dense around all edges of the domain.
The adaptive grid for the solution of (5.20) for « = 1.99, d = 0.05, r = 5 at t = 5 is shown in Figure

52



=00 20133333 t=0266667 =04 t=0533333

L 2
- -
s s
- -0z
Yoo Yoot
02 02
o5 o5
o o7

t=0.033333 t=1.066667

! !
] ]
1 1

o s

100 075 050 025 000 -025 -050 -075 -100 100 075 050 025 000 -025 -050 -0.75 100 100 075 050 025 000 -025 -050 -0.75 -L00 100 075 050 025 000 -025 -050 -0.75 100 100 075 050 025 000 -025 -050 -0.75 100

t=0.666667

s

&

s

59 8§ 8 § % 2 3 35

(a) Solutions to the space-fractional Fisher’s equation, « = 1.5, 7 =1, =5

The uiform mesh t=00. The non-unform mesh t=0 13333333333333333 The non-uniform mesh 1=0 2655656656666565 The non-unform mesh-

The non-uniform mesh =0 5333332333333333

The non uniform mesh =0 6G56656556656566 The non-unform mesh =0 The o niform mesh =0 9337337335333373 The non unform mesh t=1 0666565666565567 The non uiform mesh =12

(b) Adaptive grids with

The non

The uiform mesh 1

The non i The non-unform mesh 10 The non-unform mesh 1=1

(¢) Adaptive grids with 7 = 0.01 for the space-fractional Fisher’s equation
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5.2.3 Space-fractional advection-diffusion equation

In this section we consider the space-fractional advection-diffusion equation in two dimensions,

w(x,y,t) = —d (—A)*u(x,y,t) + v - Va, (5.25)
for a € (1,2), (z,y) € [a,b] X [a,c] = [-1,1] x [-1,1], t > 0 together with boundary conditions (/5.16))

and , and Gaussian type initial condition . The space-fractional derivative on the RHS of
PDE is approximated using the L2(NU)-2D method equation (3.7)), and the first derivatives in the
forcing term are approximated using central differences. The system is solved via the two-dimensional
method outlined in Section 4] with parameters 7 =1, f =5 and on an (N 4 2) x (N +2) = 31 x 31 grid.

Figure shows the solutions and adaptive grids to PDE for « = 1.5 with diffusion coefficient
d = 1 and constant velocity v = (:38). The solution behaves as expected and travels in both the negative
x and y directions whilst losing magnitude. The boundary conditions are satisfied as the solution remains
equal to zero there. The non-uniform grids also adapt as expected and we see dense areas of points move

towards the bottom left corner of the domain.

(b) Adaptive grids.

Figure 5.23: Solutions and adaptive grids to PDE (5.25) for o = 1.5 with diffusion coefficient d = 1 and constant velocity
v = (:38) from t =0 to ¢t =0.028 on an (N + 2) x (N +2) = 31 x 31 grid.
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Chapter 6

Conclusion

After an investigation into the existing methods to approximate fractional derivatives in one dimension
on uniform finite difference grids, we chose to extend the L1 (o € (0,1)) and L2 (a € (1,2)) methods,
which approximate Caputo derivatives, to non-uniform grids. This choice was made due to the simplicity
of the approach which would follow where integer derivatives and the expression inside the integral involv-
ing step sizes were generalised to non-uniform grids. This was favoured over the alternatives discussed
in Chapter [3[ as the method by Duo et al.[I§] involved manipulations of the singular integral, and the
Griinwald-Letnikov definition approach would have involved calculating a truncated infinite sum of inte-
ger derivatives on a non-uniform grid. Once the Caputo derivatives were approximated on a non-uniform
grid, these could be used to express the fractional Laplacian via the Riesz derivative in one dimension, and
the Riesz potential in two dimensions. This gave us the L1(NU), L2(NU), L1(NU)-2D and L2(NU)-2D
methods.

The L2(NU) and L2(NU)-2D methods both perform well when approximating the space-fractional Lapla-
cian in one and two dimensions on adaptive grids. We can see that the solutions they produce for
space-fractional heat, advection-diffusion and Fisher’s PDEs behave as expected. They appear stable
and preserve important properties such as approaching the ordinary Laplacian in the limit o« — 2. The
adaptive grids also performed as expected. For heat equations, grids were symmetrical and moved to
become dense where the solution was most steep, and returned to a uniform grid once the solution had
completely diffused. For the advection diffusion PDE the dense parts of the grid moved as dictated by
the source term, and for Fisher’s equations, the grid became steepest near the boundaries of the domain.

The L1(NU) method displayed some issues regarding stability. A possible cause of this is the low accuracy
approximation of the first integer derivative where forward differences were used. Therefore replacing this
approximation with a higher order approximation for the first derivative may help eradicate the unstable
behaviour. It was found that in one dimension, increasing the parameter 7 (which helps determine how
quickly the grid adapts) from 1 x 1074 to 1 x 10~2 helped smooth the solution. Another solution may be
changing the monitor function that is used within the adaptive grid generation, or limiting the maximum
or minimum time step sizes of the solver. When this stability was not an issue the results generated
behaved as expected; we see that solutions to the heat equation have long thin tails and so the solution
reaches the boundary more quickly when compared to o € (1,2). This means that the solutions at the
boundary for Fisher’s equations will reach the maximum height more quickly for a € (0,1) compared to
a € (1,2). These behaviours are outlined in [46] and the results of the numerical experiments in this thesis
concur. Some small effects of the stability issues were observed to the solutions to Fisher’s equations as
we saw small differences in the adaptive grids near the boundaries. It is suspected that if a large enough
N is chosen, then these effects would not be an issue.

For future studies it would be possible to generalise the L1(NU), L2(NU), L1(NU)-2D and L2(NU)-2D
methods to approximate Riemann-Liouville derivatives without making the same assumptions of homo-
geneous boundary conditions. This would involve the addition of extra terms given by equation .
Additionally the L1(NU) method could be adapted to involve a higher order approximation of the first

56



derivative. The efficiency of the adaptive grid solvers in one dimension could be improved by reordering
the system as 1, U, ..., TN, un. In two dimensions a similar reordering could be performed, and/or
the system could be decoupled so that at each time step, the new mesh is first found, and then the solution
is determined.

We were successful in presenting the first solutions to PDEs involving the space-fractional Laplacian of
order a € (0,1) U (1,2) on adaptive finite difference grids in one and two dimensions. These methods
(L1(NU), L2(NU), L1(NU)-2D and L2(NU)-2D - given in equations (2.73)), (2.84), and respec-
tively) can help to open up the study of solving space-fractional PDEs in this way. Alternative methods
derived via the Grinwald-Letnikov definition approach combined with the infinite integer derivative series
definition for fractional derivatives (discussed in section could be derived and the performance com-
pared with the L1(NU), L2(NU), L1(NU)-2D and L2(NU)-2D methods for e € (0,1) U (1,2). A method
derived via the singular integral definition for the fractional Laplacian (the uniform approach is shown by
Duo et al. [I§] and was discussed in section would allow us to also consider the fractional Laplacian
of order o = 1.
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Appendix A

Additional results to numerical
experiments

The following pages include supplementary solutions to those presented in Chapter These figures
display solutions at a greater number of time points, or solutions that are almost equivalent. References
to these figures are made throughout Chapter
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Figure A.1: A comparison of the results to the left space-fractional heat equation (5.4) generated using the L2(NU) method
with a = 1.25, 1.5, 1.75. The solutions are shown at times ¢ = 0,0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225 and
0.25 in dark-blue, orange, green, red, purple, brown, pink, grey, light-green, light-blue and blue respectively.
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Figure A.2: A comparison of the results to the right space-fractional heat equation (5.7)) generated using the L2(NU) method
with a = 1.25, 1.5, 1.75. The solutions are shown at times ¢ = 0,0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225 and
0.25 in dark-blue, orange, green, red, purple, brown, pink, grey, light-green, light-blue and blue respectively.
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Figure A.3: A comparison of the results to the space-fractional heat equation (5.10)) generated using the L2(NU) method
with a = 1.25, 1.5, 1.75. The solutions are shown at times ¢ = 0,0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225 and
0.25 in dark-blue, orange, green, red, purple, brown, pink, grey, light-green, light-blue and blue respectively.
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Figure A.4: A comparison of the results generated to PDE using the L2(NU) method with @ = 1.99, with the results
where a = 2 and we use the standard central difference approximation for the second derivative of the ordinary Laplacian.
The solutions in (a) and (b) are shown at times ¢ = 0,0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225 and 0.25 in
dark-blue, orange, green, red, purple, brown, pink, grey, light-green, light-blue and blue respectively. (e) shows the solutions

for o = 1.99 (red) and e = 2 (blue) at t = 0.05 and 0.25.



(e) Differences to the solution of (5.13) with different values of a.

Figure A.5: A comparison of the results to the right space-fractional heat equation with Fisher’s term gen-
erated using the L2(NU) method. Solutions with o = 1.25 and 1.75 are shown in (a) and (c) at times t =
0, 0.12, 0.24, 0.36, 0.48, 0.6, 0.72, 0.84, 0.96, 1.08 and 1.2 shown in dark-blue, orange, green, red, purple, brown, pink,
grey, light-green, light-blue and blue respectively. The respective adaptive grids are shown in (b) and (d). (e) shows the
differences in solutions at time points t = 0.025 and ¢ = 0.25 for = 1.25, 1.5, 1.75 shown in green, blue and red respectively.
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Figure A.6: Solutions to the space-fractional heat equation , a = 1.5, from time ¢t = 0 till £ = 0.045 seconds. Adaptive
grid parameters 7 =1, S =1 or 5 and an (N + 2) x (N + 2) = 31 x 31 grid.
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Figure A.7: Solutions and adaptive grids for PDE (5.15) at ¢t = 0.045 for « = 199 and @ = 2. We can not observe any
significant differences in either the solutions or the grids. Adaptive grid parameters 7 =1, § =5 and an (N +2) x (N +2) =

31 x 31 grid.
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Figure A.8: Solutions and adaptive grids for PDE (5.20) for o = 1.99, and PDE (5.24)) at ¢t = 0.8. As expected we see no
visible difference in the solutions or grids. Adaptive grid parameters 7 =1, 8 =5 and an (N +2) x (N +2) = 31 x 31 grid.
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Appendix B

Python code for numerical methods

The following pages include the code used to generate the figures presented in this thesis. The functions
for the L1(NU), L2(NU), L1, L2, Griinwald-Letnikov, shifted Griinwald-Letnikov and the method by Duo
et al. [I8] are first shown, along with code for some example numerical experiments. Then the functions
for the L1(NU)-2D and L2(NU)-2D methods are shown, again with code for some example numerical
experiments.



Python code for numerical methods in one dimension:

L1(NU) and L2(NU) for non-uniform grids, L1, L2, Griinwald-Letnikov and method
by Duo et al. [18] for uniform grids

[ 1:|#4matplotlidb notebook
from __future__ import print_function, division
from mpl_toolkits import mplot3d
import matplotlib.pyplot as plt
import numpy as np
## The scikits package an be imported via anaconda: https://anaconda.org/conda-forge/scikits.
—odes#: ~:text=0des}201s/20a)20sctkit/;20toolkit, integrade.
from scikits.odes import dae
import math
from time import time
## The Assimulo package can be downloaded from https://jmodelica.org/assimulo/dounload.html#
from assimulo.solvers import IDA
from assimulo.problem import Implicit_Problem
from assimulo.solvers import RadaubSDAE
from scipy.integrate import odeint
from mpl_toolkits.mplot3d import Axes3D

[ 1:|## functions used for L1(NU) method ##

def W_1_R(k,DeltaX,i):
aa=0
bb=0
for j in range(di,k+1):
aa+=DeltaX[j]
for j in range(i,k):
bb+=DeltaX [j]
return (1/(DeltaX[k]))*(aa*+*(1-alpha)-bb**(1l-alpha))

def W_1_L(k,DeltaX,i):
aa=0
bb=0
for j in range(k,i):
aa+=DeltaX[j]
for j in range(k+1,i):
bb+=DeltaX [j]
return (1/(DeltaX[k]))*(aa*+*(1-alpha)-bb**(l-alpha))

## functions used for L2(NU) method ##

def W_L_NU(k,n,DeltaX,alpha):
z=2-alpha
aa=0
bb=0
cc=0
dd=0
ee=0
f£=0
if k==0:
for j in range(O,n):
aa+=DeltaX[j]
for j in range(l,n):
bb+=DeltaX [j]
wk=(aa**z-bb**z)/(DeltaX [0] * (DeltaX[0]+DeltaX[1]))
elif k==1:

XI



for j in range(O,n):
aa+=DeltaX[j]
for j in range(l,n):
bb+=DeltaX[j]
cc=bb
for j in range(2,n):
dd+=DeltaX[j]
wk=-(aax*z-bb**z) /(DeltaX [0] #*DeltaX[1])+(cc**z-dd**z)/(DeltaX[1]* (DeltaX[1]+DeltaX[2]))
elif k in range(2,n):
for j in range(k-2,n):
aa+=DeltaX[j]
for j in range(k-1,n):
bb+=DeltaX[j]
cc=bb
for j in range(k,n):
dd+=DeltaX[j]
ee=dd
for j in range(k+1,n):
ff+=DeltaX[j]
wk=(aa**z-bb**z) /(DeltaX [k-1]* (DeltaX [k-2] +DeltaX [k-1]))-(cc**z-dd**z)/
< (DeltaX[k-1]*DeltaX [k])+(ee**z-ff**z)/(DeltaX [k]*(DeltaX[k]+DeltaX[k+1]))
elif k==n:
for j in range(n-2,n):
aa+=DeltaX[j]
for j in range(n-1,n):
bb+=DeltaX [j]
wk=((aa)**z-(bb) **z) / (DeltaX [n-1]*(DeltaX [n-1]+DeltaX [n-2]))-((bb)**z)/
< (DeltaX[n-1]*DeltaX[n])
elif k==n+1:
wk=((DeltaX[n-1])**z)/(DeltaX [n]*(DeltaX[n-1]+DeltaX[n]))
return wk

def W_R_NU(k,n,DeltaX,alpha,N):
z=2-alpha
aal=0
bb1=0
ccl=0
dd1=0
eel=0
££1=0
if k==N+1:
for j in range(n,N+1):
aal+=DeltaX[j]
for j in range(n,N):
bbil+=DeltaX[j]
wk=(aal**z-bbl**z)/(DeltaX [N]+*(DeltaX [N-1]+DeltaX[N]))
elif k==N:
for j in range(n,N):
aal+=DeltaX[j]
for j in range(n,N-1):
bbi+=DeltaX[j]
for j in range(n,N+1):
ccl+=DeltaX[j]
ddl=aal
wk=(aal**z-bbl**z)/(DeltaX [N-1]*(DeltaX [N-1]+DeltaX[N-1]))-(ccl**z-ddlx**z)/
< (DeltaX [N-1]*DeltaX [N])
elif k in range(n+1,N):
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for j in range(n,k):
aal+=DeltaX[j]
for j in range(n,k-1):
bbi+=DeltaX[j]
for j in range(n,k+1):
ccl+=DeltaX[j]
ddl=aal
for j in range(n,k+2):
eel+=DeltaX[j]
ffi=ccl
wk=(aal**z-bbl**z)/(DeltaX[k-1]*(DeltaX[k-1]+DeltaX[k-2]))-(ccl**z-ddl*x*z)/
— (DeltaX[k]*DeltaX[k-1])+(eel**z-ff1x**z)/(DeltaX[k]*(DeltaX[k+1]+DeltaX[k]))
elif k==n:
wk=-((DeltaX[n])**z)/(DeltaX[n]*DeltaX[n-1])+((DeltaX[n]+DeltaX[n+1])**z-(DeltaX[n])**z)/
— (DeltaX[n]*(DeltaX[n+1]+DeltaX[n]))
elif k==n-1:
wk=((DeltaX[n])**z)/(DeltaX[n-1]*(DeltaX[n]+DeltaX[n-1]))
return wk

## function to approxzimate RHS of PDE ##

def F_right_PDE(u,x,N,t):
u=np.append (bcL,u)
u=np. append (u,bcR)
x=np.append (a,x)
x=np.append (x,b)
HAABARBARH
# L1(NU) #
HARBABARHA
if alpha<i:
dudt = np.zeros(N)
DeltaX=np.zeros(N+1) # step sizes
for i in range(O,N+1):
DeltaX[il=x[i+1]-x[i] # DeltaX[0]=z_1-z_0, DeltaX[N]=x_(N+1)-z_N
for i in range(1l, N+1):
for k in range(0,i):
dudt [1i-1]+=W_1_L(k,DeltaX,i)*(1/math.gamma(2-alpha))* (ulk+1]-ulk])
for k in range(i,N+1):
dudt [i-1]+=-W_1_R(k,DeltaX,i)*(1/math.gamma(2-alpha))* (ulk+1]-ulk])
dudt [i-1]=d*dudt [i-1]*(-1/(2*np.cos(alpha*np.pi/2))) # fractional Laplacian term
dudt [i-1]+=vk(uli+1]-ul[i-11)/(x[i+1]1-x[i-11) # convection term
dudt [i-1]+=r*ulil*(1-uli]) # Fisher term
F=dudt
HAABAHBAHRH
# L2(NU) #
HURBBHRHHH
elif alpha<2:
dudt = np.zeros(N)
DeltaX=np.zeros (N+1) # step sizes
for i in range(O0,N+1):
DeltaX[il=x[i+1]-x[i] # DeltaX[0]=z_1-z_0, DeltaX[N]=x_ (N+1)-z_N
for i in range(1l, N+1):
for k in range(0,i+2):
dudt[i-1] += W_L_NU(k,i,DeltaX,alpha)*(ulk])
for k in range(i-1,N+2):
dudt[i-1] += W_R_NU(k,i,DeltaX,alpha,N)*(ulk])
dudt [i-1]=d*(dudt [i-1]1*(2)/(math.gamma(3-alpha)))*(-1/(2*np.cos(alpha*np.pi/2))) #.
— fractional Laplacian term
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dudt [i-1]+=v*(uli+1]-uli-11)/(x[i+1]-x[i-1]) # convection term
dudt [i-1]+=r*uli]l*(1-ul[i]) # Fisher term
F=dudt
RERBRBARARH
# alpha=2 #
HRUBBARARARY
else:
F=np.zeros (N)
for i in range(1,N+1):
Fli-1]=d* (2% (u[i-1])/((x[1]-x[i-11)*((x[i+1]-x[i])+(x[1]-x[i-1])))-2*(ul[i])/
s ((x[i]-x[i-1D)* (x[i+1]-x[11))+2* (ul[i+1]) / ((x[i+1]-x [iD)* ((x[i]-x[i-11)+(x[i+1]1-x[i1)))).
—#Laplacian term
Fli-1]+=vx(1/2)*(u[i+1]-ul[i-1]1)/(x[i+1]-x[i-1]) # conwvection term
Fli-1]+=r*ulil*(1-ul[i]) # Fisher term
return F #F[0]=F _1,..., F[N-1]=F_N

def D_matrix(u,x,N):
x=np.append(a,x)
x=np. append (x,b)
u=np.append (bcL,u)
u=np.append (u,bcR)
D=np.zeros (N) #D[0]=D_1,..., D[N-1]=D_N
for i in range(1,N+1):
D[i-11=Culi+1]-uli-11)/(x[i+1]-x[i-1]1)
return D

def monitor_function(A,u,x,N):
x=np.append(a,x)
x=np.append (x,b)
u=np.append (bcL,u)
u=np.append (u,bcR)
M=np.zeros(N+1) #M[0]=M_O, ..., M[N]=M_N
for i in range(O,N+1):

M[i]=np.sqrt (A+beta*x(1/2*ul[i+1]-1/2*uli-1])**2/(1/2*x[1i+1]-1/2*x[i-1])**2) # central may.

—be better?
return M

def g_vector(x,M,mu,N):

g=np.zeros (N)

x=np.append (a,x)

x=np.append (x,b)

for i in range(2,N):

gli-11=C-mu/(x[i+2] -x[i+1])+(1+2+mu) / (x [i+1]-x[1]) -mu/ (x [i]-x[i-11)) /M[i]- (-mu/

= (x[i+1]-x[AD)+(1+2%mu) / (x[1]-x [1-1]) -mu/ (x [i-1]-x[1-2]1)) /M[i-1]

return g

def B_matrix(x,M,mu,N):
DeltaX=np.zeros(N+1)
x=np.append(a,x)
x=np.append (x,b)
for i in range(O,N+1):
DeltaX[i]=x[i+1]-x[i]
B=np.zeros ((N,N))
for i in range(1,N+1):
if i==1:
B[0,0]=2.0
B[0,1]=-1.0
elif i==2:
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B[1,0]=mu/(M[i]*(DeltaX[i-1])**2)+(1+2*mu)/(M[i-1]*(DeltaX[i-1])**2)+mu/
— M[i-1]*(DeltaX[i-2]) **2)
B[1,1]=-(mu/(M[i]*(DeltaX[i-1])**2)+(1+2*mu)/(M[i]* (DeltaX[i])**2)+(1+2*mu) /
— (M[i-1]*(DeltaX [i-1]1)**2)+mu/(M[i-1]*(DeltaX[i])**2))
B[1,2]=mu/(M[i]*(DeltaX[i+1])**2)+(1+2*mu)/(M[i]*(DeltaX[i])**2)+mu/
< (M[i-1]*(DeltaX[i])**2)
B[1,3]=—mu/(M[i]*(DeltaX [i+1])**2)
elif i in range(3,N-1):
B[i-1,i-3]=-mu/(M[i-1]*(DeltaX [i-2])**2)
Bl[i-1,i-2]=mu/(M[i]*(DeltaX[i-1])**2)+(1+2*mu)/(M[i-1]*(DeltaX[i-1])**2)+mu/
—(M[i-1]*(DeltaX[i-2])**2)
Bli-1,i-1]=-(mu/(M[i]*(DeltaX[i-1])**2)+(1+2*mu)/(M[i]*(DeltaX[i]) **2)+(1+2*mu)/
— (M[i-1]*(DeltaX [i-1])**2)+mu/(M[i-1]*(DeltaX[i])**2))
Bli-1,il=mu/(M[i]*(DeltaX[i+1])**2)+(1+2*mu)/(M[i]*(DeltaX[i])**2)+mu/
< (M[i-1]*(DeltaX[i]) **2)
Bli-1,i+1]=-mu/(M[i]l*(DeltaX[i+1])**2)
elif i==N-1:
B[N-2,N-4]=-mu/(M[i-1]*(DeltaX [i-2])**2)
B[N-2,N-3]=mu/ (M[i]*(DeltaX[i-1])**2)+(1+2*mu)/(M[i-1]*(DeltaX[i-1])**2)+mu/
— M[i-1]*(DeltaX[i-2]) **2)
B[N-2,N-2]=-(mu/(M[i]l*(DeltaX[i-1])**2)+(1+2+mu) /(M[i]*(DeltaX[i])**2)+ (1+2*mu)/
— (M[i-1]*(DeltaX [i-1])**2)+mu/(M[i-1]*(DeltaX[i])**2))
B[N-2,N-1]=mu/(M[i]* (DeltaX [i+1])**2)+(1+2*mu) /(M[i] * (DeltaX[i]) **2)+mu/
< (M[i-1]*(DeltaX[i]) **2)
elif i==N:
B[N-1,N-2]=-1.0
B[N-1,N-1]=2.0
return B

##### RESIDUAL FUNCTIONS ######

# ## If using the sundials IDA integrator use this residual function ##
# def residual (t,z,zdot,result):
DD=D_matriz(z[0:N],z[N:2*%N] ,N)
AA=F_right_PDE(z[0:N],z[N:2*N],N, t)
M=monitor_function(4d,x[0:N],x[N:2*N],N)
g=g_vector(z[N:2*N],M, mu,N)
B=B_matriz(z[N:2*N] ,M, mu,N)
for 4 in range(0,N):
result[i]=-zdot [t]+AA[i]+DD[%i]*zdot [1+N]
for 4 in range(N,2+N) :
result[i]=g[i-N]-tau*B[%i-N, :].dot (xdot [N:2*N])
## print time so that we can track the progress ##
print (t)
#return result

3+

oW W OR R R R W OW W W

## If using the Assimulo integrator use this residual function ##

def residual (t,x,xdot):#,result):
result=np.zeros (2*N)
DD=D_matrix(x[0:N],x[N:2xN],N)
AA=F_right_PDE(x[0:N],x[N:2*N],N,t)
M=monitor_function(A,x[0:N],x[N:2xN],N)
g=g_vector (x[N:2+N] ,M,mu,N)
B=B_matrix (x[N:2*N],M,mu,N)
for i in range(O,N):

result[i]=-xdot [1]+AA[i]+DD[i]*xdot [1+N]
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for i in range(N,2x*N):
result[i]=g[i-N]-tau*B[i-N,:].dot (xdot [N:2*N])

## print time so that we can track the progress ##

print(t)

return result

## functions for Grinwald-Letnikov methods

def generalized_binomial(x,y):
return math.gamma(x+1) / (math.gamma(y+1) * math.gamma(x-y+1))
import scipy.special

B
# GL left derivative (2.51) in Numerical methods for fractional calculus #
i
# works well for alpha < 1

def GL_Backwards(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1) #step size
u[0]=0
u[N-1]=0
for i in range(l, N-1):
for k in range(0,i+1):
dudt[i] += (-1)*xk+generalized_binomial(alpha,k)*u[i-k]
dudt [i]=dudt [i]* (1/h**alpha)
return dudt

i
# GL right derivative #
R
# works well for alpha < 1

def GL_Forwards(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1) #step size
u[0]=0
u[N-1]=0
for i in range(l, N-1):
for k in range(O,N-i):
dudt[i] += (-1)*xk+generalized_binomial(alpha,k)*u[i+k]
dudt [i]=dudt [i]* (1/h**alpha)
return dudt #was -

B
# GL left and right to find Reiss Derivative #
B
# works well for alpha < 1

def GL_RD(u,t):
dudt = np.zeros(u0.shape)
#step size
h = (b-a)/(N-1)
u[0]=0
u[N-1]=0
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for i in range(l, N-1):
for k in range(0,i+1):
dudt[i] += (-1)*xk*scipy.special.binom(alpha,k)*ul[i-k]
for k in range(0,N-i):
dudt[i] += (-1)*xk*scipy.special.binom(alpha,k)*ul[i+k]
dudt [i]=dudt [i]* (1/h**alpha)
dudt [1]=dudt [i]*(-1/(2*np.cos(alpha*np.pi/2)))
dudt [i]+=v*(u[i+1]-u[i-1])/(2*h)
return dudt

B
# inittal conditions #
B

def IC(x,N,p):
u=np.zeros(N)
for i in range(1,N-1):
ulil=np.exp(-p*x[i]**2)
return u

B
HARHRAHHHARAAARAAARAA AR AR AR A#E SHIFTED #ARAHHHARHHAR R AR AR RA A
# GL left derivative (2.52) in Numerical methods for fractional calculus #
B
# works well for 1 < alpha < 2

def GLM_Backwards(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1)
u[0]=0
u[N-1]1=0
for i in range(l, N-1):
for k in range(0,i+shift_p+1):
dudt[i] += (-1)*xkxgeneralized_binomial(alpha,k)*u[i-k+shift_p]
dudt [1]=dudt [i]* (1/h**alpha)
return dudt

####### SHIFTED #######
# GL right derivative #
i
# works well for 1 < alpha < 2

def GLM_Forwards(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1)
u[0]=0
u[N-1]1=0
for i in range(l, N-1):
for k in range(0,N-i-shift_p+1):
dudt[i] += (-1)*xk*generalized_binomial(alpha,k)*u[i+k-shift_p]
dudt [i]=dudt [i]* (1/h**alpha)
return dudt

HARRR R R R B R BRRRARARAAAAAH R AR AR AR AR AR BB BB RRRAAAA

#H#n#####AA SHIFTED HA#AHAHBHARHHARHHARHHARAAAH
# GL left and right to find Riesz Derivative #
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o
# works well for 1 < alpha < 2

def GLM_RD(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1) #step size
u[0]=0
u[N-1]1=0
for i in range(l, N-1):
for k in range(0,i+shift_p+1):
dudt[i] += (-1)*xk*scipy.special.binom(alpha,k)*ul[i-k+shift_p]
for k in range(0,N-i-shift_p+1):
dudt[i] += (-1)*xk*scipy.special.binom(alpha,k)*u[i+k-shift_p]
dudt [i]=dudt [1] * (h** (-alpha))
dudt [i]=dudt [1]*(-1/(2*np. cos (alpha*np.pi/2)))
return dudt

g e
# L1 method for C (2.63) in Numerical methods for fractional calculus #
B

## coefficient functions

def b_k(k):
h = (b-a)/(N-1)

return (h**(-alpha))*((k+1)#**(1-alpha)-k**(l-alpha))/(math.gamma(2-alpha))

def a_k(k):
h = (b-a)/(N-1)

return (h*+*(-alpha))*((k+1)#**(1-alpha)-(k)#**(l1-alpha))/(math.gamma(2-alpha))

## Approzimate left Caputo derivative

def L1_method_left(u,t):

dudt = np.zeros(u0.shape)
h = (b-a)/(N-1)
u[0]=0
u[N-1]=0
for i in range(l, N-1):

dudt [1]1=0

for k in range(0,1i):

dudt[i] += b_k(i-k-1)*(ulk+1]1-ulk])

return dudt

## Approximate right Caputo derivative

def L1_method_right(u,t):

dudt = np.zeros(u0.shape)
h = (b-a)/(N-1) #step size
u[0]=0
u[N-1]=0
for i in range(l, N-1):

dudt [i]=0

for k in range(i,N-1):

dudt[i] += a_k(i-k-1)*(ulk+1]-ulk])

return dudt

## Caputo left and right combined to find Riesz derivative
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def L1_method(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1) #step size
u[0]=0
u[N-1]1=0
for i in range(l, N-1):
for k in range(0,i):
dudt[i] += b_k(i-k-1)*(ulk+1]-ulk])
for k in range(i,N-1):
dudt[i] += -a_k(k-1)*(ulk+1]-ulk])
dudt [i]=dudt[i]*(-1/(2*np.cos (alpha*np.pi/2)))
dudt [i]+=v* (u[i+1]-u[i-1])/(2%h)
return dudt

G 3
# L2 method for C (2.72) in Numerical methods for fractional calculus #
B

## coefficient functions

def W_L2_left(i,k,h):
return (h**(-alpha))*((i-k)**(2-alpha)-(i-k-1)**(2-alpha))/math.gamma(3-alpha)

def W_L2_right(i,k,h):
return h¥*(-alpha)*((k-i+1)**(2-alpha)-(k-i)**(2-alpha))/math.gamma(3-alpha)

## Caputo left and right combined to find Riesz derivative

def L2_method(u,t):
dudt = np.zeros(u0.shape)
h = (b-a)/(N-1) #step size
u[0]=0
u[N-1]=0
for i in range(l, N-1):
## The left derivative
for k in range(0,i):
dudt[i] += W_L2_left(i,k,h)*(ulk]-2*ulk+1]+ulk+2])
## The right derivative
for k in range(i,N-1):
dudt[i] += W_L2_right(i,k,h)*(ulk+1]-2*ul[k]+ulk-1])
dudt [i]=dudt [i]*(-1/(2*np.cos(alpha*np.pi/2)))
dudt [i]+=v*(u[i+1]-u[i-1])/(2*h)
return dudt

Rt bbbl aa Sl s d kS G e A S S b f s S

## Method from "A mnovel and accurate finite difference method for the fractional Laplacian' ##

HARAHRBHRHHHAARRHRAAHAARRRRARAAARRHRRHAAAAS Oy Duo et. al #HHHHHHHHHHHHHHHARBHHHHAARRHHHHRAAA RS

Rt bbbl aad rd s d s kg S G e S S L G S

## function for coefficient

def C_h_alpha_gamma(alpha,h,nu):
c_1_alpha=(2**(alpha-1)*alpha*math.gamma((alpha+1)/2))/(np.sqrt(np.pi)*math.gamma(l-alpha/2))
return c_1_alpha/(nuxh**alpha)

## The matriz A as given in the paper

def MatrixA(K,nu, gamma, alpha, kappa_gamma,h):
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A=np.zeros((int(K)-1,int(K)-1))
for i in range(1l,int(X)):
for j in range(1,int(X)):
if j==i:
for k in range(2, int(K)-1):
A[i-1,j-11+=((k+1) **nu- (k-1)**nu) / (k**gamma)
A[i-1,j-1]1+=2*nu/ (alpha* (K**alpha))+kappa_gamma+2**nu-1+(K**nu-(K-1)**nu)/
— (K**gamma)

elif j==i-1:
A[i-1,j-1]1=-1/2*%(2**nu+kappa_gamma-1)
elif j==i+1:
A[i-1,j-1]1=-1/2*(2+*nu+kappa_gamma-1)
else:

Afi-1,j-11=-((np.abs(j-i)+1) **nu-(np.abs(j-i)-1)**nu) /(2*np.abs (j-i) **gamma)
A=C_h_alpha_gamma(alpha,h,nu)*A
return A

## The matriz A using eq (2.4) from thesis (equivalent to the paper)

def MyMatrixA(K,nu, gamma, alpha, kappa_gamma,h):
A=np.zeros ((int (K)-1,int(K)-1))
for i in range(1,int(K)):
for j in range(1,int(X)):
if j==i:
for k in range(2, int(K)-1):
Ali-1,j-1]1+=((k) **nu-(k-1) **nu) / (k**gamma) + ( (k) **nu- (k-1) **nu) / ((k-1) **gamma)
A[i-1,j-1]1+=2*nu/(alpha* (K**alpha) ) +kappa_gamma+ (K+*nu-(K-1)**nu) /
— (K**gamma) + (K**nu- (K-1) **nu) / ((K-1) **gamma)

elif j==i-1:
A[i-1,j-1]1=-1/2*(2**nu+kappa_gamma-1)
elif j==i+l:
A[i-1,j-1]1=-1/2*%(2**nu+kappa_gamma-1)
else:

A[i-1,j-11=-((np.abs(j-i)+1)**nu-(np.abs(j-1i)-1)**nu) /(2*np.abs (j-1i) **gamma)
A=C_h_alpha_gamma(alpha,h,nu)*A
return A

## Function to generate Figure 3 in the original paper

def frompaper(L, alpha, gamma, K):
1=L/2
nu=gamma-alpha
h=L/K # step size
if gamma<2:
kappa_gamma=1
else:
kappa_gamma=2
x=np.zeros (int (K)-1)
for i in range(0,int(K)-1):
x[i]=-1+(i+1)*h
u=np.zeros (int (K)-1)
for i in range(0,int(K)-1): # implement the initial condition
ulil=np.exp(-x[i]**2)
## To use expression from paper mor matriz A
A=MatrixA(K,nu, gamma, alpha, kappa_gamma,h)
## To use the expression in eq (2.4) of thestis for matriz A (equivalent to paper)
#A=MyMatrizA (K,nu, gamma, alpha, kappa_gamma,h)
du=np.zeros (int (K)-1)
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for i in range(0,int(K)-1):
dulil=np.dot(A[i,:],u)
return plt.plot(x, du, label=r’from paper $\alpha$=/f’ %alpha)

## Function to determine right hand side of space-fractional heat equation

def matrix_method(u,t):
1=L/2
nu=gamma-alpha
h=2*1/K # step size
if gamma<2:
kappa_gamma=1
elif gamma==2:
kappa_gamma=2
## To use the expression in eq (2.4) of thestis for matriz A (equivalent to paper)
A=MyMatrixA(K,nu, gamma, alpha, kappa_gamma,h)
## To use expression from paper mor matriz A
# A=MatrizA(K,nu, gamma, alpha, kappa_gamma,h)
dudt = np.zeros(u0.shape)
dudt [1:N-1]=-A.dot(u[1:N-1])
return dudt

## Generate solutions on an adaptive grid ##
i

N=99 # number of grid points

tau=le-3 # adaptive grid parameter, the smaller it is the more adaptive the grid
kappa=2 # adaptive grid parameter

A=1.0 # value in monitor function

beta=1.0 # value in monitor function
mu=kappax* (kappa+1)

## the right hand side of the PDE takes the following form:

## ( d"2 ) “(alpha/2) d
## - (- ————- ) w(z,t)*d + vk———— u(z,t) + r*u(z,t)*(1-u(z,t))
##  (  dz"2) dz

## where d, v and T are constants

## data of the system ##

a=-1.0 # x_0

b=1.0 # z_(N+1)

alpha=0.5  # order of fractional derivative, choose 2 for ordinary heat
d=1.0 # diffusion coefficient

v=0.0 # advection constant

r=0.0 # Fisher constant

p=100 # IC constant

## Boundary conditions ##

bcL=0 # value at left boundary
bcR=0 # value at right boundary

## initial condition = and u ##

def ivp(x0, N):
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u0=np.zeros (N+2)
for i in range(1,N+2):
u0[il=1.0*np.exp(-p*(x0[i]) **2) ## Gaussian type on symmetric interval around O
return u0
x0= np.linspace(a, b, N+2)

## initial step sizes

DeltaX=np.zeros(N+1)
for i in range(O0,N+1):
DeltaX[i]=x0[i+1]-x0[i] ## DeltaX[0]=z_1-z_0, DeltaX[N]=x_ (N+1)-x_N

## create the tnitial vector Y

u0=ivp(x0,N)
yO=np.append (w0 [1:N+1] ,x0[1:N+1]) ## yO=[ul,...,ul,z1,...zN]

## create the inital Y’ vector (the integrator also makes this better) ##

xp0=1/tau*np.linalg.inv(B_matrix(x0[1:N+1] ,monitor_function(A,u0[1:N+1],x0[1:N+1],N) ,mu,N)).
—dot (g_vector(x0[1:N+1] ,monitor_function(A,u0[1:N+1],x0[1:N+1],N) ,mu,N))
upO=np.diag(D_matrix(u0[1:N+1],x0[1:N+1],N)) .dot(xp0)+F_right PDE(uO[1:N+1],x0[1:N+1],N,0)
ypO=np . append (up0, xp0)

## Now choose to use sundials IDA integrator or Assimulo RadaubDAE ##

i

# For using sundials IDA #
HAHHHAARHAARAAARAARRA AR

# start = time()

# solver = dae(’ida’, residual,

# first_step_size=le-6,
atol=1e-5, # tolernaces
rtol=1e-5,
compute_initcond="yp0’,
maz_steps=500,
ontstop=True)

H R R KRR

# # define the times for the solution

# times=np.linspace(0,0.5,251)#251

# solution = solver.solve(times, y0, yp0)

# print (f’Time taken to run: {time() - start} seconds’)
# runtime=time() - start

HARRHRBRBRARARARARARHAHRHRRRY

# For using Assimulo solver #
RARBAHBARAARRARARR AR BARAAR Y

start = time()

mod = Implicit_Problem(residual, yO, ypO, 0)
sim=Radaub5DAE (mod)

sim.atol=le-4 # tolerances

sim.rtol=le-4

sim.thet=0.5 # larger value makes te system compute new jacobian less often a speed up.
—runtime

t, u, yd= sim.simulate(tfinal=0.5, ncp=251) # ncp is the number of returned solutions at.
—different times

runtime=time() - start

print(f’Time taken to run: {time() - start} seconds’)
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## plot a sample of the solutions (10 equally spaced) for sundials IDA ##

plt.figure(figsize=(15,10))
for j in range(0,11):

i=int (j*(len(times)-1)/10)

plt.plot(np.pad(solution.values.y[i,:][N:2+N],(1,1), ’constant’,constant_values=(a, b)),np.
—pad(solution.values.y[i,:J[0:N],(1,1), ’constant’,constant_values=(bcL, bcR)),.
—label="t=’+str(round(times[i],3))) #+str(round(c*tf/(no_time-1),3))
plt.xlabel(’x’)
plt.ylabel(Pu(x,t)’)
plt.legend()
plt.title(r’$\alpha $=’+str(alpha)+’, N="+str(N)+’, d=’+str(d)+’, r="+str(r)+r’,._
—$\kappa$="+str(kappa)+r’, $\tau$="+str(tau)+’, A=’+str(A)+r’, $\beta$=’+str(beta)+’,_
—a=’+str(a)+’, b=’+str(b)+’, p=+str(p)+’, runtime=’+str(runtime)+’,._
—$u(x,0)=\exp(-$’+str(p)+r’$x"2)$’)

plt.show()
## plot the adaptive grid ##

plt.figure(figsize=(15,10))
for i in range(0,len(times)):

plt.plot(np.pad(solution.values.y[i,:]J[N:2*N],(1,1), ’constant’,constant_values=(a, b)), (np.
—ones (N+2) *solution.values.t[i]),’o’ ,markersize=2, label=’grid at t=’+str(times[i]))
plt.xlabel(’x’)
plt.ylabel(’t’)
plt.title(r’$\alpha$="+str(alpha)+’, N="+str(N)+’, d=’+str(d)+’, r="+str(r)+r’,._
—$\kappa$="+str(kappa)+r’, $\tau$="+str(tau)+’, A=’+str(A)+r’, $\beta$=’+str(beta)+’,_
—a=’+str(a)+’, b=’+str(b)+’, p='+str(p)+’, runtime=’+str(runtime)+’,._
—$u(x,0)=\exp(-$’+str(p)+r’$x"2)$’)
plt.show()

## plot a sample of the solutions (10 equally spaced) for Assimulo Radau5DAE ##

plt.figure(figsize=(15,10))
for j in range(0,11):

i=int (j*(len(t)-1)/10)

plt.plot(np.pad(uli,:][N:2%N],(1,1), ’constant’,constant_values=(a, b)),np.pad(uli,:][0:
—N],(1,1), ’constant’,constant_values=(bcL, bcR)),._
—label="t=’+str(round(t[i],3))) #+str(round (c*tf/(no_time-1),3))
plt.xlabel(’x’)
plt.ylabel(Pu(x,t)’)
plt.legend()
plt.title(r’$\alpha $=’+str(alpha)+’, N=’+str(N)+’, d=’+str(d)+’, r="+str(r)+r’,.
—$\kappa$="+str(kappa)+r’, $\tau$="+str(tauw)+’, A="+str(A)+r’, $\beta$="+str(beta)+’,._
—a=’+str(a)+’, b=’+str(b)+’, p="+str(p)+’, runtime=’+str(runtime)+’,._
—$u(x,0)=\exp(-$’+str(p)+r’$x~2)$’)

plt.show()
## plot the adaptive grid ##
plt.figure(figsize=(15,10))
for i in range(0,len(t)):
plt.plot(np.pad(uli,:]J[N:2*N],(1,1), ’constant’,constant_values=(a, b)), (np.

—ones(N+2)*t [1]),’0’ ,markersize=1, label=’grid at t=’+str(t[i]))
plt.xlabel(’x’)
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[1:

plt.ylabel(’t’)
plt.title(r’$\alpha$="+str(alpha)+’, N="+str(N)+’, d=’+str(d)+’, r="+str(r)+r’,._

—$\kappa$="+str(kappa)+r’, $\tau$="+str(tauw)+’, A="+str(A)+r’, $\beta$="+str(beta)+’,._

—a=’+str(a)+’, b=’+str(b)+’, p="+str(p)+’, runtime=’+str(runtime)+’,._
—$u(x,0)=\exp(-$’+str(p)+r’$x"2)$’)
plt.show()

## Plot solutions using Grinwald-Letnikov methods on uniform grids ##

N = 101 # number of gridpoints

alpha=0.5 # order of fractional deriavtives

a=-1 #x_0

b=1 # x_{N-1}

t0 =0 # inttial time

tf = 0.5 # final time

v=0 # velocity

shift_p=1 # shifting parameter for shifted GL fomulas
p=100

x = np.linspace(a, b, N) # uniform = grid
u0 = IC(x,N,p) # initial condition

tspan = np.linspace(t0, tf, 251)
## find solutions

if alpha<i:

sol_RD = odeint (GL_RD,u0,tspan)
elif alpha<2:

sol_RD = odeint (GLM_RD,u0,tspan)

## plot solutions

plt.figure(figsize=(15,10))
for j in range(0,11):
i=int(j*(len(tspan)-1)/10)
plt.plot(x,sol_RD[i,:], label=’t=’+str(round(tspanl[i],3)))
plt.xlabel(’x’)
plt.ylabel (CCu(x,t)’)
plt.legend()
plt.show()

## Plot solutions using L1 or L2 methods on uniform grids ##

N = 101 # number of gridpoints

alpha=0.5 # order of fractional deriavtives
a=-1 #x_0

b=1 # x_{N-1}

t0 =0 # initial time

tf = 0.5 # final time

v=0 # velocity

p=100

x = np.linspace(a, b, N) # uniform z grid
u0 = IC(x,N,p) # initial condition

tspan = np.linspace(tO, tf, 251)
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## find solutions

if alpha<i:

sol_L = odeint(L1_method,u0,tspan)
elif alpha<2:

sol_L = odeint(L2_method,u0,tspan)

## plot solutions

plt.figure(figsize=(15,10))
for j in range(0,11):
i=int (j*(len(tspan)-1)/10)
plt.plot(x,sol_L[i,:], label=’t=’+str(round(tspan[i],3)))
plt.xlabel(’x’)
plt.ylabel(Pu(x,t)’)
plt.legend()
plt.show()

## Plot solutions using method from Duo et. al on uniform grids ##

a=-1 # x_0

b=1 # z_{K}

t0 =0 # initial time

tf = 0.5 # final time

K=100 # K+1 gridpoints

N=K+1 # number of gridpoints

p=100

x = np.linspace(a, b, N) # spatial grid

u0 = IC(x,N,p) # initial condition
alpha=0.5 # order of fractional Laplacian
L=2 # width of symmetric interval
gamma=1+alpha/2 # value of gamma in method

tspan = np.linspace(t0, tf, 11) # chotices of times to return solutions

## calculate the solution
sol_RD_175=odeint (matrix_method, u0,tspan)

## plot the solution
plt.figure(figsize=(15,10))
for i in range(0,len(tspan)):
plt.plot(x,sol_RD_175[i,:], label=’t=’+str(round(tspan[i],3)))
plt.legend()
plt.xlabel(’x’)
plt.ylabel(Pu(x,t)’)
plt.show()

## To generate figure similar to Figure 3 in paper bu Duo et. al.

L=20

alpha=0.25

gamma=1+alpha/2

K=500

frompaper (L, alpha, gamma, K)
alpha=0.5

gamma=1+alpha/2

frompaper (L, alpha, gamma, K)
alpha=0.75

gamma=1+alpha/2
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frompaper (L, alpha,
alpha=1
gamma=1+alpha/2
frompaper (L, alpha,
alpha=1.25
gamma=1+alpha/2
frompaper (L, alpha,
alpha=1.5
gamma=1+alpha/2
frompaper (L, alpha,
alpha=1.75
gamma=1+alpha/2
frompaper (L, alpha,

gamma,

gamma,

gamma,

gamma,

gamma,

limits = [ -4,4, -1, 2.2]

plt.axis(limits)

K)

K)

K)

K)

K)
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Python code for numerical methods in two dimensions:

L1(NU)-2D and L2(NU)-2D for non-uniform grids

[ 1: from __future__ import division
import numpy as np
from scipy.integrate import odeint
import matplotlib.pyplot as plt
from mpl_toolkits.mplot3d import Axes3D
import math
from scipy.integrate import solve_bvp
from mpl_toolkits import mplot3d
from matplotlib import cm
from time import time
## The Assimulo package can be downloaded from https://jmodelica.org/assimulo/download.html#
from assimulo.solvers import IDA
from assimulo.problem import Implicit_Problem
from assimulo.solvers import RadauSDAE

[ 1 | #ARRRRRRRR BB B R BB RGRAAH
# inittal conditions #
B

def IC(x,y,N):
u=np.zeros ((N+2,N+2))
for i in range(1,N+1):
for j in range(1,N+1):
uli, jl=mag*np.exp(-p*((x[i,j1-0)**2+(y[i,j]1-0)*x2))
return u

HHRBARBRARHHRRARBRRARBRRARBHRRAH
# coefficients for L2(NU)-2D #
RARBAHRARAARAAB AN R ARBARAARAHRAH

def W_L_NU(k,n,DeltaX,alpha):
z=2-alpha
aa=0
bb=0
cc=0
dd=0
ee=0
££=0
if k==0:
for j in range(O,n):
aa+=DeltaX[j]
for j in range(l,n):
bb+=DeltaX[j]
wk=(aa**z-bb**z)/(DeltaX [0] * (DeltaX[0]+DeltaX[1]))
elif k==1:
for j in range(O,n):
aa+=DeltaX[j]
for j in range(l,n):
bb+=DeltaX[j]
cc=bb
for j in range(2,n):
dd+=DeltaX[j]
wk=-(aax*z-bb**z) / (DeltaX [0] *DeltaX[1])+(cc**z-dd**z)/(DeltaX[1]*(DeltaX[1]+DeltaX[2]))
elif k in range(2,n):
for j in range(k-2,n):
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aa+=DeltaX[j]
for j in range(k-1,n):
bb+=DeltaX [j]
cc=bb
for j in range(k,n):
dd+=DeltaX [j]
ee=dd
for j in range(k+1,n):
ff+=DeltaX [j]
wk=(aa**z-bb**z)/(DeltaX [k-1]*(DeltaX [k-2]+DeltaX [k-1]))-(ccx*z-dd**z)/
— (DeltaX[k-1]#DeltaX[k])+(eex*z-ff**xz)/(DeltaX [k]*(DeltaX[k]+DeltaX[k+1]))
elif k==n:
for j in range(n-2,n):
aa+=DeltaX[j]
for j in range(n-1,n):
bb+=DeltaX[j]
wk=((aa)**z-(bb) **z) / (DeltaX[n-1]*(DeltaX[n-1]+DeltaX[n-2]))-((bb) **z)/
— (DeltaX[n-1]*DeltaX[n])
elif k==n+1:
wk=((DeltaX[n-1])**z)/(DeltaX[n]*(DeltaX[n-1]+DeltaX[n]))
return wk

def W_R_NU(k,n,DeltaX,alpha,N):
z=2-alpha
aal=0
bb1=0
ccl=0
dd1=0
eel=0
££1=0
if k==N+1:
for j in range(n,N+1):
aal+=DeltaX[j]
for j in range(n,N):
bbil+=DeltaX[j]
wk=(aal**z-bbl**z)/(DeltaX [N]*(DeltaX [N-1]+DeltaX[N]))
elif k==N:
for j in range(n,N):
aal+=DeltaX[j]
for j in range(n,N-1):
bbil+=DeltaX[j]
for j in range(n,N+1):
ccl+=DeltaX[j]
ddi=aal
wk=(aal**z-bbl**z)/(DeltaX [N-1]*(DeltaX [N-2] +DeltaX [N-1]))-(ccl**z-dd1**z)/
< (DeltaX [N-1]*DeltaX [N])
elif k in range(n+1,N):
for j in range(n,k):
aal+=DeltaX[j]
for j in range(n,k-1):
bbl+=DeltaX[j]
for j in range(n,k+1):
ccl+=DeltaX[j]
ddi=aal
for j in range(n,k+2):
eel+=DeltaX[j]
ffl=ccl
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wk=(aal**z-bbl**z)/(DeltaX[k-1]*(DeltaX [k-1]+DeltaX[k-2]))-(ccl**z-ddl**z)/
— (DeltaX [k] *DeltaX[k-1])+(eel**z-ff1**z)/(DeltaX [k]* (DeltaX [k+1]+DeltaX[k]))
elif k==n:
wk=-((DeltaX[n])**z)/(DeltaX[n]*DeltaX[n-1])+((DeltaX[n]+DeltaX[n+1])**z-(DeltaX[n])**z)/
— (DeltaX[n]*(DeltaX[n+1]+DeltaX[n]))
elif k==n-1:
wk=((DeltaX[n])**z)/(DeltaX[n-1]*(DeltaX[n]+DeltaX[n-1]))
return wk

HARR R R B R ARARARARARAAHRRRRRRRY
# coefficients for L1(NU)-2D #
RARBAHRARAARAAB AN B ARBARAARAHRAH

def W_1_R(k,DeltaX,i):
aa=0
bb=0
for j in range(i,k+1):
aa+=DeltaX[j]
for j in range(i,k):
bb+=DeltaX [j]
return (1/(DeltaX[k]))*(aa**(1-alpha)-bb**(l-alpha))

def W_1_L(k,DeltaX,i):
aa=0
bb=0
for j in range(k,i):
aa+=DeltaX[j]
for j in range(k+1,i):
bb+=DeltaX [j]
return (1/(DeltaX[k]))*(aa**(1-alpha)-bb**(l-alpha))

G
# function to approxzimate RHS of PDE #
B

def twodrhs(u,t,x,y):
u=u.reshape ((N+2, N+2))
x=x.reshape ((N+2, N+2))
y=y.reshape ((N+2, N+2))
dudt=np.zeros ((N+2,N+2))
B
# ordinary Laplacian #
HURRHRARARARARARARRAHARH
if alpha==2:
for i in range(1,N+1):
for j in range(1,N+1):
# diffusion term
dudt[i,jl=(a*(2*x(uli,j-11)/
—((x[i,j1-x[1,j-1D)*((x[1,j+11-x[1i,jD)+(x[1,j1-x[1,j-11)))
-2x(uli,j1)/((x[i,j]1-x[i,j-11)*(x[i,j+1]1-x[i,31))
+2x(uli, j+11)/
- ((x[i,j+1]-x[i,jD*((x[1,j]1-x[i,j-1])+(x[i,j+1]1-x[i,31)))
+2+(uli-1,31)/
—=((y[i,3]-y[i-1,iD*((y i+, 3] -y [1, jD+(y 1,31 -y [i-1,310))
-2x(uli,j1)/((yli,jl-yli-1,j1) = (y[i+1,j1-y[i,31))
+2%(uli+1,3j1)/
< ((yli+1,31-y 4, jD*((y 4, j1-y[i-1, jD)+(y[i+1,3]1-y[1,31)))))

# fisher term
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dudt[i,jl+=r*uli,jl*(1-uli,jl)
# advection term
dudt [i,jl+=vel*(uli+1,jl-uli-1,31)/(y[i+1,j1-y[i-1,j1)+vel*(uli,j+1]1-uli,j-11)/
—(x[i,j+1]-x[1,j-11)
B e g
# fractional Laplacian of order 1<alpha<2 using L2(NU)-2D #
B
elif alpha<2 and alpha>1:
for i in range(1,N+1):
# calculate the step sizes
DeltaX=np.zeros (N+1)
for k in range(O,N+1):
DeltaX[k]=x[i,k+1]-x[i,k] # DeltaX[0]=z_1-z_0, DeltaX[N]=z_(N+1)-z_N
DeltaY=np.zeros(N+1)
for k in range(O,N+1):
DeltaY[k]=y[k+1,i]-y[k,i]
for j in range(1,N+1):
## left derivative in x direction
for k in range(0,i+2):
dudt[i,j] += W_L_NU(k,i,DeltaX,alpha)*(ulk,jl)
## right derivative in = direction
for k in range(i-1,N+2):
dudt[i,j] += W_R_NU(k,i,DeltaX,alpha,N)*(ulk,jl)
## left derivative in y direction
for k in range(0,j+2):
dudt[i,j] += W_L_NU(k,j,DeltaY,alpha)*(uli,k])
## right derivative in y direction
for k in range(j-1,N+2):
dudt[i,j] += W_R_NU(k,j,DeltaY,alpha,N)*(u[i,k])
## add weighting for fractional Laplacian and diffusion coefficient
dudt[i,jl=dudt[i,jl*d*(2)/(math.gamma(3-alpha))*(-1/(2*np.cos(alpha*np.pi/2)))
## Fisher term
dudt [i,jl+=r*uli,jl*(1-uli,j1)
## Advection term
dudt[i,jl+=vel*(uli,j+1]1-uli,j-11)/(x[i,j+11-x[i,j-11)+vel*(uli+1l,jl-uli-1,j1)/
—(yli+1,j]-y[i-1,31)
B
# fractional Laplacian of order O<alpha<l using L1(NU)-2D #
B it
elif alpha<i:
for i in range(1,N+1):
## calculate the stepsizes
DeltaX=np.zeros (N+1)
for k in range(O,N+1):
DeltaX [k]=x[i,k+1]-x[i,k]
DeltaY=np.zeros(N+1)
for k in range(0,N+1):
DeltaY[k]=y[k+1,i]-y[k,i]
for j in range(1,N+1):
## left derivative in T direction
for k in range(0,1i):
dudt[i,j] += W_1_L(k,DeltaX,i)*(ulk+1,jl-ulk,jl)
## right derivative in x direction
for k in range(i,N+1):
dudt[i,j] += -W_1_R(k,DeltaX,i)*(ulk+1,jl-ulk,jl)
## left derivative in y direction
for k in range(0,j):
dudt[i,j] += W_1_L(k,DeltaX,j)*(uli,k+1]1-uli,k])
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## right derivative in y direction
for k in range(j,N+1):
dudt[i,j] += -W_1_R(k,DeltaX,j)*(uli,k+1]-uli,k])
## add weighting for fractional Laplacian and diffusion coefficient
dudt[i,jl=dudt[i,jl*d*(1)/(math.gamma(2-alpha))*(-1/(2*np.cos(alpha*np.pi/2)))
## Fisher term
dudt[i,jl+=r*uli,jl*(1-uli,jl)
return dudt.flatten()

B B
## Function for initial x and y grids, choose ccc close to zero for uniform ##
####### ccc larger skews gridpoints to be dense in center of the domain ######
B B 3

def x_grid(ccc):

x=np.zeros ((N+2, N+2))
cc=np.ones(N+2)*0.01
cc=np.linspace(0.01,ccc,int(np.floor ((N+2)/2)))
cc=np.append(cc,ccc)
cc=np.append(cc,np.linspace(ccc,0.01,int (np.floor ((N+2)/2))))
for i in range(0,N+2):

x[i,:]=np.linspace(a,b,N+2)

for j in range(1,N+1):

x[i,jl=np.sinh(x[i,jl*cc[il)/np.sinh(cc[i])

return x.flatten()

def y_grid(ccc):

y=np.zeros ((N+2, N+2))
cc=np.ones (N+2)*0.01
cc=np.linspace(0.01,ccc,int (np.floor ((N+2)/2)))
cc=np.append(cc,ccc)
cc=np.append(cc,np.linspace(ccc,0.01,int (np.floor ((N+2)/2))))
for i in range(O0,N+2):

y[:,il=np.linspace(a,c,N+2)

for j in range(1,N+1):

y[j,il=np.sinh(y[j,il*cc[i])/np.sinh(cc[i])

return y.flatten()

i
## Functions to calculate first derivatives in T and y directions ##
i

def DX(u,x):
u=u.reshape ((N+2, N+2))
x=x.reshape ((N+2, N+2))
Dx=np.zeros ((N+2,N+2))
for i in range(O0,N+2):
for j in range(0,1):
Dx[i,jl=Culi,j+1]-uli,j1)/x[i,j+1]1-x[i,j1)
for j in range(1,N+1):
Dx[i,jl=(uli,j+1]-uli,j-11)/(x[i,j+1]-x[1i,j-11)
for j in range(N+1,N+2):
Dx[i,jl=Culi,jl-uli,j-11)/(x[i,j1-x[i,j-11)
return Dx.flatten()

def DY(u,y):

u=u.reshape ((N+2, N+2))
y=y.reshape ((N+2, N+2))
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Dy=np.zeros ((N+2,N+2))
for i in range(0,1):
for j in range(0,N+2):
Dyli,jl=Culi+1,jl-uli,j1)/(yli+1,j1-y[i,31)
for i in range(1,N+1):
for j in range(O,N+2):
Dyli,jl=Culi+1,jl-uli-1,31)/(y[i+1,]jl-y[i-1,3]1)
for i in range(N+1,N+2):
for j in range(O,N+2):
Dyli,jl=Culi,jl-uli-1,j1)/(y[i,jl-y[i-1,31)
return Dy.flatten()

HARBARBARAARAARARRARAA
## Monitor Function ##
frdegedepigidegipidigig iRk idgidetigid il

def Omega(a,b):
a=a.reshape ((N+2, N+2))
b=b.reshape ((N+2, N+2))
aa=np.zeros ((N+2,N+2))
ba=aa
Omega=np.zeros ((N+2, N+2))
for i in range(0,N+2):
for j in range(O,N+2):
Omega[i,jl=np.sqrt(i+betax(ali,jl**2+b[i,j]l**2))
## Filter the monitor function
for i in range(1,N+1):
for j in range(1,N+1):
Omegali,jl=(1/4*0megali, j]1+1/8*(Omegali+1,j]+0Omegali-1,j]l+0megali, j+1]+0megali,j-11)
+1/16*(Omegal[i+1,j+1]1+0megali-1,j-1]+0Omegali-1,j+1]+0Omegali+1,j-11))
return Omega

e
## Restidual function ##
S

def residual(t,v, vp):
result=np.zeros ((N+2)**2%3)
# calculate the right hand side
AA=twodrhs (v [2* (N+2) **2: 3% (N+2) **2] . flatten() ,t,v[0: Lk (N+2) **2] , v [1x (N+2) #*2: 2% (N+2) *x2] )
# split vector v into peices of = coords, y coords and solution values u
x=v [0: (N+2) **2]
y=v [1# (N+2) #%2: 2 (N+2) #%2]
uu=v [2% (N+2) *x*2: 3% (N+2) *2]
# calculate necessary deriatives
duxi=DX (uu,xi)
dueta=DY (uu,eta)
dxxi=DX(x,xi)
dxeta=DY(x,eta)
dyxi=DX(y,x1i)
dyeta=DY(y,eta)
# calculate monitor function
omega = Omega(duxi,dueta)
# calculate components of x_theta and y_theta equations
domegaxxixi=DX(np.multiply(omega.flatten(), dxxi),xi)
domegaxetaeta=DY(np.multiply(omega.flatten() ,dxeta),eta)
domegayxixi=DX(np.multiply(omega.flatten() ,dyxi),xi)
domegayetaeta=DY (np.multiply(omega.flatten() ,dyeta),eta)
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vpx=vp [0: (N+2) **2] .reshape ((N+2,N+2))
vpy=vp [(N+2) #*2: 2% (N+2) #*2] . reshape ((N+2,N+2) )
deltaxi=xi.reshape((N+2,N+2)) [3,2]-xi.reshape((N+2,N+2)) [3,1]
deltaeta=eta.reshape ((N+2,N+2)) [3,2] -eta.reshape ((N+2,N+2)) [2,2]
x=v[0: (N+2)**2] .reshape ((N+2,N+2))
y=v [1% (N+2)**2: 2% (N+2) **2] . reshape ((N+2,N+2))
xp=vp[0: (N+2) #*2] .reshape ((N+2,N+2))
yp=vp [1* (N+2) **2: 2% (N+2) **2] . reshape ((N+2,N+2))
uu=v [2* (N+2) #*2: 3% (N+2) **2] . reshape ((N+2,N+2))
## find the residuals of xz_theta equations
for i in range(0, (N+2)*%2):
result[i] = +taux*(domegaxxixi[i] + domegaxetaetal[i])-vp[i]
resbox=result [0: (N+2) **2] .reshape ((N+2,N+2))
## impose boundary conditions
for i in range(0,N+2):
for j in range(0,N+2):
if i==0 or i==N+1 or j==0 or j==N+1:
resbox[i,jl=-vp[0: (N+2)**2] .reshape ((N+2,N+2)) [i,j]
result [0: (N+2) **2] =resbox.flatten()
## find the residuals of y_theta equations
for i in range((N+2)#**2,2% (N+2)**2):
ii=i-1%(N+2)**2
result[i] = +tauy*(domegayxixi[ii] + domegayetaetal[ii])-vpl[i]
resbox=result [ (N+2) **2:2x (N+2) **2] . reshape ((N+2,N+2))
## awmpose boundary conditions
for i in range(0,N+2):
for j in range(0,N+2):
if i==0 or i==N+1 or j==0 or j==N+1:
resbox [i,jl=-vp[(N+2)**2: 2% (N+2) **2] .reshape ((N+2,N+2)) [i, j]
result [(N+2) #*2: 2% (N+2) #*2] =resbox.flatten()
## find the residuals of the u_theta equations
for i in range (2% (N+2)**2,3% (N+2) **2) :
11=i-2%(N+2) **2
result[i]=0
result[i]+=-vp[i]
resbox=result [2* (N+2) #*2: 3% (N+2) **2] . reshape ((N+2,N+2))
AA=AA .reshape ((N+2,N+2))
for i in range(0,N+2):
for j in range(0,N+2):
if i==0 or i==N+1 or j==0 or j==N+1:
resbox [i,jl=-vp[2* (N+2)**2:3*(N+2)**2] .reshape ((N+2,N+2) ) [i,j]+AA.
—reshape ((N+2,N+2)) [1, j]
else:
xxi=(x[i,j+1]1-x[i,j-1])/(2*deltaxi)
yeta=(y[i+1,jl-y[i-1,j]1)/(2*deltaeta)
xeta=(x[i+1,j]-x[i-1,j])/(2xdeltaeta)
yxi=(y[i,j+1]-y[i,j-11)/(2*deltaxi)
J=xxi*yeta-xeta*yxi
resbox[i,jl+=(AA[i,j])
resbox[i,jl+=-(1/I*((xpli,jl*yxi-ypl[i,jl*xxi)*((uuli+1,jl-uwuli-1,j])/(2*deltaxi))
-(xpli,jl*yeta-ypli,jl*xeta)*((uuli,j+1]-uuli,j-11)/
< (2%deltaeta))))
result [2% (N+2) **2:3% (N+2) #*2] =resbox.flatten()
print(t)
return result

[ 1: | #astasnatas e nsna s nn iy
##### Solve the PDE ######
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## coefficients of the system
a=-1.0 # lower x© and y limit

b=1.0 # upper T limit

c=1.0 # upper y limtt

d=0.05 # diffusion coefficient

r=5.0 # Fisher’s coefficient

p=10 # parameter for initial condition (determines width of Gaussian curve)
alpha=0.5 # order of fractional derivative

vel=0.0 # advection coefficient

beta=5.0 # monitor function parameter

taux=1.0 # adaptive mesh PDE parameter

tauy=taux

mag=1.0 # parameter for initial condition (determines height of Gaussian curve)

## the (non-untform) mesh

N=15

ccc=0.1 ### 0.00001 for wunzform
x=x_grid(ccc) .reshape ((N+2, N+2))
y=y_grid(ccc) .reshape ((N+2, N+2))

## define zt and eta grid

xi=np.zeros ((N+2,N+2))

eta=xi

for i in range(0,N+2):
xi[i,:]=np.linspace(0,1,N+2)
etali,:]=np.linspace(0,1,N+2)

eta=eta.T

xi=xi.flatten()

eta=eta.flatten()

## initial conditions
u=IC(x,y,N)
## define vector v=[z,y,u]

v=np.append (x.flatten(), y.flatten())
v=np.append(v,u.flatten())

## determine initial guess for wvector v_theta=[m_theta,y_theta,u_theta]
## The solver improves this guess

xp=x.flatten()
yp=y.flatten()

dxix= DX(xi,x.flatten())
dxiy= DY(xi,y.flatten())
detax=DX(eta,x.flatten())
detay = DY(eta, y.flatten())
duxi=DX(u.flatten(),xi)
dueta = DY(u.flatten(), eta)
dxxi=DX(x.flatten() ,xi)
dxeta = DY(x.flatten(), eta)
dyxi=DX(y.flatten() ,xi)
dyeta = DY(y.flatten(), eta)

XXXIV



omega = Omega(duxi,dueta)

domegaxxixi= DX(np.multiply(omega.flatten(),dxxi),xi)
domegaxetaeta = DY(np.multiply(omega.flatten(),dxeta), eta)
domegayxixi= DX(np.multiply(omega.flatten(),dyxi),xi)
domegayetaeta = DY(np.multiply(omega.flatten(),dyeta), eta)
J=(np.multiply(dxxi,dyeta)-np.multiply(dxeta,dyxi))

for i in range(0, (N+2)**2):
xp [i]=taux* (domegaxxixi[i] +domegaxetaeta[i])
yp[il=tauy*(domegayxixi[i] +domegayetaetali])
vpx=xp.reshape ((N+2,N+2))
vpy=yp.reshape ((N+2,N+2))
jacobian_term=(np.multiply(1/J, (np.multiply((np.multiply(xp,dyxi))-(np.multiply(yp,dxxi)),dueta))
—(np.multiply((np.multiply(xp,dyeta))-(np.
—multiply(yp,dxeta)),duxi))))
up=twodrhs(u.flatten(),0., x.flatten(), y.flatten())
for i in range(0, (N+2)*x*2):
up[i]l+=-jacobian_term.flatten() [i]

vp=np . append (xp,yp)
vp=np. append (vp,up)

## plot initial condition ##

fig, ax = plt.subplots(subplot_kw={"projection": "3d"})
surf = ax.plot_surface(x, y, u, cmap=cm.nipy_spectral,
linewidth=0, antialiased=False, vmax=mag+0.01, vmin=0)
ax.set_zlabel(’u’)
ax.set_xlabel(’x’)
ax.set_ylabel(’y’)
ax.set_title(’t=0’)
ax.axes.set_x1lim3d(left=-1, right=1)
ax.axes.set_ylim3d(bottom=-1, top=1)
ax.axes.set_zlim3d(bottom=0, top=mag)
fig.colorbar(surf, shrink=0.75, aspect=6, boundaries=np.linspace(0,mag+.01,101), ticks=[0,0.2, O.
—4, 0.6, 0.8, 1.0])

## plot initial mesh ##

x_list=np.zeros ((N+2) **2)
y_list=np.zeros((N+2)**2)
for i in range(0,N+2):
for j in range(0,N+2):
x_list[i*(N+2)+j1=x[4, j]
y_list[i*(N+2)+jl=y[i,]]
plt.figure(figsize=(10,10))
plt.plot(x_list,y_list, ’.’)
plt.xlabel(’x’)
plt.ylabel(’y’)
plt.title(’The non-uniform mesh’)
plt.show()

### SOLVE ###
start = time()
mod = Implicit_Problem(residual, v, vp, 0)

sim=Radau5DAE (mod)
sim.atol=1e-4 ## tolerances
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sim.rtol=1e-4

#sim. inith=0.000001 ## initial stepsize (optional)

sim.thet=0.5 ## larger makes the solver compute new jacobian less often

t, u, yd= sim.simulate(tfinal=1.5, ncp=9) ## ncp is the number of times the solution %s recorded

## print the run time
print(f’Time taken to run: {time() - start} seconds’)

i
##### Plot the solutions as a 3D plot ######
## The same colour bar is used throughout ##
HAU R ARG R

plt.figure(figsize=(20,10))
for i in range(0,10):

fig, ax = plt.subplots(subplot_kw={"projection": "3d"})

X = uli,0:1%(N+2)**2] .reshape ((N+2,N+2))

Y = uli,1*(N+2)*x2:2%(N+2) **2] .reshape ((N+2,N+2))

surf = ax.plot_surface(X, Y, uli,2%(N+2)**2:3%(N+2)**2] .reshape ((N+2, N+2)), cmap=cm.
—nipy_spectral, #turbo, #cmap=cm. coolwarm,

linewidth=0, antialiased=False, vmax=1.01, vmin=0)

ax.set_zlabel(’u’)

ax.set_xlabel(’x’)

ax.set_ylabel(’y’)

ax.set_title(’t=’+str(round(t[i],6)))

ax.axes.set_xlim3d(left=-1, right=1)

ax.axes.set_ylim3d(bottom=-1, top=1)

ax.axes.set_zlim3d(bottom=0, top=1)

fig.colorbar(surf, shrink=0.75, aspect=6, boundaries=np.linspace(0,1.01,101), ticks=[0,0.2,.
—0.4, 0.6, 0.8, 1.0]1)

plt.show()

L
##### Plot the adaptive grids ####HH
e

fig, axs = plt.subplots(2,5,figsize=(50,20))
for i in range(0,10):
if i<56:
axs[0,i] .plot(uli,0:1x(N+2)**2] .flatten() ,uli, 1* (N+2)**2:2x (N+2)**2] .flatten(), ’.’)
if i==0:
axs[0,i] .set_title(’The uniform mesh t=’+str(t[i]))
else:
axs[0,i] .set_title(’The non-uniform mesh t=’+str(t[i]))
else:
axs[1,i-5] .plot(uli,0:1x(N+2)**2] .flatten() ,uli, 1 (N+2)**2: 2% (N+2)*x2] .flatten(), ’.’)
axs[1,i-5] .set_title(’The non-uniform mesh t=’+str(t[i]))
for ax in axs.flat:
ax.set(xlabel="x’, ylabel=’y’)

G
##### Plot the solutions as heat maps #H##H#H##
## The same colour bar is used throughout ##

v

fig, axs = plt.subplots(2,5,figsize=(50,20))
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for i in range(0,10):
if i<5:
X = uli,0:1*%(N+2)**2] .reshape ((N+2,N+2))
Y = uli, 1x(N+2)**2:2%(N+2)**2] .reshape ((N+2,N+2))
surf = axs[0,i].pcolor(X, Y, uli,2+(N+2)**2:3%(N+2)**2] .reshape ((N+2, .
<+N+2)) ,shading=’auto’,cmap=cm.nipy_spectral,linewidth=0, antialiased=False, vmax=1.01,.
—vmin=0) #, #turbo, #cmap=cm. coolwarm,
axs[0,i] .title.set_text(’t=’+str(round(t[i],6)))
else:
X = uli,0:1*%(N+2)**2] .reshape ((N+2,N+2))
Y = uli,1*(N+2)**2:2%(N+2) **2] .reshape ((N+2,N+2))
surf = axs[1,i-5].pcolor(X, Y, uli,2+(N+2)**2:3%(N+2)**2] .reshape ((N+2, .
—N+2)) ,shading=’auto’, cmap=cm.nipy_spectral,#, #turbo,#cmap=cm.coolwarm,
linewidth=0, antialiased=False, vmax=1.01, vmin=0)
axs[1,i-5].title.set_text(’t=’+str(round(t[i],6)))
limits=[-1,1,-1,1]
for ax in axs.flat:
ax.set(xlabel="x’, ylabel=’y’)
ax.axis(limits)
plt.show()
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