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Abstract

In this essay, we study fractional calculus and its application to a real-world problem: anomalous diffusion.
First, we present a review of the fundamentals of fractional calculus. Then, we analyze analytically and
numerically the anomalous diffusion equation with drift, a partial differential equation that appears in
some real-world applications related with anomalous super-dispersion. We show that the solution of
the fractional diffusion equation with drift cannot be expressed in terms of elementary functions. Our
numerical results show that the fractional term of the equation behaves as a mix of pure transport
and pure diffusion, where the quantity of transport and diffusion respectively depends on the derivative
order of the fractional term in a non-trivial way. Finally, we study the fractional Pearson equations,
which constitute a new fractional analogue to the classical Pearson equations. In this way, we introduce
fractional analogues of beta, gamma and normal distributions. Also, quasi-polynomials orthogonal with
respect to these new distributions are presented and some conjectures about their zeros are stated.
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1. Introduction

Background

Fractional calculus is an extension of normal calculus where the order of derivatives is not an integer
but a real number. Many known mathematicians have contributed to this theory over the years, among
them Liouville, Riemann, Fourier, Leibniz and Griinwald.

Probably, the first application of fractional calculus was made by N. H. Abel in 1823 when he was
studying the integral equation that arises in the formulation of the tautochrone problem. But we would
also like to mention O. Heaviside, who in 1893 used fractional differential operators together with
his famous operational calculus to study the Age of the Earth (see [24] or [26, Chapter 7]). For a
long time, the theory of fractional calculus developed only as a pure theoretical field of mathematics.
However, in the last decades, it was found that fractional derivatives and integrals provide a better
tool to understand some physical phenomena, especially when processes with memory are considered
[7]. Applications nowadays include modeling of viscoelastic and viscoplastic materials [41], chemical
processes [40], and a wide range of engineering problems.

Aims

The main aims of this essay are to understand the principles of fractional calculus as well as to introduce
new fractional analogues of some well-known results from classical analysis. Moreover, we consider some
of its application on the real-world.

Overview of the thesis

To achieve these goals, we proceed as follows. In Chapter 2, basic definitions and notations are in-
troduced. We pay special attention to those related with fractional calculus which will be used within
the essay. In particular, we introduce Riemann-Liouville and Caputo fractional derivatives, which are
considered in Chapter 3 and Chapter 4, respectively.

In Chapter 3, a real-world application of fractional calculus is analyzed in detail, namely super-dispersion
that was observed in a ground water dispersion experiment [21]. We analyze the corresponding partial
differential equation which models anomalous diffusion with drift. We study the equation analytically
and numerically by means of the Fourier transform and a numerical scheme applied to a number of test
cases, respectively.

In Chapter 4, we consider a new mathematical problem: to introduce fractional analogues of the well-
known beta, gamma and normal distributions. In doing so, we consider fractional differential equations
for which we provide analytical solutions. These new fractional analogues suggest us to introduce
weighted orthogonal quasi-polynomials. Some conjectures about the zeros of these quasi-polynomials
orthogonal with respect to the fractional analogues of the beta and gamma distribution are stated.

Finally, we conclude the work in Chapter 5 and give some recommendations and perspectives.



2. Fractional calculus

In this chapter, we present the notation and basic definitions that are used in the essay.

2.1 Basic ideas

It is possible to introduce fractional calculus from a standard result from classical differential and integral
calculus [33, Theorem 6.18]

2.1.1 Theorem (Fundamental Theorem of Classical Calculus). Let f : [a,b] — R be a continuous
function, and let F' : [a,b] — R be defined by

Flz) = / " ftyar.

Then, F is differentiable and
F' =f.

This theorem provides a close relation between differential operators and integral operators. One of the
main objectives is to introduce new operators that retain this relation in a suitably generalized sense.

2.1.2 Definition. e By D, we denote the operator that maps a differentiable function onto its
derivative, i.e.

Df(x) = f'(a).

e By J,, we denote the operator that maps a function, assumed to be (Riemann) integrable on the
compact interval [a, b], onto its primitive centered at a, i.e.

Tuf(@)i= [ st
fora < x <b.

e For n € N we use the symbols D™ and J! to denote the n-fold iterates of D and J,, respectively,
that is
p':=p, Jl.=J,, D":=DD"' Jr:=JJ"! n>2
From Theorem 2.1.1 it follows that
DJaf = f>
and therefore
D"y f =1,
for n € N. Thus, D" is the left inverse operator of the operator J in a suitable space of functions [6].
The generalization of this property to the case of not integer numbers is not straightforward.

Let us recall the following result [35, Eq. (2.16)] for the integral operator J;.

2.1.3 Lemma. Let f be a Riemann integrable function on [a,b]. Then, for a < x < b and n € N the

following relation holds
1

TH@) = / “@— 0 (1)t
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Moreover, from reference [6, p. 8], we have:

2.1.4 Lemma. Let n,m € N such that m > n, and let f be a function having a continuous nth
derivative on the interval [a,b]. Then,

D"f = D™

2.2 Some special functions that appear in fractional calculus

In this section, a compilation of the special functions arising within the text is provided. For each
function, formal definitions and main properties are summarized. Further details can be found in the
basic references [1, 8, 9, 10, 29, 30, 35].

2.2.1 Pochhammer symbol. Let z € C and n € N. The Pochhammer symbol (z),, with integer order
n is defined by
(2)0 :=1, (Zp=2(z+1)(z4+n-1), n=1,2,....

The following relations hold

W =10,  (2)n=(=1)"1—n—2)n.

2.2.2 Binomial coefficients. Let a € C and n € IN. The binomial coefficients are defined by

()~

In particular, if « =m and m = 1,2,... is a positive integer, we have
m!
— . m>n>0, n=01,...,m
<m>_ n!(m —n)! -
n
0, 0<m<n.
The binomial coefficients can be also defined in the case of arbitrary complex 8 and oo £ —1,—2,... as

(a) B INa+1)
B) TE+DT(a-pB+1)
2.2.3 The gamma function I'(z). Let z € C. The Euler integral of the second kind
o.¢]
I'(z) = / 2" Lexp(—x)dz, RN(z) >0,
0

is referred to as the gamma function, where R(z) denotes the real part of z. The following recurrence
relation can be obtained from the definition of the gamma function by integration by parts

(z+1)=2zI(2), R(z) > 0.

Moreover,
I'(z+n)
(2)n

is a relation between the gamma function and the Pochhammer symbol.

I'(z) =
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Figure 2.1: Graph of the gamma function I'(z) for z € [—3, 3]. The gamma function has a pole at each
negative integer.

2.2.4 The beta function B(z,w). The Euler integral of the first kind
1
Bz, w) = / (1= 2 e, R(z) >0, R(w) >0,
0

is called the beta function. The following relation connects the beta function with the gamma function

I'(z) T'(w)

B(z,w) = Tt w)

2.2.5 The Gauss hypergeometric function. Let us define

a,b 2 (@) (b), 2"
oF z | = —
' < ¢ ) 2 (©)n  n!
The parameters a, b, and ¢ and the variable z may be complex and in order to avoid division by zero
c#0,—1,—2,.... The series is convergent for |z| < 1 and for |z| =1, R(c —a —b) > 0.

2.2.6 The Mittag-Leffler functions. Let us consider the following entire function (Mittag-Leffler
function) defined by the series

o
0. 2.2.1
Z IN¢ ak +1)’ @= ( )
k=0
The more general series
[e.e]
0 0
Z I( ak‘ +0)’ a>0, 5>0,

k=0

is also referred to as the Mittag-Leffler function. Obviously,
Eo1(z) = Eo(2).

The Mittag-Leffler function is an important function in the field of fractional calculus. Like the exponen-
tial function result from the solution of integer order differential equations, the Mittag-Leffler function
plays same role in the solution of non-integer order differential equations. For a = 1, the Mittag-Leffler
function is the exponential function.
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Figure 2.2: Graph of the Mittag-Leffler function E,(z) with z € [—3,3] for « = 1 (solid red) and
a = 3/2 (dashed blue).

2.3 Riemann-Liouville differential and integral operators

In this chapter, a first definition for fractional integral and differential operators J$ and D, oo ¢ N is
given.

2.3.1 Riemann-Liouville integrals.

2.3.2 Definition. Let o > 0. The operator J¢ defined on L;[a,b] by

1 z —1
Of(x) = = — )27 f(t)dt
Tefa@) = g | =0
for a < x < b is called the Riemann-Liouville fractional integral operator of order «.

It is obvious that for a = 0, then J? is the identity operator I. Moreover, for o € N then the Riemann-
Liouville fractional integral coincides with the classical definition of J in the case n € N (notice that
we have extended the domain from Riemann integrable functions to Lebesgue integrable functions).

Furthermore, if a > 1, it is evident that the integral J& f(z) exists for every x € [a,b]: the integrand
is the product of an integrable function f(¢) and the continuous function g(t) = (z —t)*~1. On the
other hand, for 0 < a < 1 we need to recall the following result from reference [6, p. 13]

2.3.3 Theorem. Let f € Li[a,b] and o > 0. Then, the integral J¢ f(x) exists for almost every
x € [a,b]. Moreover, the function Jf itself is also an element of L1[a,b].

We also have:

2.3.4 Theorem. Let o, > 0 and f € L1[a,b]. Then,
Jodif = It = J0 IS

holds almost everywhere on [a,b]. If additionally f € Cla,b] or a + [ > 1, then the identity holds
everywhere on [a, b].

Under certain assumptions, it is possible to interchange the limit operation and fractional integration
[6, p. 21].
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2.3.5 Theorem. Let a > 0. Assume that {fi,}?°, is a uniformly convergent sequence of continuous
functions on [a,b]. Then we may interchange the fractional integral operator and the limit process,

(J:; lim fk) (2) = (klggo Jgfk) (2).

In particular, the sequence of functions {Jg fi}7° is uniformly convergent.

2.4 Riemann-Liouville derivatives

In the classical situation, we have stated the following fundamental property in Lemma 2.1.4:
D"f=D"J""f

where m,n € N satisfy m > n.

Following reference [16, p. 70], we have:

2.4.1 Definition. Let « > 0 and m = [«]. The operator D¢ defined by
Dyf:=D"J*f

is called the Riemann-Liouville fractional differential operator of order «. Here, [-] denotes the ceiling
function.

If o = 0, we set DO := I the identity operator. Similarly to the fractional integral operator, if « = n € N
then D] coincides with the classical differential operator. Moreover, from reference [16, Eq. (2.1.5)],
we have:

a _ 1 m [T f()
(Daf)(x) - 7)D /a mdt.

I'(m — «
In particular, if 0 < a < 1, then

c ) L [T
DN = ma s | Tt

Similarly to the fractional integral operator, the fractional differential operators form a semigroup.

2.4.2 Theorem. Assume that «, 3 > 0. Moreover, let ¢ € L1]a,b] and f = JSP ¢, Then,
DyDf = D*Pf.

Moreover, from reference [6, p. 30], we have:
2.4.3 Theorem. Let o > 0. Then, for every f € Li[a,b]
DeJif=f

almost everywhere.

For uniform convergent sequences the following result holds true.

2.4.4 Theorem. Let a > 0. Assume that {f}?°, is a uniformly convergent sequence of continuous
functions on [a,b], and that D f}, exists for every k. Moreover, assume that {Dg f;.}7°, converges
uniformly on [a + €,b] for every € > 0. Then, for every x € (a,b] we have

(Jim D212) (@) = (2 im0 ).
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2.5 Relations between Riemann-Liouville integrals and derivatives

As we have defined, the fractional integral of order oo > 0 of a given function f: R — R is defined, for
t >0, as [16, 28]

IF (1) = JOF(E) = F(la)/o (t— )1 f(s) ds. (2.5.1)

Note that for o < 1 the integral may be singular, but it is well defined if, for example, f € Elloc(R).

Using (2.5.1), we have defined the fractional Riemann-Liouville derivative of order o € (0,1), of f as
[16, 28]

DT () = DS = D' (1) (0 = a7 [, (=) ()i

provided that the right hand side is defined for almost every t € R™. This is well defined if, for example,

f is absolutely continuous on every compact interval of R.

Moreover, as in the integer case, we have
DI F) (£) = F(2);
but I¢("=D“ f) is not, in general, equal to f. Indeed,
1D f) (1) = f(t) + e t™

where ¢; € R (see reference [6, Theorem 2.23]).

2.6 Caputo derivatives

Now, we introduce the Caputo derivative, which is a variation of the Riemann-Liouville derivatives.
It simplify computations in some situations, when we model real-world phenomena with fractional
differential equations [6].

The Caputo fractional derivative [16, 28] can be defined in terms of the Riemann-Liouville fractional
derivative as

DS (t) = "D (1),
with g(t) = £(t) - £(0).

In addition, if f is an absolutely continuous function on every compact interval (of R), we can write,
for a € (0,1),

°DYf (t) =I"Df (t) = r(11—a)/0 (t —s)"*f'(s)ds. (2.6.1)

Note also that if & € (0,1) and f is a function for which the Caputo fractional derivative, “D® f, exists
together with the Riemann-Liouville fractional derivative, ®*D®f, both of them of order «, then we
have the following relation [16, (2.4.8), p. 91]

CDaf (t) — R.LDaf (t) _ F({(E)a) e
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2.7 Relation between fractional integrals and Caputo derivatives

As in the integer case, we have
“D(I°f) (1) = S0

but I¢(°D® f) is not, in general, equal to f. Indeed,
I°(°Df) (t) = f(t) + 2,

where ¢y € R.

2.8 Relation between the Caputo fractional derivative and the Mittag-
Leffler function

Let us recall the Mittag-Leffler function E,(z) defined in (2.2.1), and let us consider the following

fractional differential equation
‘Dy(x;0) = y(; ), (2.8.1)

which is a fractional analogue of the differential equation for the exponential function. Let us assume
that there exists a solution of the above fractional differential equation with a formal power expansion

as
[e.e]
a) = Zan(a)x"a
n=0

Using (2.6.1), we have
cpe e F(l + om) xa(n—l)'
T+ a(m—1)

Substitution into the fractional differential equation (2.8.1) yields

JJA+a(n+1))
Za”“ T(1+an) Z“” !
which implies
I'(1+ an)
anJrl(a) - an(a)r(l + a(n—i— 1))
The solution of the above recurrence relation is
. ao()

that is, the solution of the fractional differential equation (2.8.1) is up to a multiplicative constant the
Mittag-Leffler function (2.2.1). Notice that in the limit as « — 17, we obtain

ap
Ay — 7'
n:

which gives as result the exponential function exp(x) up to a multiplicative constant.
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2.9 Fractional analogue of the logarithmic function

Next, we introduce a fractional elementary function which seems to be new in the literature. As it
is well-known, the logarithmic function y(xz) = log(1l + z) is a solution of the following first order

differential equation
() = —
A

Let us now consider the following fractional differential equation

1

CDOé . — .
y(ia) = 770

If we consider a formal power expansion of y(z; ) as

y(z;a) =Y an(a) 2™,
n=0

from the fractional differential equation we obtain

— n—1 F(a(n — 1) + 1) na.

Notice that the fractional derivative of y(x; ) is

Z(_l)nflwa(nfl) _ 1

4z’

n=1

in accordance with the fractional differential equation. Moreover, the limit as « — 1~ of y(z;«) and
of its fractional derivative is given by

[e.9]

xn
li ra) = (—1)"' = =1log(1
Jim y(r; a) n:l( ) - og(1+ ),
and -
1
li cpe : _ -1 n—1_n-1 _ .
Jm “Dy(w;a) nZ:1( e 1+x

After this short introduction to fractional calculus, we shall show a real-world application in the next
chapter.



3. Real-world application of fractional calculus

This chapter gives an example of a real-world application of fractional calculus. We first introduce the
classical diffusion equation, and then the anomalous diffusion equation. We solve the latter analytically
and numerically. Finally, we give some examples.

3.1 The diffusion equation

Consider a glass of water. The water consists of water molecules that move randomly and interact with
each other. If, for example a drop of water-based ink is introduced in the water in a gentle way, the ink
molecules will move similarly to the water and as a consequence the drop of ink will dissolve until the
entire glass of water is equally colored. This process is referred to as diffusion: “the process by which
matter is transported from one part of a system to another as a result of random molecular motions” [5,
p. 1]. Thus, diffusion is a macroscopic interpretation of a microscopic phenomenon.

3.1.1 Definition (Diffusion equation). Let D > 0. The diffusion equation is defined by
2
oC _ 0°C
ot D2
where C'is a function of z and ¢, x € R and t > 0.

(3.1.1)

One approach to solve the diffusion equation, is to apply the Fourier transform in z to (3.1.1). We
demonstrate this below by computing the Green's function of the equation. That is, we consider the
initial condition C(k,0) = 1. We have

dC (k, 1)

= D(ik)?C (k. t)

where C'is the Fourier transform of C' and k is the frequency variable. Thus,

dokY) _ D(ik)2C(k,t) = dC(k,) = D(ik)?dt
. C(k,t)
= C(k,t) = ** by using the initial condition Ck,0)=1
= C(k,t) = ‘D““Z

By inverting the Fourier transform, we obtain the Green's function

1 x?

In case of a boundary value problem the final expression for C'(x,t) may differ since initial conditions
must be considered.

3.2 The anomalous diffusion equation

In certain cases, the normal diffusion equation is not a satisfactory model for the observed data. For
example, in a study on ground water dispersion, higher diffusion speeds than normal were observed [21].

10
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Normal diffusion models were not able to model this phenomenon. In contrast, a fractional diffusion
model based on the fractional diffusion equation with drift, was able to model the data and explain this
observation of so-called super-diffusion. In this section, we study the fractional diffusion equation with
drift. We start our study on the microscopic level.

Let X, Xy,...,X,, n € N* be independent and identically distributed random variables. (These
variables could for example model the movement of the water molecules in the example above.) Suppose
that the probability P.{X > z} = Az~ where A > 0and 1 < o < 2. We have P.{X < z} =
1 — Az~ and P.{X <z} =0= x = A'/® So the cumulative distribution function of X is

0 z < At
F — ) )
x(@) {1—Ax_°‘, x> Al

Its probability density function is

0, z < Al
fx(@) = {Aaxal, x> Al
Its mean is
oo oo 1 ee o
p=E[X]= / rfx(x) dv = / rAoz™ b dx = Aa [m‘““] = Al/e,
Al/a Al/a —a + 1 Al/e a—1
Its second order moment is
[oe} o0 1 oo
E[X?] = / 2 fx(z) dz = / Aoz dr = Aa [x_o‘w} = 00,
Al/a Al/a —a+ 2 Al/a

since 0 < —a +2 < 1. We have 1 < oo, but E[X?] = co. So, the extended central limit theorem in
the reference [23] implies that

X1+ +Xp —np
nl/a

< :1:} — P{Z, <z}, (3.2.1)
where Z,, is a stable random variable with index «, whose density g, (x) has Fourier transform
Gu (k) = / kg () da = exp (D(ik)"), (32.2)

for some D > 0 depending on A and a.

To simulate X, we use the inverse cumulative distribution method which says that if X is a random

variable with a cumulative distribution function Fx, then X = Fy.'(U), where U is uniform on (0, 1).
1/ 1/

Let us set y = Fx(z) = 1 — Az~ then x = Fy'(y) = (%) S0 X = (%) a, where U is

uniform on (0, 1).

Now, let us define Y; = vAt + (At)/*X; where At =t/n, t >0,

A 1/a o
X; = — Al —_
<1_Uz> Oé—17
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and Uy, ..., Uy, are independent uniform (0, 1) random variables. Since E[X] = u = Al/o‘%, E[X?] =

oo and Uy, ..., U, are independent uniform (0,1) random variables, then X;,..., X, are independent
random variables with mean 0 and infinite variance. Then, the extended central limit theorem (3.2.1)

implies that X + --- + X,, ~ n'/*Z, for n large. So we have

dvi=> <vAt + (At)l/O‘Xi) = vnAt + (A" X; & onAt + (A1) onl/ Z,
=1 =1 =1
= unAt + (nAN)Y*Zy = vt + tY/°Z,,,

by usingt =nAt. SoY1 +---+ Y, =~ vt + tl/az  where Z, is a stable random variable with index
«, whose density g, () has Fourier transform (3.2.2), and distribution function

o) = / " o) du.

—00

We have

— vt t—1 e (g—ut)
PAvt +tY°Z, <z} =P, {Za < xtl/;’} :/ Jo(u) du

= / ga(tfl/o‘(y — vt))til/ady,

— 00

using the subtitution u = t~/*(y — vt). Hence the distribution function of the limit Y = vt + t'/*Z,
is

Fy(z) = / Gat™ 2 (y — vt))t Ve dy.
Let us find the Fourier transform of its density
ha(z) = go(t™Y%(x — vt))t~ Y, (3.2.3)

by using direct computations

ha(k) = / e kg (Ve (z — vtV da

— 00

oo
= / e‘lk(’”t“l/a“)ga(u)t_l/o‘tl/a du using the subtitution u =t~/ (z — vt)
—0oQ

. S a1/
e—zkvt/ e—zkt ga(u) du
—00

ikt  D(ikt!/ ) by using (3.2.2)
o~ ikvt+ D)

Let us define the fractional diffusion equation with drift:

3.2.1 Definition (Fractional diffusion equation with drift). Let v > 0, D > 0 and 1 < o < 2. The
fractional diffusion equation with drift is
oC oC o*C
- o TP
where C' is a function of x and ¢, x € R and t > 0, v is given in meters per second and the fractional
diffusion /dispersion coefficient D is given in meters® per second. Notice that in the case a = 2 then D
is given in meters? per second.

(3.2.4)
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3.2.2 Remark. The function h, defined in (3.2.3) solves the fractional diffusion equation with drift.
Since z € R, then, by taking the Fourier transform in x of (3.2.4), we have:

~

9C _ _(ik)E + D(ik)C,
at

and

% — _o(ik)C + D(ik)°C = dg — (—vik + D(ik)*)dt

= InC = (—vik + D(ik)®)t + constant
= ¢ VikEDHR)Y by using the initial condition C(k,0) = 1

= e
ha(k).

C(k,t)
= C(k,t)

The main difficulty of this approach is to find the inverse Fourier transform of /l\za(k) which might
involve cumbersome computations. In the case ae = 2, we recover the classical situation and it can be
obtained by integration [23, p. 5] as

exp (— L)

2Dt

but for 1 < a < 2, the result cannot be expressed in terms of elementary functions. In case of a
boundary value problem, the final expression for C'(x,t) may differ.

C(z,t) =

Another way to solve the fractional diffusion equation with drift is to proceed numerically as described
below.

3.2.3 Numerical solution of the anomalous diffusion equation. After solving (3.2.4) analytically,
we solve it numerically in this section by considering [22, theorem 2.7] as follows:

3.2.4 Theorem. The implicit Euler method solution to (3.2.4) with 1 < o < 2 on the finite domain
L <z < R, with boundary conditions C(x = L,t) = 0 and C(z = R,t) = bg(t) for all t > 0, based
on the shifted Griinwald approximation

M
0°C(z,t) 1 . 1 L'k —a)
= lim — Y ———C(z— (k—1)h,t 2.
Oz I'(—a) Mo h kzo L(k+1) Cla—( ) t), (3.2.5)
where h = (a’;[L), is consistent and unconditionally stable.

The proof can be found in reference [22].

Let us consider the following fractional advection-dispersion flow equation

oc __ aC ¢

== i L T 2.
= ot DS T (@)L R X [0,T) (3:26)
with the initial and boundary conditions:
C(x,0) = F(x), L <z <R,
(3.2.7)
oLy =0 2CEBY o oy,

ot
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where F'(L) = 0 and F'(R) = 0. Theorem 3.2.4 is also true on these boundary conditions. We consider
an equally spaced mesh of M + 1 points for the spatial domain L < x < R, N constant time steps for
the temporal domain 0 <t < T. We denote the spatial grid points by x; = L +1¢h, ¢ =0,1,..., M

and the temporal grid points by ¢, = n71, ¢ =0,1,..., N. Here, the grid spacing is simply h = RA}L in
the spatial domain and 7 = % in the temporal domain.
At the grid point (z;,t,), (3.2.6) becomes
oC oC o*C
— =—v — +D —— (3.2.8)
at (Iiytn) 8x (xiytn) 8x (xiytn)

The time derivative on the left hand side of (3.2.8) can be approximated by

oC

crtl —on
ot

~ 9
(wistn) T

and the spatial derivative on the right hand side of (3.2.8) can be approximated by

Oz

(@irtn) h

that is, we exploit an up-wind scheme (since v > 0). By using (3.2.5), the spatial fractional derivative
on the right hand side of (3.2.8) can be approximated by

9°C L] ”ir(k @) i1
Oz |y 4y hoT(=a) & T(k+1) - ket

As a consequence, (3.2.8) becomes

1
Cin—H —_Con Cm+1 Cn+1 i+

L= —vi— o ngq’”klﬂ, for i1=1,2,...,M —1, (3.2.9)
-

where g is the normalized Griinwald weight defined in [22] as

Tk -o)
k= D~ (k+1)

with go =1 and g1 = —a. Let us define £ = v} and B = D;%. Then, (3.2.9) can be written as

i+1

Ot = O = —E(C!M -1 + BY gL,
k=0
which can be arranged as
i+1
— goBCI + (14 E— g1 B)CP! — (B + g2 B)CI Y = B> guCPL = CF (3.2.10)
k=0

So, (3.2.10) can be written in matrix form as AC"*! = C", where

crtl = (cpth et Lo, et =(cgLer,. L et
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and Aisa (M +1) x (M + 1) matrix defined as follows: fori=1,..., M —1land j=1,...,.M —1,

0, if j>i+2,
—90B, if j=i+1,
Ajj={1+E—-qB, if j=i, (3.2.11)
—E—gB, if j=i—1,
—gi B, if j<i—1.
For a = 2, we approximate %QT(; o) by

o
0z2

n+1 n+1 n+1
_ont a0ttt 4 on
=~ 12 .

(I’htn)

So (3.2.8) becomes
—BCIH 4 (14+ E+2B)CI — (E+ B)CI" = ¢, for i=1,2,...,M —1,

and the matrix A is written as

0, if j>i+2,
- B, if j=i+1,
Aij=<C1+E+2B, if j=i, (3.2.12)
—F — B, if j=1i—1,
0, if j<i—1.

Similarly, for & = 1, the matrix A is written as

0, if j>di+1,
1+ E—-—B, if j=1

A= T o (3.2.13)
—F + B, if j=1—1,
0, if j<i—1.

Boundary conditions:

e Since C(x,0) = F(x) for all L < x < R, then C) = F(zg), CY = F(z1), ..., Y =
F(zps). So we shall initialize our matrix C as C° = (F(xg), F(x1), ..., F(xa)).

e Since C(L,t) =0forall 0 <t <T, Then CJ = C’é =...= C(])V = 0. Hence Apo =1 and
AO,j =0, forj: 1,...,M.
e We have
oc|  _aroon ooc LS Vi) VA
Oz (@istn) h O (zrtn) h

Since 8Ca(f’t) =0, then O3t — O = 0 which implies C}tt = 3L Hence Ay = 1,
Apv—1=—1and Ay j =0forj=0,...,M —2.

A Python code for solving the anomalous diffusion equation with drift (3.2.6) with boundary conditions
(3.2.7) has been included in Appendix A and used in our numerical experiments.
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3.2.5 Explicit examples. We solve the anomalous diffusion equation with drift (3.2.6) with boundary
conditions (3.2.7) by considering the numerical scheme described above in the domain [0, 1] x [0, 1] for
some specific values of the parameters, namely: v = 0.5, D = 0.1, and two choices of C'(z,0) = F(x) in
(3.2.7). In the first case we have assumed that the initial concentration is given by a normal distribution

Fi(x) = a\}ﬂ exp (— (x;—“)z) (see Figure 3.1 below), with mean p = 0.3, standard deviation o = 0.05,

f(0) =0 and f(1) = 0. Moreover, we have also considered as initial concentration [5(z) = 1{o 951](7)
(see Figure 3.2 below). In our numerical experiments we consider M = 1000 divisions in space,
N = 2.5M divisions in time and C° = (f(xo), f(x1),..., f(zam))T . Also, the value of the fractional
parameter « varies as a = 1, 1.25, 1.5, 1.75, and 2. For the first case a = 1, the matrix A is given
by (3.2.13). For the second, third, and fourth cases the matrix A is given by (3.2.11). Finally for the
last case @ = 2 —which corresponds to the classical non-fractional situation— the matrix A is given by
(3.2.12).

alpha = 1.000 4 alpha = 1.250 alpha = 1.500

=02
=04 08|
=06

=02
=04
=06

=02
=04
=06

=4
®

o
>

Concentration, C(x,t)
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Concentration, C(x,t)

0.2

N ~ ~ > 2 ————
0.0 0.2 04 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 08 10
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=06

o
@
14
=
o
®

° °
= >
Concentration, C(x,t)
° S
S >

Concentration, C(x.t)

o
Ny
\
o
Ny

S | -
pZ X

o

o=
°
o
N

0.4 06 08 1.0 0.0 0.2 0.4 06 08 1.0
Spatial coordinate, x Spatial coordinate, x

Figure 3.1: The concentration C(x,t) as a function of x, solution of the anomalous diffusion equa-
tion with drift (3.2.6) with boundary conditions (3.2.7) in the particular case C(x,0) = F(x) =

= 127T exp (— (%)2) with 4 = 0.3 and ¢ = 0.05. The graphs show the solution C'(z,t) for ¢t =0, 0.2,

0.4 and 0.6 for several values of the fractional parameter o. From left to right and top to bottom, «
variessfromlto2asa=1, a=1.25 a=1.5, o« =1.75, and o = 2.

Figure 3.1 shows the result for the gaussian initial condition. For o = 1, we have a pure transport
equation. Thus the solution is a pure translation of the initial profile at the speed v. As shown in the
graphs, the peak of concentration moves with the constant speed v as expected. However, we also see
that the shape of the gaussian spreads out with time, which was not expected. This is due to diffusion
introduced by the numerical scheme [3]. For o = 1.25,1.5,1.75 and 2, the peak of concentration moves
with time, but not exactly with the speed v. We can also see that the diffusion grows with a. So we
can hypothesize that the fractional term behaves as a mix of pure transport and pure diffusion, where
the quantity of transport and diffusion respectively depends on « in a non-trivial way.

Next, in Figure 3.2 shows the results for the step function initial condition. For o = 1, we see that there
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is transport with the speed v as in the previous case. The smoothening of the concentration profile with
time indicates that there is numerical dissipation. Moreover, no oscillations are visible. Thus, there is
no numerical dispersion as expected for the up-wind scheme [3].

, alpha = 1.000 12 alpha = 1.250 12 alpha = 1.500
1.0 , 1.0
_ [ _ — _ -
Zos [ Z %038 —
5 [ ] & 5 -
g [ g g
306 | 3 T 09 [/
H | € H [/
H H
Sod | || : L/ /
o | — o — © -
| — t=0 — t=0 — t=0
| — t= — = — =
02 [ t=02 [ t=02 0 |/ t=02
‘\ | — t=04 | "‘ — t=04 ”/ — t=04
| — t=06 !/ — t=06 — t=06
0. 0.9 0k
0.0 0.2 04 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 06 08 10

Spatial coordinate, x Spatial coordinate, x Spatial coordinate, x

4 alpha = 1.750 4 alpha = 2.000
1.0 1.0 — —
| ,,,/' _—
Z o8 g _— — Zos S
o o
5 5
5 06 § 0]
H £
8 / 8 /
304 / 304
02t |/ 0.2 /
/|
0 0
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 1.0

Spatial coordinate, x Spatial coordinate, x

Figure 3.2: The concentration C(x,t) as a function of x, solution of the anomalous diffusion equation
with drift (3.2.6) with boundary conditions (3.2.7) in the particular case C(z,0) = F(z) = 1jg051)(2).
The graphs show the solution C(z,t) for t = 0, 0.2, 0.4 and 0.6 for several values of the fractional
parameter . From left to right and top to bottom, « varies from 1 to 2 as a =1, a = 1.25, a = 1.5,
a=1.75, and oo = 2.

In this chapter, we have analyzed and solved the fractional diffusion equation with drift which appears
in anomalous diffusion. Another class of fractional differential equations (fractional Pearson equation)
is presented in the next chapter. We exploit it to create fractional analogues of the gamma, beta and
normal distributions which might be used in many areas like statistics, special functions, etc.



4. Generalized Pearson equations

4.1 Introduction

We define a Pearson density like in [15, p. 16] by a valid solution to the first order differential equation

1, ap+
—0o(r)=— . 4.1.1
o(x) o(z) co + c1x + cox? ( )

Since the shape of the curve of solutions of (4.1.1) varies considerably, with the parameters ay, cg, ¢1,
and ¢y, Pearson classified into a number of types (see the original [27] or a more recent presentation
[15] for more explanations). Among these solutions, some are widely used in statistics: the normal
distribution

on(x) = exp(\/—%ﬁx z € R, (4.1.2)
the gamma distribution
x® exp(—x)
oc(z;a) = W, a>—-1, x>0, (4.1.3)
and the beta distribution
op(z;a,b) = (1 - ) T(a+b+2) a,b>—-1, xe€(-1,1). (4.1.4)

Tla+1)T(b+1)

They are weight functions on I [34], where [ is the corresponding support for each of them. Let us
write the Pearson equation for the weight function of orthogonality o(x)

d
7, (0 (@)e(@)) = T(z)e(2), (4.1.5)
as in the theory of univariate orthogonal polynomials of hypergeometric type [25, Chapter 1], where o
and 7 are polynomials of at most degree two and one, respectively. Our three distributions solve (4.1.5)
in these three cases:

N _ o1 ey — o
on@ ~ 2 o@=1 rle)= -2,
on(zia)  a—u R
QG’(%;G)_ x () s () +1 ,
dp(wiab) _a—(a+bla )
op(z;a,0)  z(l—z) ' (z)=2(l-2), 7(@)=1+a—(a+b+2)z

There also exist limit transitions between these three distributions [25] such as between the beta and
gamma,

o1 T
blg(r)lo 598 <g,a,b) = o¢(x;a), (4.1.6)
and between the gamma and normal
lim Vaog(a+ xv2a;a) = on(z). (4.1.7)

18
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Let us now define the Fractional Pearson equation [2]
A(z®)D%o(x) = B(z“)o(z), 0<a<l, (4.1.8)

where A(x) is a polynomial of at most degree two and B(x) is a polynomial of degree one. Notice that
(4.1.8) converges formally to (4.1.1) as & — 17, since “D® f(t) tends formally to f'(t) as a — 1.

In this chapter, we are first interested in solving (4.1.8), for some specific A and B. These solutions
provide fractional analogues of beta, gamma and normal distributions (section 4.2). We shall also find
appropriate limit transitions between these three distributions (section 4.3) and finally we introduce
weighted quasi-orthogonal polynomials (section 4.4).

4.2 Fractional Pearson equations

In this section we solve some fractional differential equations such that their solutions generalize classical
Pearson equations for beta, gamma and normal distributions.

4.2.1 Fractional normal density. Let us consider (4.1.8) with A(z) =1 and B(x) = —2x as follows:
‘D%(x; ) = —2x%0(z; @v), 0<a<l, z>0. (4.2.1)
We can solve (4.2.1) by considering the formal series expansion

o(z; ) = Z an(a)z™®, x> 0. (4.2.2)

n=0

So the left hand side of (4.2.1) becomes

T+ a(n + 1))
I'(1+ na)

‘D% (z; ) = Z ant1(a)z™ (4.2.3)
n=0

By replacing (4.2.2) and (4.2.3) in (4.2.1), and by identification, we obtain the following recurrence

relation for the coefficients a,, (),

Fa(n—1)+1)
F(lan+1)

an(a) = —2a,—2(a) (4.2.4)

By considering the initial conditions a_; = 0 and ag = 1 we create the fractional normal density defined
by

00 n/2—1 .
L (1) ST+ a1+ 2
‘Q(x7a) = E 4‘(21) (_2)”/2 xna H]—O n/2( ( . j))’ > 0, (425)
n=0 Hj:(] F(l + 20&])

and for x < 0, we exploit the symmetry o(—z; ) = o(z; ).

When a — 17, (4.2.4) becomes

By considering the initial conditions ap = 1 and a; = 0, (4.2.4) is the recurrence relation for the
coefficients a,, in the expansion

o0
QN(.Z') = Z a’l’bxnv
n=0
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where gy (x) is defined in (4.1.2). It is also good to know that for the initial conditions ap = 0 and
a; = 1, (4.2.4) is the recurrence relation for another solution giving rise to g(x) = %ﬁe*xzerﬁ(as).

Similarly, in the fractional case the recurrence relation (4.2.4) could generate another solution.

We can see in Figure 4.1 that the fractional normal density approximates the classical normal density
with « close to 1.

Figure 4.1: Graph of the partial sum defined from (4.2.5) and expanded to z < 0 by symmetry with
100 terms and a = 9/10 (dashed blue) and exp(—2?) (solid red) for z € [-3, 3].

4.2.2 Fractional gamma density. In this section, let @ > 0. When we consider (4.1.8) with A(z) =z

and B(z) = % — x, we have
rca
% °D%o(x;a; ) = <F(1(—|-:i)a) - xo‘> o(z;a;a), x> 0. (4.2.6)

The fractional differential equation (4.2.6) can be solved by considering the formal series expansion
(e}
o(z;a;a) = an(a; a)z"te, (4.2.7)
n=0

So the left hand side of (4.2.6) becomes

I'(a+na+1)
a+(n—1Da+1)

x® D% (z;a; ) = Z bn(a; a)I‘( gt (4.2.8)
n=0

By replacing (4.2.7) and (4.2.8) in (4.2.6), and by identification, we obtain the following recurrence
relation for the coefficients b, (a; @),

bn—1(a; @)

T(a+1)  T(atnatl) 7
T'(a—a+1) T'(a+(n—1)a+1)

bn(a; ) = (4.2.9)

which can be written explicitly as

bo(a; )
bn(a; @) = — T(1+a) T(I+tatjo)
=1 e ~ et -1
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Hence, we define the fractional gamma density by

o0

. b()(a;Oé) na+ta
Q(x’a’a)zz n I(lta) T(ltatja) © : (4.2.10)

n=0 Llj=1 Ti+a—a) ~ T+atG-Da)

When a — 17, (4.2.9) becomes

bu(a) = 1),

which is the recurrence relation for the coefficients b,, in the expansion
(o]
oc(z;a) = Z bz
n=0

where gg(z;a) is defined in (4.1.3). Notice that as &« — 1~ the fractional differential equation (4.2.6)
converges to

zy'(x) = (a — z)y()
which is the differential equation satisfied by oG (x;a).

We can see in Figure 4.2 that the fractional gamma density approximates the classical gamma density
with « close to 1.

Figure 4.2: Graphs of the partial sum defined in (4.2.10) with 30 terms (dashed blue) and z% exp(—x)
(solid red) for x € [0,8], a = 1, and by(a; ) = 1. On the left hand side & = 9/10 and on the right
hand side o = 99/100.

4.2.3 Fractional beta density. In this section, let a,b > 0. When we consider (4.1.8) with A(z) =

z(1 —z) and B(z) = F(l;(f:}r)l) - F(l;(f;:ﬁ?l)xa, we have

2%(1 — 2%) °D%o(x;a,b; o) = ( I'(a+1) B (F(F(a—i-b—{- 1)

T(a—a+1) a—oatbt 1)> x"‘) o(z;a,bia),  (4.2.11)

for z > 0. We can solve the fractional differential equation (4.2.11) by considering the formal series

expansion
o0

o(z;a,b;a) = ch(a, b; )z, (4.2.12)

n=0
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So the left hand side of (4.2.11) becomes
(1 —x%) °D%o(z;a,b; )

= ch(a, b; o) Clatna+l) ghota
e+ (n—1a+1)

n=0

o0
FNa+(n—1)a+1)
- _1(a, b; nete (4.213
nz_:f” 1@ b o) e 2)a 1) (42.13)
By replacing (4.2.12) and (4.2.13) in (4.2.11), and by identification, we obtain the following recurrence
relation for the coefficients ¢, (a, b; @),

MNe—a+1)I'(a+an—1)+1)
MNa—a+b+ 1) (a+a(n—2)+1)
FNe+b+1)I'(a+an—-2)+1)-Tla—a+b+1)'(a+a(n—1)+1)
Fa+l'(a+an—1)+1)—Ta—a+1)I'(a+an+1) ’
Hence we give rise to the fractional beta density.

cnla,bya) = en—1(a, b; a)

(4.2.14)

When a@ — 17, (4.2.14) becomes
1
cn(a,b) = —(n—b—1)c,—1(a,b),
n

which is the recurrence relation for the coefficients ¢y, (a,b) in the expansion

o

2%(1—x) = Z cnla, b)x™.

n=0
Notice that as o — 1~ the fractional differential equation (4.2.11) converges to
2(1—2)y(2) = (a - (a + b)r)y(v)
which is the differential equation satisfied by op(z;a,b) defined in (4.1.4).

We can see in Figure 4.3 that the fractional beta density approximates the classical beta density with «
close to 1.

4.3 Limit transitions

Now, we want to find limit transitions between our fractional normal, gamma and beta densities.
4.3.1 Limit between the fractional beta and gamma densities. Since (4.2.12), then

z =1

o (Zr0 ) = 5 o
n=0
By using (4.2.14) and (4.2.9), we obtain
) 1
blggo ch(aa by ) = bn(a; ).

So -
lim b (*;a, b; a) = o(z;0; ),

b— o0 b

which is a generalization of (4.1.6) to the fractional case.
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0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

Figure 4.3: Graphs of the partial sum defined in (4.2.12) with 30 terms (dashed blue) and 2¢(1 — z)®
(solid red) for x € [0,1] and @ = 1, b = 2. On the left hand side & = 9/10 and on the right hand side
a = 99/100.

4.3.2 Limit between the fractional gamma and normal densities. To know how to compute the
limit between the fractional gamma density and the fractional normal density, we have first to know how
to compute the limit between the gamma density and the normal density. Let us define a modification
of the gamma density

(a + v2az)* exp(—a — V2ax)

8(z; 0) = og(a+ vaz;a) = X , (43.1)
which comes from the limit relation (4.1.7). The power series expansion of (4.3.1) gives
o(z;a) = by(a)™, (4.3.2)
n=0
where 12 12
- a\ 2™*a* "% exp(—a) —n
bp(a) = F . 433
(@) (n) I'(a+1) ! 1( l+a—n a) ( )
We have 2 an /2
lim \/6<a> 2202 1Fi(—nja —n+ 1;a) _ (=)= ((=1)™ + 1).
a~roo n exp(a)'(a +1) 2v2m (4)!
So
0, for n odd
i Vabn(a) =g (pn

for n even,

V2mn!’

which corresponds to the coefficients in the power series expansion

_exp(—2?) = (-
o) === =D e

Hence, we have shown (4.1.7). When we compute the first three coefficients by(a), b1 (a) and ba(a), we
obtain

n=0

~ aae_a ~

bo(a) = m, bi(a) =0, and Bg(a) =

a®e

RO (4.3.4)
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Moreover, when we replace (4.3.2) in the Pearson equation

(Va+var) Lo a) = ~2v/ax ow;a), (4:3.5)
we arrive to 2 Y
bpt1(a) = mbn_l(a) — mbn(a).

By using the initial conditions (4.3.4), we find the same recurrence as in (4.3.3). Hence the function
0(z;a) is a solution of the Pearson equation (4.3.5).

For the limit transition between the fractional gamma density and the fractional normal density, let us
define the fractional differential equation

F(\/a+1) a\ epazio. . _ F(\/a—l—l) 20 5 a0
<F(—a+\/a+1)+\/§x> D(z;a; ) = 2F(—a+\/ﬁ—|—1) o(x;a; ). (4.3.6)

Assume that g(z;a; ) can be written as power series expansion

o(z;a; ) Z (4.3.7)
Then by replacing (4.3.7) in (4.3.6), we obtain the recurrence relation

b (a: ) = Ila(n—1) —|)— 1) (\/il;nl(a; a)l' (—a++va+1)T(a(n—1)+1) %y (asa)

I'lan +1 'va+1)I'(a(n—2)+1)

(4.3.8)

Since we want that b, (a; @) tends to by, (a) as & — 1, we decide to take the same initial conditions as
n (4.3.4). That is,

~ a%e ®

bo(a; ) = Tatl) and  bi(a; ) = 0. (4.3.9)

2a%e T (a+1)

Tt DT2at1) which tends indeed

For n. = 2 and by replacing (4.3.9) in (4.3.8), we obtain by(a; ) =
to by(a) as & — 1~. We can then prove easily by induction that

N 5 . 5 1
algglﬁ bp(a;a) = bp(a) and Jim Vaby(a;a) = Ean(a).
Hence, we have found the limit transition between the fractional gamma density and the fractional

normal density which is
. - 1
aILH()lo \/(;Q(ﬂj, a; O[) - Eg(xv O[)-

4.4 Quasi-polynomials orthogonal with respect to fractional densities

We define a quasi-polynomial P, of order n € N with commensurate power 8 > 0 [32] as a polynomial

in t? such that
P, (tﬁ Z an, it
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To compute numerically the fractional integral with unit upper integration

L 1 — ) tdr
kaﬁfﬁﬂl joLar,

it has been considered in [32] the concept of orthogonality as

1

1
F(O‘)/o Pog(m;0) Ppp(rse) (1—=7)*"1dr =0, n#m.

Moreover, in [11] a family of nonstandard Gauss-Jacobi-Lobatto quadratures for numerical evaluation
at integrals of the form

1
/ f()(1 —2)%dz, a>-1
-1
has been derived and applied to approximation of the usual fractional derivative. Here, we present an

algorithm that generates the sequence of quasi-polynomials orthonormal with respect to the fractional
gamma and beta densities p(x; ) on their corresponding supports I, extending recent results in [38] to
the fractional case. We shall consider p(x; ) = o(x;a;«) and I = [0, +00) for the gamma case, and
p(x;a) = o(x;a,b;a) and I = (0, 1) for the beta case.

Let f,g,p € Lao(I), where Lo(I) is the set of square integrable real-valued functions in the Lebesgue
sense over the interval I and p(xz) > 0. We define the inner product by

<ﬁwp=4f@wwm@mm

A sequence of polynomials {P,(z)}, with degP, = n, n = 0,1,2,..., is said to be orthogonal with
respect to p if
(Pn, Pn)p =0, n#m. (4.4.1)

The following result ensures the existence of the sequence of orthogonal polynomials [4].

4.4.1 Lemma. By using the notation above, for a given weight function p € Ly(I), p > 0, there exists
a sequence of monic orthogonal polynomials P,(z) = 2™ + - - - such that (4.4.1) holds true. Moreover,
the polynomials P, (x) can be computed by using the following three term recurrence relation

Py(z)=1, Pi(z)=x— Ef’iii,
<33Pnapn>p <Pnapn>p

<Pm Pn)p > Pn(l‘) - <Pn—17pn—1>ppn71(x).

Poi(z) = <x -

Let p(z; ) be the fractional gamma or the fractional beta density obtained in the previous sections.
Since I remains unchanged under the transformation = = t?, we have

L(-B)/8

'B'Cl 60[ e = T, I, $1/6a7$
%Rﬂ,)RAt,M@,Mt ﬂﬂx,>aa,>m )

Let us consider
2(1-8)/8

p(z) = o(z'/?; ) 3
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We have p(x) > 0 on I and for all n € N, [;p(x)z"dx € R. So p is a weight function. Thus, Lemma
4.4.1 ensure that there exists a sequence of monic orthogonal polynomials P, (z,«) such that (4.4.1)
holds true. Then, there exists a sequence of quasi-orthogonal polynomials P, g(x, ) with respect to

pla; ).
As a consequence of some classical results in [4], we have the following lemma.

4.4.2 Lemma. Let o(x;«) be the fractional gamma or the fractional beta densities obtained in the
previous sections, and { P,,(t%; )} the sequence of quasi-polynomials orthogonal with respect to o(x; ).
Each orthogonal quasi-polynomial P, (t%; ) has exactly n real and distinct roots, all of them in I.

Let us define
X, (8) =1,z 2?8, ... 2" n>0,
and
mp(a, ) = /x”ﬁg(x; a)dr, n>0.
I

Let us also introduce the following matrix

- /I X (8) (X () 0 )

of size (n+1) x (n+ 1), where the integral is element by element. Here, M,,(«, 3) is a symmetric and
positive-definite matrix [38]. Let

Mn(“? 5) = Ln(av ﬁ)(Ln(a7 B)>T7

be its Cholesky decomposition [12], where Ly, («a, ) is a lower triangular matrix with nonnegative diag-
onal entries. Let us also define

Th(e, 8) == (Ln(e, 8) 7, (4.4.2)
and the vector of n + 1 quasi-polynomials
P.(a, B) == Th(a, B) Xy (5). (4.4.3)

Then, we have the following theorem.

4.4.3 Theorem. The sequence {P,(c, 3)}n>0 defined in (4.4.3) satisfies the orthonormality relation

/Pn(a, B)(Pn(a, B) T o(x; a)dx = T, 11, (4.4.4)

I
where I,, denotes the identity matrix of size n.

Proof. Since

/ P, (00, 8) (Polc, ) olw; a)dz = / T, (o B)

1

»
5
P
3
=
s
=
3
L
=
s
=R
=
L
=
8

= Tu(a, /)M )(Tn(omﬁ))T

= Tn(ajﬁ)L( B)(Ln(a, 8))" (Tu(a, )"
= Tu(a, f)La(a, B)(Tala, B)La(a, )"

= I,41 by using (4.4.2).
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4.4.4 Numerical examples and conjectures. Let us consider the weight function o(z;a, b; ) defined
in (4.2.12) in the particular case & = 1/2, a = 1, and b = 2, normalized as fol o(z;1,2;1/2)dzx = 1,
and let us fix 8 = 1/2. In this particular case, we can approximate the matrix M3(1,2;1/2,1/2) =
Ms(1/2,1/2) as

1. 0.522651 0.305996  0.194547
0.522651 0.305996 0.194547  0.131658
0.305996 0.194547 0.131658 0.0935493 |’
0.194547 0.131658 0.0935493 0.0691131

M;s(1,2;1/2,1/2) =

with Cholesky factor L3(1,2;1/2,1/2) = L3(1/2,1/2)

1. 0. 0. 0.
0.522651 0.181198 0. 0.
Ls(1,2:1/2,1/2) = 0.305996 0.191053 0.0390292 0.

0.194547 0.165443 0.061751 0.00893294
Then, we have that P3(1,2;1/2,1/2) = P3(1/2,1/2) given by

1.
5.51883/7 — 2.88442
25.6218x — 27.0154+/z + 6.27942
111.9452%/2 — 177.117x + 84.5384+/x — 11.7656

P3(1,2:1/2,1/2) =

satisfies the orthogonality relation (4.4.4).

Similarly, we have

1
5.41862/7 — 2.66051
24.7858z — 25.0858/% + 5.49757
107.3123/2 — 164.694x + 75.4371\/x — 9.92172

P3(1,2;0.4,1/2) =

and
1

5.61306+/7 — 3.07125
26.3874x — 28.6843/ + 6.95742
116.164x3/2 — 188.006x + 92.4758+/z — 13.4001

P3(1,2;0.6,1/2) =

Using the same arguments as in [38] and Theorem 4.4.3, we have that each row of P, («, ) has exactly
n real and distinct zeros on I.

By using Mathematica [42], we have performed a number of numerical experiments approximating the
zeros of the quasi-polynomials

Pm(x§ Q, ﬁ) = (Pn(O%B))m)

where n > m. The following conjectures will be considered in future research:

1. The zeros of P, (z;«, 3) are increasing functions of a.

2. The zeros of P,(t; «, 3) are decreasing functions of 3.
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3. For the fractional beta density,

(a) The zeros of P,(t;«, B) = P,(t;a,b;«, B) are increasing functions of a.

(b) The zeros of P,(t;a,b;«, ) are decreasing functions of b.

4. For the fractional gamma density, the zeros of P, (t; o, ) = P, (t; a; «, B) are increasing functions

of a.

02 7 0.4
,

Figure 4.4: Graphs of quasi-polynomials orthogonal with respect to fractional beta distribution with
n=>5,a =1, and b =2. On the left, for « = § = 0.5 (dashed blue) and o = 0.5, § = 0.6 (solid red).
The roots of these quasi-polynomials are 0.0208402, 0.101603, 0.273096, 0.532213, and 0.820418 for
a = = 0.5; and 0.0275359, 0.122522, 0.306668, 0.566053, and 0.838286 for « = 0.5 and 5 = 0.6.
On the right, for @« = 0.4, 8 = 0.6 (dashed blue) and oo = 0.5, 5 = 0.6 (solid red). The roots in the
case « = 0.4 and 5 = 0.6 are 0.0239517, 0.112001, 0.291514, 0.55457, and 0.835314.
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Figure 4.5: Graphs of quasi-polynomials orthogonal with respect to fractional beta distribution with
n =25 a = =1/2. On the left, for a = 1, b = 2 (dashed blue) and a = 2, b = 2 (solid red).
The roots of these quasi-polynomials are 0.0208402, 0.101603, 0.273096, 0.532213, and 0.820418, for
a =1, b= 2; and 0.0440961, 0.151432, 0.335739, 0.581802, and 0.839372 for a = b = 2. On the
right, for a = 1, b = 2 (dashed blue) and a = 1, b = 3 (solid red). The roots in the case a = 1 and
b = 3 are 0.018028, 0.0899672, 0.249686, 0.505895, 0.808125.



5. Conclusion

Fractional calculus is an extension of classical differential calculus where the order of derivatives is not
an integer but a real number. For a long time, its theory developed only as a pure theoretical field of
mathematics. However, in the last decades, it was found in many real-world applications.

In this essay, we have introduced fractional calculus by giving some basic definitions and theorems
that appear in this field. Then we studied a real-world application of fractional calculus by solving
analytically and numerically the fractional diffusion equation with drift, this partial differential equation
which appears in some real-world applications related with anomalous super-dispersion. We found
analytically that the solution of the fractional diffusion equation with drift cannot be expressed in
terms of elementary functions. Numerically, we found that the fractional term of the fractional diffusion
equation with drift behaves as a mix of pure transport and pure diffusion, where the quantity of transport
and diffusion respectively depends on the derivative order of the fractional term in a non-trivial way.

Furthermore, we found the fractional analogues of the normal, beta and gamma distributions by solving
the fractional Pearson equation in certain cases. These analogues are called fractional normal, gamma
and beta densities. We established limit transitions between them and then we introduced weighted
orthogonal quasi-polynomials with respect to these new fractional densities.

Moreover, some conjectures about the zeros of these orthogonal quasi-polynomials were stated, conjec-
tures which we would like to consider in future research. As another future line of research, convergence
analysis for the scheme of numerical solution of the fractional diffusion equation with drift could also
be done.
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Appendix A. Python code for solving the
fractional diffusion equation

# diffusion equation with drift

# first we import relevant modules and functioms.
from numpy import zeros

from numpy.linalg import solve

from scipy.special import gamma

from numpy import linspace

# We give initial conditions f(x) to initialize C_O

# one initial condition can be the normal density of

# mean mu and standard deviation sigma

def f(x, sigma, mu):
y = (1.0/(sigma * sqrt(2*pi)))*exp(-((x-mu)/sigma)**2)
return y/max(y)

#another one can be f(x) =1 - 1_{0}(x)
def f(x):

H = zeros([len(x)])

H[50:] = 1

return H

#We define our algorithm to solve the fractional diffusion equation.
def Numeric(M, N, E, B, alpha, CO):
# We initialize C as a null matrix of size (M+1)x(N+1)

C = zeros([M+1, N+1])

# We initialize its first column
C[:,0] = CO

# we initialize A as a null matrix of size (M+1)x(M+1)
A = zeros([M+1, M+1])

# we initialize g as a null vector of size (M+1)
g = zeros([M+1])

# since g(0) = 1 and g(1) = -\alpha, we replace it also in g.
glol =1
gl1] = - alpha

# So for the rest of value of the vector g, we replace it by using the

# formula in the essay.
for k in range(2,M+1):
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# in python, for k >= 171, \gamma(k) = \infinity.

if k<170:

g

else:

g

# end for

(k]

(k]

0

# now we fill the matrix A as follow:
for i in range(1,M):

if alpha ==
Ali,i ]1=1+E-B
Ali,i-1]1] =-E+ B
elif alpha == 2:
Ali,i+1 ] = -B
Ali,i 1 =1+ E + 2*B
Afi,i-1] = -E - B
else:
Ali,i+1 ] = -g[0]*B

A
A

[i,i 1 =1+E- g[1]+B
[i,i-1 1 = -E - g[2]%B

for j in range(1,i-1):

Ali,jl = -gli-j+11*B

# end for

#end if
# end for
A[0,0] =1
Af0,1:1 =0
AM,:M] =0
A[1:,0] =0
A[:M-1,M] =0
AM,M-1] = -1
AM,M] = 1

gamma(k - alpha)/ (gamma(- alpha)*gamma(k+1)*1.0)

We fill the matrix C

H OH HF H H

for j in range(1,N):
CC = zeros([M+1])
CCl: -1]1 = C[:-1,j-1]
C[:,j] = solve(A,CC)

# end for

return(C)

if __name__==’__main’:

since we want C_{M}"{n+1} = C_{M-1}"{n+1}, then for each value of j, we
keep C°j in C then we create a new vector CC which is the vector C”j in
which we replace the last position by $0$. That vector CC helps us to

compute C°{j+1} by solving A C {j+1} = CC

M = 1000 #Number of division in space



Page 33

N = int(2.5%M) #Number of division in time
plotFontsize = 15.5

L =0.0

R =1.0

T =1.0

v = 0.5

D =0.1

mu = 0.3

sigma = 0.05

X0 = linspace(L, R, M+1)

TO = linspace(0, T, N+1)
h = (R - L)/M*1.0
tau = T/N*1.0

vectalpha = linspace(l, 2, 5)
for i in range(len(vectalpha)):
alpha = vectalphali]

E = v*1.0xtau/h

B = Dx1.0%tau/(h**alpha)

#CO = f(X0,sigma, mu)

Co = £(X0)

C = Numeric(M, N, E, B, alpha, CO)
clf()

LO = plot(X0,C[:,0])

L1 = plot(X0,C[:,0.2%N])

L2 = plot(X0,C[:,0.4%N])

L3 = plot(X0,C[:,0.6+N])

legend((’t = 0’,’t = 0.2°,’t = 0.4°,°t = 0.6’) ,fontsize=plotFontsize,

loc = ’upper right’)
title(r’alpha = %0.3f’%(alpha), fontsize=plotFontsize)
xlabel(’Spatial coordinate, x’,fontsize=plotFontsize)
ylabel (’Concentration, C(x,t)’,fontsize=plotFontsize)
setp(gca() .get_xticklabels() ,fontsize=plotFontsize)
setp(gca() .get_yticklabels() ,fontsize=plotFontsize)
savefig(’.../Bdiffusion_drift_alpha-%0.3f.pdf’ %(alpha))
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