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Preface

There is a universe of mathematics lying in between
the complete differentiations and integrations.

— O. Heaviside

This book is devoted to some questions in Fractional Calculus, that is, the theory of
differential and integral operators of non-integer order, and in particular to differ-
ential equations containing such operators. Even though the first steps of the theory
itself date back to the first half of the nineteenth century, the subject only really came
to life over the last few decades. A particular feature is that engineers and scien-
tists have developed new models that involve fractional differential equations. These
models have been applied successfully, e.g., in mechanics (theory of viscoelasticity
and viscoplasticity), (bio-)chemistry (modelling of polymers and proteins), electri-
cal engineering (transmission of ultrasound waves), medicine (modelling of human
tissue under mechanical loads), etc. The mathematical theory seems to be lagging
behind the needs of those applications but the wealth of applications indeed indi-
cates the truth of the above quote from Heaviside [93, §437]. There are some books
dealing with the aspects that can be summarized as the “pure mathematical” side
of the problems without taking into consideration those questions that arise in the
applications mentioned above, and some that the engineer’s point of view without
a rigorous mathematical justification of the ideas. This book attempts to fill the gap
between these two approaches: We try to establish a mathematically sound theory
of the differential equations that have been shown to be relevant in practice and pro-
vide a thorough mathematical analysis. In order to be self-contained, we repeat the
fundamentals of fractional calculus before coming to the main topic. A particular
goal of this book is to provide a solid foundation that may later be used for the
construction of efficient and reliable numerical methods for fractional differential
equations. The author strongly believes that a successful development and a thor-
ough understanding of such numerical schemes is not possible without such a stable
analytical background.

The reader is assumed to be familiar with classical calculus (differential and
integral calculus and the elementary theory of differential equations). A working
knowledge of Lebesgue integration theory is helpful now and then, but not abso-
lutely essential.
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Part1

Fundamentals of Fractional Calculus






Chapter 1
Introduction

1.1 Motivation

This book is about problems arising in the area of fractional calculus — a branch
of mathematics that is, in a certain sense, as old as classical calculus as we know it
today: The origins can be traced back [162] to the end of the seventeenth century,
the time when Newton and Leibniz developed the foundations of differential and
integral calculus. In particular, Leibniz introduced the symbol

dr
dx

f(x)

to denote the nth derivative of a function f. When he reported this in a letter to
de ’Hospital (apparently with the implicit assumption that n € N), de 1’Hospital
replied: “What does fjmn f(x) mean if n = 1/2?” This letter from de I’Hospital, writ-
ten in 1695, is nowadays commonly accepted as the first occurrence of what we
today call a fractional derivative, and the fact that de I’Hospital specifically asked
for n = 1/2, i.e. a fraction (rational number), actually gave rise to the name of this
part of mathematics. This name has remained in use ever since, even though it is
well known by now that there is no reason to restrict n to the set of rational numbers.
Indeed, as we shall see in this book, any real number — rational or irrational — will
do just as well, at least for the analytical considerations that we shall concentrate
on. (Certain, but not all, numerical methods for the solution of some types of differ-
ential equations may encounter problems when arbitrary real numbers are admitted;
cf. [39].) As a matter of fact, even complex numbers may be allowed, but this is well
beyond the scope of this book.

What is the scope of this book, then? Well, the writing of this book has essentially
been motivated by the enormous numbers of very interesting and novel applications
of fractional differential equations in physics, chemistry, engineering, finance, and
other sciences that have been developed in the last few decades. Some early ex-
amples are given in the book of Oldham and Spanier [146] (diffusion processes)
and the classical papers of Bagley and Torvik [184], Caputo [23], and Caputo and
Mainardi [24,25] (these four papers dealing with the modelling of the mechanical

K. Diethelm, The Analysis of Fractional Differential Equations, 3
Lecture Notes in Mathematics 2004, DOI 10.1007/978-3-642-14574-2_1,
(© Springer-Verlag Berlin Heidelberg 2010



4 1 Introduction

properties of materials) as well as in the publications of Marks and Hall [130]
(signal processing) and Olmstead and Handelsman [147] (also dealing with dif-
fusion problems); more recent results are described, e.g., in the work of Benson
[17] (advection and dispersion of solutes in natural porous or fractured media),
Bai and Feng [12] and Cuesta and Finat Codes [31] (image processing), Chern
[28], Diethelm and Freed [50, 51] and Diethelm, Freed and Luchko [69] (mod-
elling of the behaviour of viscoelastic and viscoplastic materials under external
influences), Dokoumetzidis et al. [57], Popovi¢ et al. [156] and Verotta [187] (phar-
macokinetics), Freed and Diethelm [68] and Magin [124] (bioengineering), Gaul,
Klein, and Kempfle [71] (description of mechanical systems subject to damping),
Glockle and Nonnenmacher [75] (relaxation and reaction kinetics of polymers),
Gorenflo and Rutman [82] (so-called ultraslow processes), Gorenflo, Mainardi et al.
[78, 83, 128, 169, 170] (connections to the theory of random walks, the latter two
papers especially with respect to applications to mathematical models in finance),
Joulin [99] and Roquejoffre et al. [8, 110] (modelling of combustion), Metzler
et al. [134] (relaxation in filled polymer networks), Podlubny [152] and Caponetto
et al. [22] (control theory; the latter publication also with details on the hardware
implementation of fractional order controllers), Podlubny et al. [155] (heat propaga-
tion), and Shaw, Warby and Whiteman [176] (modelling of viscoelastic materials).
A completely different and very novel application field is the area of mathematical
psychology where fractional-order systems may be used to model the behaviour of
human beings [5, 178]. Specifically, the way in which a person reacts to external
influences depends on the experience he or she has made in the past. In other words,
humans have memories, and we shall see later in this book (e.g., in Remark 6.4)
that fractional operators are a very natural tool to model memory-dependent phe-
nomena. Surveys or collections of such applications can also be found in Baleanu
et al. [13], Gorenflo and Mainardi [81], Hilfer [94], Klages et al. [105], Le Mehauté
etal. [111], Mainardi [125,126], Matignon and Montseny [133], Nonnenmacher and
Metzler [141], Podlubny [153], Sabatier et al. [166], Tas et al. [180] and Uchaikin
[186]. In addition there are some applications of fractional calculus within various
fields of mathematics itself, e.g. in the analytical investigation of various types of
special functions [104]. Finally we refer to the work of Woon [193] that essentially
mentions mathematical applications that, in turn, have important implications in
other sciences like physics.

It turned out that many of these applications gave rise to a type of equations
that has not been covered in the standard mathematical literature. This is connected
to the fact that, in a certain sense, the answer to de I’Hospital’s question (which
Leibniz was not able to find, except for the special case f(x) = x) is not unique.
There are very many possible generalizations of -3 f (x) to the case n ¢ N. We shall
only discuss two of them, the Riemann—Liouville derivative (cf. Chap.2) and the
Caputo derivative (Chap. 3). The former concept is historically the first (developed
in works of Abel, Riemann and Liouville in the first half of the nineteenth century)
and the one for which the mathematical theory has been established quite well by
now, but it has certain features that lead to difficulties when applying it to “real-
world” problems. As a consequence, the latter concept was developed. It is closely
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related to the Riemann—Liouville idea, but certain modifications were introduced in
order to avoid the above-mentioned difficulties. The mathematical implications of
these modifications have not been investigated fully so far. In this book we intend to
give as much information on this topic as presently possible.

The structure of this book is arranged in the following way. We begin by recalling
some classical facts from calculus that form the basis of our intended generalization
and by looking at a simple example application of fractional calculus in mechanics.
Then, in Chaps.2 and 3, we introduce the fundamental concepts and definitions
of fractional calculus. This includes, in particular, some basic results concerning
Riemann-Liouville differential and integral operators. As mentioned above, the
main goal of this book is to present a comprehensive overview over the properties of
the operators of Caputo’s type and over the theory of differential equations involv-
ing such operators, but nevertheless we have decided to include these statements on
the Riemann-Liouville operators for a number of reasons:

e This decision allows us to provide a comparison of the two approaches in a self-
contained way. Such a comparison should be useful both for the reader who is
familiar with the classical theory of the Riemann—Liouville operators and wants
to learn about Caputo’s version, and for the novice in fractional calculus who can
then decide whether he or she wants to move on to other works in order to gain a
deeper understanding of Riemann-Liouville derivatives and integrals.

e Even though Caputo’s version of the fractional calculus requires a modification
of the Riemann-Liouville type differential operators of fractional order, the
Riemann-Liouville integral operators of fractional order do not need to un-
dergo any changes. They can be used in Caputo’s fractional calculus in their
original form.

e Finally it actually turns out that a number of the proofs of our results on Caputo
operators can be given in a relatively simple way by using related properties of
Riemann-Liouville operators and the precise knowledge of how the two types of
operators are interrelated.

Next, in Chap. 4, we introduce a class of functions that is of fundamental importance
in the theory of fractional differential equations, the Mittag-Leffler functions. We
shall meet these functions again in various places in the later chapters of our text,
and Chap. 4 will provide some basic knowledge about them that we will make use
of then.

The core of the book is the second part that is devoted to the analytical study
of fractional differential equations. Once again, for reasons similar to those stated
above, we first take a brief look at the theory of such equations with Riemann—
Liouville operators in the short Chap.5 before turning our attention to equations
with Caputo operators in Chaps. 6—8. We address questions of existence and unique-
ness of solutions, and we investigate the properties of the solutions. A proper
knowledge of these properties is not only of interest in its own right but also plays a
major role in the successful construction of numerical methods. We believe that the
results of the second part will be very useful in such contexts. To demonstrate this
very briefly, we have provided an appendix where one specific numerical method is
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introduced and analyzed. This method can also help overcome the problems caused
by the shortage of analytical methods for the computation of solutions to fractional
differential equations. Of course, a few properly understood analytical approaches
exist, and we shall present them in this text (e.g., the Picard iteration scheme dis-
cussed in Sect. 6.2 and the formulas for linear equations mentioned in Sect. 7.1), but
— as can be expected from the corresponding observation in the classical theory of
first-order differential equations — there is no generally applicable method to find
an analytic solution to an arbitrarily given fractional differential equation. We need
to mention however that, apart from the approaches that we shall treat explicitly,
several other numerical and analytical methods for solving differential equations of
fractional order have been developed. This includes the decomposition method usu-
ally attributed to Adomian [3] that can however actually be traced back to a series of
much older papers by Perron [148—151] and that is known to have rather poor con-
vergence properties in general [60,64,159], the variational iteration method [91,92],
the homotopy analysis method [114], the homotopy perturbation method [139], the
generalized differential transform method [145] and a few others for all of which
convergence proofs are available only under rather restrictive conditions (see, e.g.,
[181]) and many of which are known not to converge in a satisfactory way anyway
[113]. Therefore we shall refrain from dealing with these approaches in detail in
this book.

Rather, we shall complete our treatment of the theory of fractional differential
equations by providing additional appendices devoted to the collection of various
other types of useful information: A list of all the symbols used in the book and a
brief table of the Caputo derivatives of certain important functions (corresponding
tables for Riemann—Liouville and other fractional derivatives already exist in the
literature, cf., e.g., [153, 167]). Finally we shall make use of some classical results
from analysis about topics like the Gamma function and Laplace transforms. For the
sake of completeness, we give an account of those results in an appendix too.

Of course it is possible to set up a theory (and, based on this theory, to dis-
cuss numerical methods) for partial fractional differential equations, i.e. differential
equations in more than one variable, where at least one of the partial derivatives
involved is not an integer-order operator. Many of the results presented in the fol-
lowing chapters can be shown to be useful building blocks in such a context, but a
thorough treatment of these problems is not what we are aiming at in this book. We
will rather try to give a comprehensive treatment of univariate problems — in other
words, ordinary differential equations. (Note that some authors prefer to reserve the
term ordinary for equations of integer order and use the expression extraordinary
for fractional differential equations in one variable. We shall not follow their nomen-
clature because it is the author’s opinion that these equations can and should be used
as an absolutely normal, and by no means extraordinary, mathematical tool that is
useful for plenty of applications.)

During the course of the text we will occasionally state theorems from classical
analysis for purposes of comparison with their fractional counterparts or in order to
illustrate the ideas behind the generalizations. These classical theorems are usually
well known and no proofs will be provided for them. To make the distinction clear,
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they will not follow the standard numbering scheme of the other theorems; instead
they will be assigned a label consisting of the number of the chapter where they will
be found, followed by a capital letter such as, e.g., Theorem 1.A.

1.2 The Basic Idea

The basic idea behind fractional calculus is intimately related to a classical standard
result from (classical) differential and integral calculus, the fundamental theorem
[165, Theorem 6.18]:

Theorem 1.A (Fundamental Theorem of Classical Calculus). Let f : [a,b]—R
be a continuous function, and let F : [a,b] — R be defined by

Flx) = /:f(t)dt.

Then, F is differentiable and
F'=f.

Therefore we have a very close relation between differential operators and in-
tegral operators. It is one of the goals of fractional calculus to retain this relation
in a suitably generalized sense. Hence there is also a need to deal with fractional
integral operators, and actually it turns out to be useful to discuss these first before
coming to fractional differential operators (and thus to an answer of de 1I’Hospital’s
question).

It has proven to be convenient to use the notational conventions introduced in the
following definition.

Definition 1.1. (a) By D, we denote the operator that maps a differentiable function
onto its derivative, i.e.

Df(x) = f'(x).

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

Juf )= [ ro)a

fora<x<b.

(c) Forn € N we use the symbols D" and J to denote the n-fold iterates of D and J,,
respectively, i.e. we set D!:=D, Ja1 :=J,, and D" := DD" ! and JI = J(,J;"1
forn > 2.

The key question now is: How can we extend the concepts of Definition 1.1 (c)
to n ¢ N? Once we will have provided such an extension, we then need to ask for



8 1 Introduction

the mapping properties of the resulting operators, and in particular this includes the
question for their domains and ranges.
Note that Theorem 1.A reads, in our notation,

DJaf = f

which implies that
DLf=f (1.1)

forn € N, i.e. D" is the left inverse of J} in a suitable space of functions. We wish to
retain this property. However, as we shall see, it is by no means straightforward to
generalize the conditions of Theorem 1.A to the fractional case n ¢ N in such a way
that everything can be kept intact easily. It is a classical error made very often that
known properties from standard calculus are generalized to the fractional setting too
directly and without sufficient caution.

In Chap. 2 we want to give a first generalization of the concepts of Definition 1.1
(c) to n ¢ N. As already mentioned, there are various possible generalizations.
We only discuss those that have got major significance for practical applica-
tions. A thorough investigation of many other possibilities (that however excludes
the practically very important case of the Caputo operator which is to be intro-
duced in Chap. 3 below) is contained in the encyclopaedic monograph of Samko,
Kilbas and Marichev [167] and in the more recent book of Kilbas, Srivastava and
Trujillo [100].

Following the outline given above, we begin with the integral operator J/;. In the
case n € N, it is well known (and easily proved by induction) [167, eq. (2.16)] that
we can replace the recursive definition of Definition 1.1 (c) by the following explicit
formula.

Lemma 1.1. Let f be Riemann integrable on [a,b). Then, fora <x<bandn €N,
we have

10 = g [0

Moreover, it is an immediate consequence of (1.1) (and therefore a consequence
of the fundamental theorem) that the following relation holds for the operators D
and J,:

Lemma 1.2. Let m,n € N such that m > n, and let f be a function having a contin-
uous nth derivative on the interval |a,b). Then,

D'f =D"JI"f.

Proof. By (1.1), we have f = D" "J""" f. Applying the operator D" to both sides
of this relation and using the fact that D"D™~" = D', the statement follows. O
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These two Lemmata are fundamental for the generalizations coming up in
Chaps. 2 and 3. A look at Lemma 1.1 reveals that it will be useful to generalize the
factorial to non-integer arguments. Such a generalization exists and is well-known:
Euler’s Gamma function. The definition is as follows.

Definition 1.2. The function I" : (0,e0) — R, defined by

I'(x) ::/ e 'dr,
Jo

is called Euler’s Gamma function (or Euler’s integral of the second kind).

In order to give a reasonably self-contained treatment of the topic, we state some
of the key properties of the Gamma function in Appendix D.1. The most impor-
tant one, for our purposes, is the following the proof of which is also given in
Appendix D.1.

Theorem 1.3. Forn €N, we have (n—1)! =I'(n).

Before we start the main work, we shall introduce some function spaces in which
we are going to discuss matters. Since these are classical spaces, we can be rather
brief here.

Definition 1.3. Let0 < u <1, k€ Npand 1 < p.

Lyla,b] := {f a,b] — R; f is measurable on [a,b]and /b [f(x)]Pdx < 00},
a
Lo[a,b] := {f : [a,b] — R; f is measurable and essentially bounded on [a,b]},
Hyla,b] := {f : [a,b] = R;3c > 0Vx,y € [a,b] : |f(x) = f(y)] < clx—y["},
CXla,b] := {f : [a,b] — R f has a continuous kth derivative},
Cla,b] := C%a,b),
Hyla,b] := Cla,b]

In other words, Lp[a,b] is (for 1 < p < o) the usual Lebesgue space, whereas
H,[a,b] is a Holder space or Lipschitz space of order . When the interval [a,b] in
question is clear from the context, we will often choose not to mention it explicitly
and use the simpler notation L, instead of L,[a,b], etc.

Now and then we shall also use a slightly less standard function space:

Definition 1.4. By H* or H*[a,b] we denote the set of functions f : [a,b] — R with
the property that there exists some constant L > 0 such that

|f(x4h) = f(x)| < L|a|In || !

whenever |h| < 1/2 and x,x+h € [a,b].
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Obviously, this set is slightly larger than H;.

When working in a Lebesgue space rather than in a space of continuous
functions, we can still retain the main part of the statement of the fundamental
theorem:

Theorem 1.B (Fundamental Theorem in Lebesgue Spaces). Ler f € Li[a,b).
Then, J,f is differentiable almost everywhere in |a,b], and DJ,f = f also holds
almost everywhere on [a, D).

A proof of this theorem can be found in [160, §23].
We shall occasionally also use the following set of functions.

Definition 1.5. By A" or A”[a,b] we denote the set of functions with an absolutely
continuous (n — 1)st derivative, i.e. the functions f for which there exists (almost
everywhere) a function g € L;[a, b] such that

FrD ) = £ D (g) + /xg(z) dr.

In this case we call g the (generalized) nth derivative of f, and we simply write

A note of caution is in order here. It is clear from this definition that a function
f € A! possesses (almost everywhere) a derivative f' € L;. However this implication
cannot be reversed in general. There exist, for example (cf. [160, §24]), non-constant
functions f that are differentiable almost everywhere with f = 0, which surely is
an L; function. Obviously, in such a case f cannot be represented as the primitive
of f" as required in Definition 1.5, and hence such a function f is notin A!.

1.3 An Example Application of Fractional Calculus

Before we come to a detailed study of the mathematical properties of fractional
differential operators and fractional differential equations, let us take a brief look at a
simple but not unrealistic example of a model arising in mechanics where fractional
derivatives can be used successfully. The model has been originally proposed as a
theory by Nutting [142, 143]; the works of Scott Blair et al. [172] were among the
first to confirm its value in practice.

Specifically, we want to describe the behaviour of certain materials under the
influence of external forces. The traditional way to deal with such questions in me-
chanics uses the laws of Hooke and Newton. The relation that we are interested in is
the relation between stress o (¢) and strain £(¢), both of which are taken as functions
of time ¢. If we are dealing with viscous liquids, then Newton’s law

o(r) =nD'e(r) (1.2)
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is the tool of our choice. Here the material constant 7 is the so-called viscosity of
the material. Hooke’s law
o(r) = ED%(r) (1.3)

on the other hand is the correct way of modelling the stress—strain relationship for
elastic solids. The constant E is known as the modulus of elasticity of the material.
Of course it is common practice not to mention the operator D° (i.e. the identity
operator) in (1.3) explicitly, but we have deviated from this path to stress the formal
similarity between the two laws.

Now consider an experiment where the strain is manipulated in a controlled fash-
ion such that, say, €(¢) = for ¢ € [0,T] with some T > 0. It then follows that the
stress behaves as

o(t)=Et

in the case of an elastic solid and
o(t) =n = const

for a viscous liquid. We may summarize these equations in the form

W= 2y (1.4)

where Yy = E and y; = 1). Evidently the case k = 0 corresponds to Hooke’s law for
solids and k = 1 refers to Newton’s law for liquids.

In practice it is not uncommon to find so-called viscoelastic materials that exhibit
a behaviour somewhere between the pure viscous liquid and the pure elastic solid,
i.e. where one would observe a relationship of the form (1.4) with 0 < k < 1. In
this case it is appropriate to interpret k as a second material constant in addition to
Y. Classical examples are polymers, but some types of biological tissue may also
share this property as well as a number of metals (aluminium, for example) at least
under certain temperature and pressure conditions. It should be noted that for the
case of a constant strain &, the stress in such a material would develop according to
the formula

o(r) = const -1

and thus converges to zero for very long observation times. In this respect it once
again lies between a viscous liquid for which ¢ vanishes identically and an elastic
solid whose stress o is a nonzero constant.

In view of all these “interpolation” properties it is natural to assume that it is
also possible to model the relation between stress and strain for such a viscoelastic
material via an equation of the form

o(t) = vDre(r) (1.5)
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where v is a material constant and k € (0,1) is the parameter introduced above.
This equation “interpolates” between (1.2) and (1.3) in a similar spirit. In view of
the above mentioned theoretical foundations of (1.5) laid by Nutting, this relation is
frequently called Nutting’s law.

We shall see in the following chapters that it is indeed justified to argue in this
way if we define the differential operator DX properly. In particular it will turn out
that all the relations mentioned above can be kept intact.

Exercises

Exercise 1.1. Give a proof for Lemma 1.1.

Exercise 1.2. Show that, for 0 < u; < tp < 1,
Ho D Hy, D Hy, D H; O C!

and
Hy, DH" D H,.

Provide some examples showing that all the inclusions are strict.

Exercise 1.3. Show that H;[a,b] C A'[a,b]. Is the function f with f(x) = (x —a)*
for some 0 < o < 1 an element of these two sets?



Chapter 2
Riemann-Liouville Differential and Integral
Operators

We are now in a position to give a first definition for fractional integral and
differential operators J}' and D", n ¢ N. As indicated above, we begin with the
integral operator.

2.1 Riemann-Liouville Integrals

In view of the considerations of the previous chapter, the following concept seems
rather natural.

Definition 2.1. Let n € Ry. The operator J/!, defined on L, [a,b] by

JF) = % [t

for a < x < b, is called the Riemann—Liouville fractional integral operator of
order n.
For n = 0, we set J? := I, the identity operator.

The definition for n = 0 is quite convenient for future manipulations. It is evident
that the Riemann—Liouville fractional integral coincides with the classical definition
of JI! in the case n € N, except for the fact that we have extended the domain from
Riemann integrable functions to Lebesgue integrable functions (which will not lead
to any problems in our development). Moreover, in the case n > 1 it is obvious that
the integral J” f(x) exists for every x € [a,b] because the integrand is the product of
an integrable function f and the continuous function (x —-)"~!. In the case 0 < n < 1
though, the situation is less clear at first sight. However, the following result asserts
that this definition is justified.

Theorem 2.1. Let f € Ly[a,b] and n > 0. Then, the integral J}} f (x) exists for almost
every x € [a,b]. Moreover, the function J)! f itself is also an element of Ly[a,b).

K. Diethelm, The Analysis of Fractional Differential Equations, 13
Lecture Notes in Mathematics 2004, DOI 10.1007/978-3-642-14574-2_2,
(© Springer-Verlag Berlin Heidelberg 2010
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Proof. We write the integral in question as

[ = [~ o-nee

where

¢1(M)_{un1 forO<u<b-—a,

0 else,

and
02 () = {f(u) fora<u<b,

0 else.

By construction, ¢; € L; (R) for j € {1,2}, and thus by a classical result on Lebesgue
integration [190, Theorem 4.2d] the desired result follows. O

One important property of integer-order integral operators is preserved by our
generalization:

Theorem 2.2. Let m,n > 0and ¢ € Ly[a,b]. Then,
TP =10

holds almost everywhere on |a,b). If additionally ¢ € Cla,b] or m+n > 1, then the
identity holds everywhere on |a,b).

Corollary 2.3. Under the assumptions of Theorem 2.2,
Jd i & = J3J7 ¢
There is an algebraic way to state this result.

Theorem 2.4. The operators {J! : Li[a,b] — Lyla,b];n > 0} form a commutative
semigroup with respect to concatenation. The identity operator Jao is the neutral
element of this semigroup.

Proof (of Theorem 2.2). We have

I (x) = m/:(x—t)mfl '/at(t Lo (r)drdr.

In view of Theorem 2.1, the integrals exist, and by Fubini’s theorem we may inter-
change the order of integration, obtaining

J(;nJanq)(x) = W/ax/rx(x_ﬂm*l(t_T)nflq)(l_)dtdr
! * * m— n—
= For [, 00 [0 oo
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The substitution r = 7+ s(x — 7) yields

202000 = s [0t [T -

[s(x—1)]" 1 (x—1)dsdT

X
= ;/xq)(‘t)(x— 7)ymtn-l /1(1 —s)" Ll dsdr,
T'(m)['(n) Ja 0
In view of Theorem D.6, [01 (1 —s)"1s""Yds =T (m)I"(n)/T (n+ m), and thus

B0 = s [ 00—y ae = 1o ()

almost everywhere on [a, b).

Moreover, by the classical theorems on parameter integrals, if ¢ € C[a,b] then
also J"'¢ € Cla,b], and therefore J'J"¢ € Cla,b], and J7"¢ € Cla,b] too. Thus,
since these two continuous functions coincide almost everywhere, they must coin-
cide everywhere.

Finally, if ¢ € Ly[a,b] and m+ n > 1 we have, by the result above

JGe =1 = I e

almost everywhere. Since J! ¢ is continuous, we also have that J/"+"¢ = J"+"=171¢
is continuous, and once again we may conclude that the two functions on either
side of the equality almost everywhere are continuous; thus they must be identical
everywhere. O

We now consider some mapping properties of the operator J/. Roughly speaking,
we shall see that fractional integration improves the smoothness properties of func-
tions. To be a bit more precise, we can say that J ¢ is the sum of two expressions
one of which (denoted by @ in the theorem below) is usually better behaved than
¢ itself, whereas the other one may be non-smooth at the point a (with a precisely
known behaviour there) and is a C* function elsewhere.

Theorem 2.5. Let ¢ € Hy[a,b] for some p € [0,1], and let 0 < n < 1. Then

¢(a)

Ja9(x) = Tt D)

(x—a)"+ @(x)

with some function @. This function @ satisfies

@(x) =0 ((x—a)*™)
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as x — a. Moreover,

Hyynla,b] ifu+n<l,
@ c ( H*a,b] fu+n=1,
Hila,b] ifu+n>1.

Remark 2.1. Tt is possible to show an even stronger statement in the case L +n > 1:
Under this assumption we have that @ € C'[a,b] and @' € Hy1,_1[a,b], cf. [167,
Theorem 3.1].

Proof (of Theorem 2.5). We have

J;’q)(x):%/ax(x ylde+ - / o) _tl !

This yields the desired representation with

L 7 ¢(1)—9¢(a)
n)/a TENE

In view of ¢ € Hy,

1 “Lt—a* L [* e
D(x)| < r(n)/a (x_t)lindt—r(m/a (t—a) (x—1)"dt

F?n) (x—a)“+”/()1s”(1 —s)"lds=0 (x—a)**).

Now we set g(x) := (¢(x) — ¢(a))/I"(n). Moreover let & > 0 and x,x+ h € [a,b].
Then,

B(x+h)— D(x ):/”h () (e h—t)dr — /g —ilar
—/g x+h—t) 1—(x—t)"71] dr

/ X+h_t)ﬂ 1d[
:'L (t)_g( )) [(x+/’l—t) 1_(x_t)n71j| dt
=:K]
+/ (0) (e —1)"""de+Ks

::Kz
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where K3 contains the remaining terms. An explicit calculation shows that

K = g(x) (/ (et h— )=t — (r— )] dt+/:+h(x+h—t)"1dt> .

We estimate the terms K, K>, and K3 separately. In view of our assumption ¢ € Hy,,
it is clear that g € H, too, and hence

il = | [t -t [+ 1= )
< L/x*au“ [u”fl — (u—i—h)”*l] du
= Lh/ th) (th+h)n71j| dt

wam »
= Lh”*”/ [ = (r+ 1) dr
0

At t — 0, there is no problem with the convergence of the integral since the inte-
grand behaves as t#+"~! there (the exponent is strictly greater than —1). In the case
x—a < h, the integral is bounded by f) t**"~'dr = 1/(u + n), and thus K, =
O(h**™) in this case. If x —a > h, we find

(v—a)/h
/ [ — (e 1) dr
_/t“ [ —(t+ 1)1 dt+/ Bl — e+ 1) 1 de
(x—a)/h
< —+(1—n)/ M2 dr
n J1

in view of the mean value theorem of differential calculus. The remaining integral
can easily be calculated explicitly. We find for 1 +n < 1 that

(x—a)/h
|Ki| < O(R*) (L +(1—n) / t“+"2dt)
u+n 1

1 e
< O(hHH™) (— +(1 —n)/ t““’zdt) < O(h*tm)
n 1
because of 4 +n < 1 and x —a > h. For it +n = 1 a similar calculation gives

~(x—a)/h
Ky < O(h*+m) (1 +/ tldt> = O(hinh™Y).
1
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Finally for ¢t +n > 1 we have, since x < b,

(b—a)/h _ o\ Mtn—l
K| < O(h*™) /1 M2 dr = O(hH) (%) =0(h).

Thus
O(h#+m) forpu+n<1,
Ki =< O(hlnh™') forpu+n=1,
O(h) for u+n>1.
Next we estimate K>. We again use the fact that g € Hy to derive (using the
substitution s = (r —x) /h)

x+h o1
Ko < L/ (t—x) (et h—t)dr = Lh“*"/ SH(1— )" Vds = O(h+™)
Jx 0

irrespective of y and n. Obviously this bound is stronger than the above bound
for K.

Finally for K3 we use the Holder assumption on ¢ which implies that |g(x)| <
L(x— a)* for some constant L. Evaluating the integrals analytically, we find

Kol < (- [x—at B~ (e —a)].

In the case x —a < h, this is bounded from above by O(h*™). If x —a > h, we
estimate the term in brackets by the mean value theorem of differential calculus and
find (taking into account that n < 1)

K3 = 0(1)(X—a)”h(x—g)”*l _ O(h)(x—a)wr”*l.

Once again we look at the three cases separately and find K3 = O(h) for u +n=1,

|K3| < O(h)hH+=1 = O(h**") for u+n < 1,and |K3| < O(h)(b—a)* "1 = O(h)

for u +n > 1. Again, these estimates are stronger than those we obtained for K;.
Combining all the estimates, we derive

O(h#+m) forpu+n<1,
D(x+h)—@(x)=< O(hlnh™') foru+n=1,
O(h) forp+n>1. O

A similar result may be obtained when we assume the integrand ¢ to be in a
suitable Lebesgue class.

Theorem 2.6. Let n >0, p >max{1,1/n}, and ¢ € Ly[a,b]. Then
7o) =0 ((x—a) /")

as x — a+. Ifadditionallyn—1/p ¢ N, then J'¢ € C"~V/P[a,b], and D"~ 1/P) ¢
anl/pfl_nfl/pj [d,b].
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Remark 2.2. In the case n— 1/p € N, a slightly modified statement may be shown.
The Holder condition on the derivative of J¢ must be replaced by a condition
similar to the one defining the set H*. We refer to [167, Theorem 3.6] for details.

Proof (of Theorem 2.6). For the given p, we introduce the conjugate exponent g €
[1,0) by the relation p~! + ¢~ ! = 1. Then, by definition of the Riemann—Liouville
integral operator and Holder’s inequality,

00 = e ([otopar) " ([l nar)
- F(n>(()zn_—a)1n>qlf1)l/q (./axwt)'pd’)l/p=o((x_a)"1/p).

For the proof of the smoothness result, we discuss the case n — 1/p < 1 first. Here,
we find that

T80 (x4 h) — I (x) = ﬁ/xm(ﬁh—o"l(p@)m

As above we use Holder’s inequality to derive that

Xoh Up s rxth 1/q
|K1|§(/ |<P(f)|”df) (/ (erh—t)(””th) < ch/p

with some constant c. Moreover, also by Holder’s inequality,

x 1/q
Rl < ol ([ lextn =y = ey )

(x—a)/h
< ol 17 ([ = 1y as)

1/q

In the case x — a < h the latter integral is bounded by a constant. In the complemen-
tary case x —a > h, we use (as in the proof of the previous theorem) the mean value
theorem of differential calculus and find

(x—a)/h
/ |s"71—(s+1)”71|q ds
0

JO J1
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(x—a)/h
<c+|n-1| / (1724 g
N

In—1] {sq(”’z)“} (x—a)/h

Iy | |

with some constant c. We look at the denominator in the last expression and find

that | .
q(n—2)+1—q<n—1—1+—> —q(nl—) <0
q p

in view of ¢ > 0 and our assumption that n — 1/p < 1. Thus we may continue the
estimation for the integral by

(x—a)/h
S s+ 1)1 ds
| (s+1)
0

gl (- (5

K> = O(h"1/P)

Hence

too, and therefore J;¢ € H, 1/, in this case.
Now we discuss the remaining case n — 1/p > 1. Then, in particular, n > 1, and
in view of the semigroup property of fractional integration we may write

JZ(I) — J&"*I/PJJ:;*L"*I/PJQ)'
Therefore, by the fundamental theorem of calculus,
o L )

Here we have thati=n—|n—1/p] >n—|n| >0andi—1/p=n—1/p—
|[n—1/p] < 1 because, by assumption, n — 1/p ¢ N. Thus we may apply the re-
sult that we just proved, with n replaced by #, and find that D"~1/Plj7¢ = Ji¢ ¢
H; 1/p—li-1/p] = Hu—1/p—|n—1/p)- (The indices of the Holder spaces are identical
here because the difference 77 — n is an integer.) O

Example 2.1. Let f(x) = (x —a)P for some B > —1 and n > 0. Then,

Jaf(x) = FF(B ) <x_a)n+ﬁ-

(n+B+1)

In view of the well known corresponding result in the case n € N, this result
is precisely what one would expect from a sensible generalization of the integral
operator. In view of Theorem D.6, the derivation is direct:
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Tif(x) = F(ln) [a-apryta
_ 1 (c—a)y™B [ $B(1— sy FB+1) e
" I'(n) ' / ds= (n+ﬁ+1)( yre

Next we discuss the interchange of limit operation and fractional integration.

Theorem 2.7. Let n > 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, i.e.

(2 1im i) () = (Jim J2) ().
In particular, the sequence of functions (J, fi)y_, is uniformly convergent.

Proof. We denote the limit of the sequence (f;) by f. It is well known that f is
continuous. We then find

A =210 < s [ A0 =S Ol =0

| /\

1 * n—1
i =Sl [ =yt

= m I fk = flloo (x—a)"

<

1 n
Tt 1) Ifx — fll. (b—a)

which converges to zero as k — oo uniformly for all x € [a,b]. O
Corollary 2.8. Let f be analytic in (a — h,a+ h) for some h > 0, and let n > 0.

Then
oo (—l)k(x _ a)k+n

ne(y) = k X
Jaf () ZE) k!(n+k)I(n) Dif@)
fora<x<a+h/2 and
n _ < (x_a)k+n k
Tf(x) =73 D" f(a)

ST (k+1+n)

fora <x<a+h. In particular, J! f is analytic in (a,a+ h).

Proof. For the first statement, we use the definition of the Riemann-Liouville inte-
gral operator JJ,, viz.

JUf(x) /f x—1)""'dt,
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and expand f () into a power series about x. Since x € [a,a+ h/2), the power series
converges in the entire interval of integration. Thus, by Theorem 2.7, it is legal to
exchange summation and integration. Then we use the explicit representation for
the fractional integral of the power function that we had derived in Example 2.1 to
find the final result.

For the second statement, we proceed in a similar way, but we now expand the
power series at a and not at x. This allows us again to conclude the convergence of
the series in the required interval.

The analyticity of J} f follows immediately from the second statement. a

The statements of these last two results allow us to look at another instructive
example.

Example 2.2. Let f(x) = exp(Ax) with some A > 0. Compute Jjj f(x) for n > 0.

In the case n € N we obviously have Jij f(x) = A" exp(Ax). However, this result
does not generalize in a straightforward way to the case n ¢ N. Rather, in view of the
well known series expansion of the exponential function, Theorem 2.7 and Example
2.1, we find

Y w gk
=43 % w=3 1—,13[( o
k=0 k=0 ™*
oo k oo /'Lx)kJrn
g‘ k+n+1) =4 Z Tk+n+1)

and here the series on the right-hand side is not exp(Ax). In Chap.4 we shall en-
counter a class of functions that we can conveniently use to express the series, but
for the moment we only note that fractional integral operators of Riemann-Liouville
type do not reproduce exponential functions in the same way as integrals of integer
order do.

Incidentally the same problem arises when we compute fractional integrals of
other non-polynomial functions that have very simple integer-order integrals such
as the sine or cosine function. We encourage the reader to work out the details as an
exercise.

In the last two theorems of this section we discuss another important property
of fractional integral operators, namely the continuity with respect to the order of
the operator. We first look at the case that we work in Lebesgue spaces. Under this
assumption the situation is very simple:

Theorem 2.9. Let 1 < p < oo and let (my)y_, be a convergent sequence of
nonnegative numbers with limit m. Then, for every f € Lyla,b],

lim Sy f = I f

where the convergence is in the sense of the L,|a,b] norm.
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A proof of this result may be found in [167, Theorem 2.6].

However, when we deal with the space Cla, b] equipped with the Chebyshev norm
(which is much more interesting and important for the applications that we have in
mind), then the situation is more complicated. In order to illustrate this, we provide
a very simple example before coming to the theorem itself that will describe the
general case.

Example 2.3. Let f(x) = 1 and consider a strictly monotonic and convergent
sequence (my )y, of nonnegative numbers with limit m > 0. By Example 2.1 we

find that |

T(mg+1)
Then we have to introduce a distinction of two cases that exhibit very different types
of behaviour:

Ja* f(x) =

(x—a)™.

e Ifm > 0then

m, m (x — a)mk (x — a)m
J5f =T fllee = su — 0 2.1
H a f af” xe[alj)b] F(mk—i—l) F(m—i—l) — ( )

as my — m, which can be shown with a lengthy but simple estimation. We leave
the details of this special case to the reader (the result will of course follow from
Theorem 2.10 below) and only note that we have convergence in the Chebyshev
norm in this case.

e If m = 0 then the sequence (my) must be decreasing. Moreover we have that
Ji* f(a) = 0 for all k, whereas J" f(a) = J° f(a) = f(a) = 1, i.e. we do not even
have pointwise convergence, let alone convergence in the Chebyshev norm (uni-
form convergence).

A complete description of the situation looks as follows.

Theorem 2.10. Let f € Cla,b] and m > 0. Moreover assume that (my) is a sequence
of positive numbers such that limy_... my = m. Then, for every € > 0,

lim —sup [ Jg"% f(x) = Jg'f (x)| = 0.

k= yclate,b]
If additionally m > 0 or f(x) = O((x —a)®) as x — a for some § > 0 then

i 2% f = J2f ]} = 0.

Proof. We begin with the case m > 0. Without loss of generality we may assume
that my > m/2 for all k. It then follows for arbitrary x € [a, D] that

(x—t)ym=1  (x—g)m!

T(m) — T(m)
(X7t>mk717m/4 (x_t)71+3m/4

I (my) I (m)

dt

) =) < [ 1)

<l [ ey a
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B xX—a /4 umkflfm/4 B u71+3m/4 d

= || fl| u T u
0 (my) I'(m)

< I\JC||<><7/}LQM”‘/4 A i P

- 0 I (my) I'(m)

y—1-m/4 —143m/4

C(m) — T(m)

b—a
< lfleb—ay* [

du.

It is easy to see that the integrand only changes its sign for

mapim ()

and an explicit calculation using de 1’Hospital’s rule reveals that limg_... cg

exp(—¥(m)) where ¥ =T"'/T" denotes the Digamma function. Thus we may con-
tinue our estimation above according to

e~ 1=m/4 u71+3m/4

C(me) — T(m)
ck umkflfm/4 u71+3m/4
/ — du
0 I (my) r'(m)
b—a umkflfm/4 u71+3m/4
—/ - du
Ck I (my) I'(m)

m—m/4 3m/4
2¢,.* 8¢,

[ (my) (mg—")  3mI(m)

b—a
[ f () = T f )] < (11l — @)™ /0

du

< | flle(b—ay™”?

= Ifll(b—a)""*

(b _a)mk*m/“ N 4(b _ a)3m/4
I (my) (mi— %) 3mI(m)

and evidently the term inside the absolute value operation converges to 0 as my; — m
which completes the proof in the case m > 0.

In the case m = 0 this argument is not applicable. Instead, we proceed as follows
For some &, € [0,x — a] that will be specified more precisely later, we write

_tmk 1

ST 4 f(x)
—Ex ( —tmk 1 —lmk 1
A P e S YW

mkl
< ”fll(x & —a) ‘/ Fle—u) )du—f()

Vo f () = f(x)] =

IN
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Using the generalized mean value theorem, we find that the integral can be repre-
sented in the form

£ umrl £ umkfl gi’lk
/0 Fe—a) s du:f(é)'/o o = F O o1y
with some & € [x — &,x]. Thus,
mk 1 _ _
) — fx)| < S l=lb—& —a) \ JEe ol o)

F(mk) mk + 1
for all x € [a + &,b], where & € [x — &,x]. Now we set &, := m,i/z. For the value
€ mentioned in the claim (that has been fixed in advance), we know that (since
my, — 0) there exists some kg € N such that for all £ > kg we have &, = 1/ ?<e

Thus, for these k the inequality (2.2) is valid for all x € [a + €, b]. With our spe01a1
choice of &, it takes the form

Vg f(x) = f ()]

(m—1)/2 mi/2

k —a F(&)my _ e

(mk /2 /2

F(m ] — 5 =) flle+ | fll-- (m >+w(f,x—<§) (2.3)

where
o(g;h) == sup{[g(y1) —g(y2)| : y1,32 € [a,D], |y1 —y2| < h}

denotes the classical modulus of continuity of the function g : [a,b] — R. An explicit
calculation, using the rule of de I’'Hospital, yields

" 0 and it 150
— —r 1 -
I (my) I'(m+1)

as k — . Moreover, our results above imply that & — x as k — oo, and since f
is continuous this implies that @(f;x— &) — 0 as well. Thus we have the uniform
convergence to 0 on [a + €,b].

Finally we have to prove the uniform convergence on all of [a,b] in the case
m=0if f(x) = O((x—a)?). To this end we proceed much as in the previous case,
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and in particular we still find the bound (2.3) forx > a+¢&. =a+ mi/ % In the case
x = a we trivially have

Va* f(x) = f(x)| =0-0=0,

/2]. Since

and hence it remains to prove the uniform convergence for x € [a,a + m,i
)] < Cle—a)’ < Cm”
for this range of x (where C is a constant independent of k) and

1 x e
o] [ a=omroa

c * m—=1 _ 4 é
F(mk)/a (=) (i —a)® dr

1
= %m)(x,a)m+5/ (1—s5)™ 150 ds
k 0
r@+1)
I'(mg+06+1)
L+ m+s)/2
Fimg+68+1) k

Wa* f ()] =

IN

(x_ a)mk+5

by the substitution s = (r — a)/(x — a) and the fundamental properties of the Beta

function, we find for x € [a,a + m,i/z]

Vo f () = f ()] < V" f )+ [ ()]

F(é+1) (m+6)2 5/2
—_— C .
= "Tm+o+1)" em
Recalling that, by de 1’Hospital’s rule, mZ”‘/ %1 and hence m,imﬁa)/ 2,0 as k— oo,
we indeed obtain the required uniform convergence result. a

An alternative proof of the second part of this theorem will be given in
Remark 6.11.

2.2 Riemann-Liouville Derivatives

Having established these fundamental properties of Riemann-Liouville integral
operators, we now come to the corresponding differential operators. To motivate
the definition coming up, we recall Lemma 1.2 that (under certain conditions) states
the identity

D'f =D
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where m and n were integers such that m > n. Now assume that n is not an integer.
Then we may still choose an integer m such that m > n. In view of the theory devel-
oped in the previous section, the right-hand side of the identity remains meaningful.
However, there is one major difference to the classical case where both m and n are
integers: Now we find that the operator obtained in this way depends on the choice
of the point a. We hence come to the following definition if we choose the value of
the integer m to be as small as possible:

Definition 2.2. Let n € Ry and m = [n]. The operator D, defined by
DLf = D"y f
is called the Riemann—Liouville fractional differential operator of order n.
For n =0, we set Dg := I, the identity operator.

Once again we see that, as a consequence of Lemma 1.2, the newly defined
operator D, coincides with the classical differential operator D" whenever n € N.

In Lemma 1.2 we had not required m to be as small as possible; indeed arbitrary
natural numbers for m were allowed as long as the inequality m > n was satisfied. A
similar statement holds here.

Lemma 2.11. Let n € Ry and let m € N such that m > n. Then,
Dl =D"Jr",
Proof. Our assumptions on m imply that m > [n]. Thus,
prigm=n — plnl pm=[n] ym=lnl glnl=n _ pin] jlel=n _ pn
a a

in view of the semigroup property of fractional integration and (1.1). O

The next result contains a very simple sufficient condition for the existence of
Dlf.

Lemma 2.12. Let f € A'a,b] and 0 < n < 1. Then D f exists almost everywhere
in [a,b]. Moreover Df € Ly[a,b] for 1 < p < 1/nand

r(ll— n) <<xf_(a3>n +/:f ’<f><x—r>"dz) .

Proof. We use the definition of the Riemann-Liouville differential operator and the
fact that f € A'. This yields

Dyf(x) =

DU = Fr—y g ), 06— e

—F(ll— 2 d—i/: (f(a) —l—'/atf/(u)du) (x—1)™"dt
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- ﬁd—i (f(a)/ +/ / £ (u "dudt)
- F(ll—n)( dx/ /f nd”dt)

By Fubini’s Theorem we may interchange the order of integration in the double
integral. This yields

nrey = L f(a) (x—w)!™
D“f(x)_ru_n)((x_a) dr. f()Td”)'

The standard rules on the differentiation of parameter integrals then give the desired
representation. The integrability statement is an immediate consequence of this rep-
resentation using classical results from Lebesgue integration theory. O

As an immediate consequence of this definition, we shall state the fractional
derivatives of some elementary functions.

Example 2.4. Let f(x) = (x —a)P for some B > —1 and n > 0. Then, in view of
Example 2.1,

nl—n ¥) = F(ﬁ+1) [n] '_a]'n'\an X
L L R A (T L )

Specifically, if n — f € N, the right-hand side is the [n]-th derivative of a classi-
cal polynomial of degree [n] — (n—f3) € {0,1,...,[n] — 1}, and so the expression
vanishes, i.e.

Dl(-—a)" ™ (x)=0foralln>0,me {1,2,...,[n]}.

On the other hand, if n — ¢ N, we find

DI~ aP)08) = gy (e

Both these relations are straightforward generalizations of what we know for
integer-order derivatives. Note that in the last expression the argument of the
Gamma function may be negative. We discuss the interpretation of this in
Appendix D.1.

The following example shows, however, that not every relation can be carried
over in a direct fashion from the classical setting to fractional derivatives.

Example 2.5. Let f(x) = exp(Ax) for some A > 0, and let n > 0, n ¢ N. Then

D'f(x) = %(x—a)nlfi(l;l A (x—a)).
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Here |F; denotes Kummer’s confluent hypergeometric function. This expression
looks somewhat different from the familiar

D'f(x) = A"exp(Ax) 2.4)

that holds for n € N. This strange behaviour is in a certain sense related to the
non-uniqueness of fractional integral (and differential) operators. If we had chosen
a = —oo, then we could have obtained (2.4). The corresponding operators are known
as Liouville fractional integrals and have been investigated; cf. e.g. [167]. For our
purposes however they have no major role to play because they would naturally lead
us to an analysis on unbounded intervals, and that would not be a natural setting for
the differential equations to be considered later on. So we shall not use them any
further.

We have seen in Theorem 2.2 that the Riemann-Liouville integral operators form
a semigroup. It is an immediate consequence of their definition that the classical
differential operators {D" : n € Ny} also have a semigroup property. Therefore it is
natural to ask when the Riemann-Liouville differential operators have got such a
structure. We begin our investigations in this direction with a positive result.

Theorem 2.13. Assume that ny,ny > 0. Moreover let ¢ € Li[a,b] and f = J}' ™™ ¢.
Then,

DD f =Dy,

Note that in order to apply this identity we do not need to know the function ¢
explicitly; it is sufficient to know that such a function exists. In view of Theorem
2.6, the condition on f implies not only a certain degree of smoothness but also the
fact that, as x — a, f(x) — O sufficiently fast.

Proof. By our assumption on f and the definition of the Riemann—Liouville differ-
ential operator,

DZIDZZf _ DngZZJZrle(P — D’—nl-‘Ja’—nﬂ*VllD[nzl,l[ﬂﬂ*nz‘,:ll]Jrnqu.

The semigroup property of the integral operators allows us to rewrite this
expression as

DD f = D["lw‘]a[””*”IDMﬂJ(I(”ZPr"l¢
— D[’lﬂ‘]a[””*”ID("ZWJ(L”ZWJZ]¢'

Because of (1.1) and the fact that the orders of the integral and differential operators
involved are natural numbers, we find that this is equivalent to

DZIDZZJ" = D[ﬂlw‘]afnﬂfnl‘]?q) _ Dl—n”-]a(nﬂ(])



30 2 Riemann-Liouville Differential and Integral Operators

where we have once again used the semigroup property of fractional integration. We
may now use (1.1) one more time and find that

D' D2 f = 9.

The proof that D! ™2 f = ¢ goes along similar lines. 0

The smoothness and zero condition in this theorem is not just a technicality.
The following examples show some cases where the condition is not satisfied. They
prove that an unconditional semigroup property of fractional differentiation in the
Riemann-Liouville sense does not hold.

Example 2.6. Let f(x)=x""/2 and n; =n, =1/2. Then, as shown in Example 2.4,
Dj)! f(x) =D} f(x) =0, and hence also D} D}> f(x)=0, but Di 7 f (x) = D' f(x) =
— (27!

Example 2.7. Let f(x) =x'/2, n; = 1/2 and ny = 3/2. Then, again using Example

24, Dj'f(x) = m/2 and D”zf( ) —+O This implies Dj'Dg?f(x) = 0 but
DD F(x) = 32 /4 = D2f(x) = D™ £ ().

In other words, the first of these two examples shows that it is possible to have
DD f = DDy f # D™ f,
whereas the second one exemplifies the case where
DZIDZZf £ DZZDZ‘f — DZlJr"zf

holds.
Recall that one of the key features that we wanted to obtain was (1.1). It turns
out that the Riemann-Liouville definitions indeed have this property.

Theorem 2.14. Let n > 0. Then, for every f € Ly[a,b],
Dylaf =1
almost everywhere.

Proof. The case n = 0 is trivial for then D/, and J); are both the identity operator.
For n > 0 we proceed as in the proof of Theorem 2.13: Let m = [n]. Then, by the
definition of D7, the semigroup property of fractional integration and (1.1) (which

may be applied here since m € N),

Dylaf(x) = D" " f(x) = D"JG f(x) = f(x). O
Essentially this result and its proof have already been known to Abel [1] even
though he has not denoted the operators involved as integrals and derivatives of
fractional order, respectively.
Now we come to an analogue of Theorem 2.7.
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Theorem 2.15. Let n > 0. Assume that (fi)y_, is a uniformly convergent sequence
of continuous functions on [a,b], and that D! f; exists for every k. Moreover assume
that (D} fi)i_, converges uniformly on [a+ €,b] for every € > 0. Then, for every
x € (a,b], we have

(Jim D3 i) () = (D) Jim i) ().

Proof. We recall that D! = DI JaM ~". By Theorem 2.7, the sequence (JaM ks
uniformly convergent, and we may interchange the limit operation and the fractional
integral. By assumption, the [n]th derivative of this series converges uniformly on
every compact subinterval of (a,b]. Thus, by a standard theorem from analysis,
we may also interchange the limit operator and the differential operator whenever
a<x<b. O

We can immediately deduce an analogue of Corollary 2.8.

Corollary 2.16. Let f be analytic in (a — h,a+ h) for some h > 0, and let n > 0,

n ¢ N. Then . : oo
i B n\ (x—a K
ois) = 3 () pimimy P
fora<x<a+h/2 and
D'f(x) = i MDkf(a)
“ S T(k+1—n)

for a <x < a+h. In particular, D! f is analytic in (a,a+ h).
In this result, the binomial coefficients (2) for n € R and k € Ny are defined by

n nn—1)n—-2)---(n—k+1)
(k) = k! 2:5)

Proof. We use Corollary 2.8 and the definition of the operator D7,
D;f(x) = DI £ (x).
This immediately yields the last two statements. For the first claim, we proceed in a

similar way, using the fact that k!I" () (n+ k) (") = (—1)*I" (k-+ 1+ n) (cf. Exercise
2.2). This allows us to rewrite the first statement of Corollary 2.8 as

den ey s (n= =t
Ja f“‘,{%( k >F(k+1+[n1—n)Df()'

Differentiating [n] times with respect to x, we find

DLf(x) = g) (” _km> FETT i P n)DM (= a) k] ().
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The classical version of Leibniz’ formula (cf. Theorem 2.A below) then yields

=2 () rara

i( D)o [(- ] (it

i( [M)Z(%Uf%i%%g%D”V@-

Jj=0

By definition, (%) =0 if 4 € Nand p < j. Thus we may replace the upper limit
in the inner sum by e without changing the expression. The substitution j = ¢ —k

gives
EEW:kM)QHQlamé%Nﬂm

k=0{=k

- Z 2 (n _km) (Ji) r(&::ll)g—};)l) ).

=0k=0

An explicit calculation yields

() - ()

(see also Exercise 2.2) and thus the first claim follows. O

Another interesting peculiarity of fractional differentiation comes up when we
look at the generalizations of the classical rules for differentiating functions that are
composed from other functions in a certain way. The first result in this connection
is trivial.

Theorem 2.17. Let fi and f> be two functions defined on |a,b] such that D! f; and
D2 f5 exist almost everywhere. Moreover, let ¢1,cy € R. Then, D%(c1 fi + caf2) exists
almost everywhere, and

Dy(eifi +eafa) = e1Dgfi + 2Dy fo.
Proof. This linearity property of the fractional differential operator is an immediate
consequence of the definition of D’. ad

When it comes to products of functions, the situation is completely different. In
the classical case, we have the following well known result (that we have already
used in the proof of Corollary 2.16):

Theorem 2.A (Leibniz’ formula). Letn € N, and let f,g € C"[a,b]. Then,

i()Dkf (D).
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We point out two special properties of this result: The formula is symmetric, i.e.
we may interchange f and g on both sides of the equation without altering the ex-
pression, and in order to evaluate the nth derivative of the product fg, we only need
derivatives up to the order n of both factors. In particular, none of the factors needs
to have an (n+ 1)st derivative. The following theorem transfers Leibniz’ formula
to the fractional setting, and it is immediately evident that both these properties are
lost.

Theorem 2.18 (Leibniz’ formula for Riemann-Liouville operators). Let n > 0,
and assume that f and g are analytic on (a — h,a + h) with some h > 0. Then,

Dl = S () (DLF) () (D) () + 2 () (DAF) () (") ()
a k a a +1 k a a

k=0 k=

fora<x<a+h/2.

Note in the theorem that k runs through the nonnegative integers; therefore we
could have written DX f instead of DX f on the right-hand side. Moreover, k runs
through all the nonnegative integers, and thus we need to have f € C*[a,b] in order
to have a right-hand side that makes sense. The smoothness requirements of g seem
to be much less restrictive (derivatives of g are only required up to the order n),
but for our proof we need analyticity of the product fg, and this is generally only
assured if g is analytic too. This shows that the two main properties stated above are
indeed lost. Finally we mention that Riemann—Liouville integral operators arise on
the right-hand side. No such expressions were present in the classical formulation.
In spite of all these differences we recover the classical result from the fractional
result by using an integer value for n because then the binomial coefficients (2)
are zero for k > n, so that the second sum (the one that causes all the differences)
vanishes.

Proof. In view of Corollary 2.16 we have

el S (1) @)
piifel) = 3 () pormag P00

Now we apply the standard Leibniz formula to D*[fg] and interchange the order of
summation. This yields

prireleo =3, ;) F(,M_n (M) sant et
=l

/ 0

:ii(D k+1—n )Djf D8 ()
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n C+j\ _ (n\[(n—]
04 j J J 14
gives us

DILfel(x ZDJf ( ) 3 (”;’) %@ng@
_ szo (s (")) et

j=1n] (=0

The observation

By the first parts of Corollaries 2.16 and 2.8, respectively, we may replace the inner
sums, and the desired result follows. O

The other important rule for the evaluation is the chain rule,

DIg(f(-)](x) = (Dg)(f (x))Df (x)-

In the same sense as Leibniz’ formula is the generalization of the product rule for
first derivatives to derivatives of arbitrary order n € N, the chain rule can also be
generalized to the case of nth derivatives with n € N. The result is known as Faa
di Bruno’s formula. It can be written in various forms the best known of which is
probably the so-called set partition version that we now recall.

Theorem 2.B (Faa di Bruno’s formula). If g and f are functions with a sufficient
number of derivatives and n € N, then

D"[g(f(-))x) = XD U (DX f(x)

where the sum is over all partitions of {1,2,...,n} and for each partition, k is its
number of blocks and b is the number of blocks with exactly j elements.

A nicely readable account of the history of this formula, including a proof and
a discussion of many related aspects, is given in [98]. For our purposes, we only
illustrate the formula by an example:

Example 2.8. The fourth derivative of g(f(-)) is given by

4
%g(f (x) = &' () S () + 4" (£ ) ()" (x) + 38" (L) [ ()]

+68" (F)F @I (0) + W (F () ()]
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In order to confirm this statement via Faa di Bruno’s formula, we need to write
up all partitions of {1,2,3,4} and count their blocks and the elements in each block.
The possible partitions are

{1234}

(11 {234);  {25.{134}) {3}, {124} {4}, {123}
{12}, {34} {13}, {24} {14},{23}

{1542} (3.4 {15{3} {241 {1}.{4}, {2.3};

(2503} {14y {21{4}, {13} {3144}, {1.2};

{13142}, {31.{4}.

Hence we have one partition consisting of only one block with four elements (which
corresponds to by = 1, by = by = b3 = 0), four partitions consisting of two blocks
with one and three elements, respectively (i.e. with by = b3 = 1, by = b4 = 0), three
partitions consisting of three blocks with 1, 1 and 2 elements, respectively (b; = 2,
by =1, bz = by = 0), six partitions consisting of two blocks with two elements each
(b =2, by = b3z = byg = 0), and finally one partition consisting of four blocks with
one element each (b =4, by = b3 = by = 0). Taking the sum over all partitions we
thus get the required formula.

For this formula, a replacement in the fractional setting is known too [153,
§2.7.3]. We state it here without proof for the sake of completeness.

Theorem 2.19 (Faa di Bruno’s formula for Riemann-Liouville operators).
Under suitable assumptions on the functions f and g we have

DIIF ()]
-3 (D rrn Sene 3 T (780)

a
(“17~-~7“k)EAk,/r:1 r

(x—a)™
Tion flg(x)) (2.6)

where (ai,...,ax) € Ax¢ means that

k k
ai,...,a; € Ny, Zra,:k and Zarzé.

r=1

The structure of the right-hand side of (2.6) is so complex that it hardly seems
to be of any practical use. We shall therefore not elaborate on this rule any further
and instead turn to a completely different type of problems related to fractional
differential operators.

Specifically, a natural question to ask is: What can be said about D)f as
n — m € N? We start by looking at a special case.
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Example 2.9. Let f(x) = (x —a)* for some k > 0. Then we have, because of
Example 2.4,

k+1)
I'k+1—m)

rk+1)

(x—a)kim and Djf(x) = m

D" f(x) = (x —a) ™.

Comparing these two expressions, we find in the limit n — m:
D) f(x) — D™ f(x) uniformly on [a,b] if m < k.

For m = k we obtain that D" f (x) = I"(m+1), which is a non-zero constant, whereas

0 ifn<m,
DZf(“>:{oo ifZ>Z.

So we have pointwise convergence on (a,b], but not at the point @, and therefore
uniform convergence on the complete interval [a, b] is not possible. In the remaining
case m > k we only obtain pointwise convergence on (a,b] because the difference
of the two expressions is always unbounded at a.

In the case where f is of a very general form and not as simple as in this example,
we can state a similar, albeit slightly weaker, observation.

Theorem 2.20. Let f € C"[a,b] for some m € N. Then,
lim D'f =D"f

n—m—

in a pointwise sense on (a,b]. The convergence is uniform on |a,b] if additionally
f(x) = O((x — a)"*®) for some § > 0 as x — a+.

Proof. In view of the smoothness assumption on f, we may perform a Taylor ex-
pansion of f centered at a and find f(x) = T,,—1[f;a](x) + Ryu—1[f;a](x) where

m=1 ¢(k) (4
Tl = Y, 2D

k=0

and R,,_; denotes the remainder term. We have that

Dpf(x) = D" f(x) = DgTn1[f3a](x) = D" T1[f3a] (x)
+ DRy 1[f3a)(x) = D" Ry [f30] (x).

Since T;,—1 is a polynomial of degree m — 1, we find that D™T,,_[f;a] = 0. More-
over, by Example 2.4,

m—1 ) (g
DT [fral) = Y, =1

Z g
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Thus

Dgf(x) =D"f(x) = D"J5" "Ry [f3a] (x) + mf S (x—a)*"
a a ’ S T(k+1-n)

—D"Ry—1[f;a](x).

The sum is identically zero under the assumption that f(x) = O((x —a)™) because
the relevant derivatives of f vanish at a. Without that additional assumption, it van-
ishes in the limit as n — m in a pointwise sense on (a,b] because the arguments of
the Gamma functions converge to a nonpositive integer. Since the Gamma function
has poles at the nonpositive integers, the limit is zero.

It remains to prove that the difference DR, [f;a] — D"R,,—1|[f;a] has the re-
quired convergence properties. To do this, we use the integral representation of R,
which, in our notation, can be written in the form

Ry1lf3al(x) = %m)/:f('”)(u)(x— uf"tdu = Jg'D" f(x).

Thus DRy, [f;a] = D™JI'D™ f = D™ f. For the other term we can write

DRy 1[f:a] = D"J" "Ry, 1[f3a) = D"J " D" §
= DD f = D

in view of the semigroup property of fractional integration and Theorem 2.14. By
assumption, D™ f is continuous on [a, b]. Thus, pointwise convergence of J7' D™ f
against JOD™ f = D™ f on (a,b] follows from Theorem 2.10.

Moreover, if f(x) = O((x —a)"*?) then D" f(x) = O((x — a)®) as x — a, and
thus we have uniform convergence on the full interval [a, b] by the last statement of
Theorem 2.10. This completes the proof. ad

Remark 2.3. There is one more fundamental difference between differential opera-
tors of integer order and the Riemann-Liouville fractional derivatives: The former
are local operators, the latter are not. The meaning of the word local here is as fol-
lows. In order to calculate D" f(x) for n € N, it is sufficient to know f in an arbitrarily
small neighbourhood of x. This follows from the classical representation of D" as a
limit of a difference quotient. However, to calculate D’; f(x) for n ¢ N, the definition
tells us that we need to know f throughout the entire interval [a, x].

This property is exhibited in an even more evident way in the next Lemma that
provides an alternative representation of the Riemann-Liouville derivative. This
new representation has proven to be rather useful in the development and presenta-
tion of certain numerical algorithms (see, e.g., [34]).
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Lemma 2.21. Let n >0, n ¢ N, and m = [n|. Assume that f € C"[a,b] and x €
[a,b]. Then,

DLW = s [ =0 0 ar

In this statement, the integral needs some further explanation. The integrand ex-
hibits a singularity of order n+ 1 which is strictly greater than one, and thus the
integral will in general exist neither in the proper nor in the improper sense. There-
fore we define such an integral according to Hadamard’s finite-part integral concept
as explained in Appendix D.4.

A very short and simple proof of the Lemma can be given using methods from
the theory of generalized functions (distributions) [72]. However, we do not want
to introduce this machinery here. We therefore give a more elementary proof that
essentially follows the ideas of Elliott [61]. Note that, according to that reference,
certain parts of the proof can already be found in a paper of Marchaud [129] dating
back to 1927.

Proof. By definition, D f(x) = D™J"~" f(x) and

F(m;_n) [ =i

In view of the smoothness assumptions on f, we may integrate partially in this
integral and find that

Ja " f(x) =

i f(x) = m/:(x—f)'"ﬂf/(t)dt

1 m—n t=x
_F(m—n—i—l)(xit) ) t=a

l m—n m—n /
Zfz;j;ITﬁx—@ fla)+J07" ().

The smoothness assumptions allow us to repeat this procedure for a total of m times;

we find
m—1

m—n _ (x_a
Ja ) = %F(k—i—m—n—i—l)

I 0 gy g2 o (),

Thus,
an(x) _ Dmefnf(x) _ mi‘l (x - Cl)kin f(k) (Cl) + Jmfnf(m) (x>
a a S Tk—n+1) a

But according to Theorem D. 14 the expression on the right-hand side of the equation

isjust [Y(x—1)"""Lf(t)dt/T(—n). O
Remark 2.4. Another interesting feature of this representation appears if we for-
mally assume n to be negative, n = —n* with some n* > 0. Then the identity of

Lemma 2.21 takes the shape of



2.3 Relations Between Riemann—Liouville Integrals and Derivatives 39
1

o | e

D ) = g,

and we find that the expression on the right-hand side is simply J;'* f(x).

2.3 Relations Between Riemann-Liouville Integrals
and Derivatives

Having established a theory of Riemann—Liouville differential and integral opera-
tors separately, we now investigate how they interact. A very important first result in
this context has already been shown in Theorem 2.14 above: D7, is the left inverse of
JJ. Of course, we cannot claim that it is the right inverse. More precisely, we have
the following situation.

Theorem 2.22. Let n > 0. If there exists some ¢ € Ly[a,b] such that f = J¢ then
JaDaf = f
almost everywhere.

Proof. This is an immediate consequence of the previous result: We have, by defi-
nition of f and Theorem 2.14, that

JaDaf = Ji[Delg 0] =59 = f. 0

If f is not as required in the assumptions of Theorem 2.22, then we obtain a
different representation for J; D] f.

Theorem 2.23. Let n > 0 and m = |n| + 1. Assume that f is such that JI'" " f €
A™[a,b). Then,

D) = ) — 5 CZ D e,
far F(n—k) 7—a+

Specifically, for 0 < n < 1 we have

x—a)"!
D0 = 106) = SR T 111,

Proof. We first note that the limits on the right-hand side exist because of our as-
sumption on f that implies the continuity of D"~ 1J"~" . Moreover, because of this
assumption, there exists some ¢ € Ly such that D"~ 1jm =" f = pm=1jm=nf(g) 4+ Jl¢.
This is a classical differential equation of order m — 1 for J)' " f its solution is easily
seen to be of the form
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m—1
VA IOEDY S 5 a)f Zggl+DkJm "F(2) + T (x). 2.7)
k=0

Thus, by definition of D,

JaDof (x) = JgD"Jg " f(x)

m—1 ( )
= J'D" Zb - Zlirg1+DkJm "f(2)+IT | (x)

:JZDme _’_mZ‘lJan[( _a)k]( ) lim DkJm nf( )

z—a+

=Ja0(x) (2.8)

because of Theorem 2.14 (note that D™ annihilates every summand in the sum). Next
we apply the operator D" to both sides of (2.7) and find, in view of Theorem 2.14,
that

m—1 pym—n —a)k
f(x) — 2 Da [( ) ]( )

k=0
"o Dy (= a)f ()

=2

k=0

k ym—n m—n ym
0 Jim DU f(z) + DG g 9 (x)

G dim DA (@) + DL 0 ).

We now invoke Example 2.4 to evaluate the terms in the sum and the semigroup
property of fractional integration and Theorem 2.14 to manipulate the remaining
term. This yields

m—1 )k+n7m

= (x_a— k ym—n n
1= kz Tlrn—my1)-mDa f(@)+7159(x). (2.9)

Finally we substitute k in the sum by m — k — 1, solve for JZ¢(x) and combine the
result with (2.8) to obtain

J'D" —J" _ = (x_a)n7k71 1 D" k— IJm n
aDLf(x) = “(p(x)_f(x)_,gangﬂgr f(2)
as desired. O

Another important basic result in classical analysis is Taylor’s theorem. We have
already used its classical version in the proof of Theorem 2.20. It can be stated in the
following way which is a bit more instructive than the standard formulation given in
most textbooks in the sense that it gives some additional insight into the structure of
the set A™. The classical way to state this theorem can be obtained by considering
only the implication (a) = (b) and choosing y = a there. For a proof of the general
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version presented here we refer to the monograph of Sard [168, §2] that also deals
with related problems in a more general setting.

Theorem 2.C (Taylor expansion). The following statements are equivalent:

(a) f€A™[a,b)
(b) Foreveryx,y € |a,b),

Z D"f y)+J'D" f(x).

Based on the results derived so far we can find a fractional generalization of this
statement.

Theorem 2.24 (Fractional Taylor expansion). Under the assumptions of
Theorem 2.23, we have

(x—a)yr™
———— lim J'"
F(n m—l—l)zanr f( )

)k+n7m
+2 k+n—m+1)Zﬂa+

flx) =
m DKM () 4 D f (x).
Note that in the case n € N we have m = n+ 1 and hence the limit outside the

sum vanishes. We may thus retrieve the classical result (with m replaced by m — 1).

Proof. From (2.8) and (2.9) we find

_mil (x_a)kJr’hm k ym—n nyn
f(x)—kz mzlgy DY " f(2) + I D f (x).

We now move the summand for k = 0 out of the sum; for the remaining terms we
apply Lemma 2.11. This gives the result. a

2.4 Griinwald-Letnikov Operators

In the classical calculus it is well known that derivatives can be expressed as dif-
ferential quotients, i.e. as limits of difference quotients. For example, we can use
backward differences of order n with step size &, denoted and defined by

ap0 =3 (<04 (7) e, 2.10)

k=0

to conclude the following classical result.
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Theorem 2.D. Letn €N, f € C"[a,b] and a < x < b. Then

" ALf(x)
D" (1) = iy

This result is actually not only useful for analytical investigations; by using a
finite positive value for % instead of performing the limit operation 2 — 0 it also
gives us a straightforward numerical approximation for the derivative. In view of
these advantages of this representation it is evidently desirable to have an analogue
also for the fractional case. Such a construction is possible; it dates back to the work
of Griinwald [85] and Letnikov [112]. Indeed all we have to do is give a meaning
to the finite difference in (2.10) for n ¢ N. To this end we recall that the binomial
coefficients with non-integer upper coefficient have been introduced in (2.5) above.
We had already noted and used the property that (}) = 0if n € N and n < k. Thus,
for n € N (2.10) is equivalent to

Alf(x) == i(—l)k (Z)f(x—kh). 2.11)

k=0

Now recall that we want to have an expression for our function class, which is typi-
cally a subset of Cla, b], i.e. a class of functions defined on the finite interval [, b]. In
this context we observe that the representation (2.11) introduces two problems in the
case n ¢ N where none of the binomial coefficients vanishes, so that this expression
really represents an infinite series:

e Inorder to evaluate the expression in (2.11) for all x € (a, b], the function f needs
to be defined on (—eo, b]
e The function f must be such that the series converges

These two problems can be resolved simultaneously by a simple concept: Given a
function f : [a,b] — R, define a new function

5 fx) ifx€[a,b],
f7 (=00 = R, ’CH{O ifx € (—e,a),

and use this function instead of the original f. In view of the fact that f and f*
coincide on the interval where both functions are defined, we interpret f* as a
continuation of f and, slightly abusing the notation, we will from now on write
f instead of f*.

This leads us to the required generalization of the concept of differential quo-
tients. For the sake of simplicity, we impose a restriction in the way that 7 — 0;
specifically for the value of x under consideration we assume that & takes only the
values hy = (x—a)/N,N =1,2,.... By a tedious analysis it is possible to show that
this restriction is not necessary, but we will not go into details here.
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Definition 2.3. Letn > 0, f € C1"l[a,b] and @ < x < b. Then

D;f(x) = lim Ay 1§ (—”k(n)f(x—khm
0

n - o
N—soo hN N—oo hN = k

with iy = (x—a) /N is called the Griinwald—Letnikov fractional derivative of order
n of the function f.

The following result explains the relation between this new notion of a fractional
derivative and the one that we already know.

Theorem 2.25. Let n >0, m = [n] and f € C"[a,b). Then, for x € (a,b),
Dif (x) = Do f (x).

Proof. If n € N then this is evident because, as indicated above, the differential
quotients reduce to the classical version which is covered by Theorem 2.D. Thus we
now concentrate on the case n ¢ N.

We will follow Elliott [61]. First of all we note that it is no loss of generality to
assume a = 0 and x = 1 because any other interval [a,x] may be mapped to [0, 1]
by an affine transformation, and the entire convergence analysis below will remain
unchanged by this transformation. Thus we have to show that

im v S 1 (MY £ (1= %Y = pr et 2.12
tm v S () (157 ) =080 e.12)
In this context let us write
N
n n k n k
b1 =N 3 (1) (k)f(l—ﬁ)

N'T'(N+1-n)] __,
—[ - ]Dofm

o (Bt (-3)

As N — oo, the expression in square brackets on the right-hand side of this
equation converges to zero because, by Stirling’s formula (Theorem D.5) and de
I’Hospital’s rule,

TN+1=n) L (N=n\V" )
(2
:e"(1—%)1\/7”(1—1—0(1)):1—#0(1).
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Thus, in order to prove our desired result (2.12), it suffices to show that

—n N n —s00
N" (%DSJ‘(])—2(—1)k<k)f<1—1£v)> N=e, (2.13)

k=0

To this end we introduce an auxiliary concept from approximation theory, the
Nth Bernstein polynomial of the function f, denoted and defined by

s =3 (§ )ra-0 4 (5)

k=0

(see Appendix D.5).

The connection to our approach is established as follows. For N € Ny and
k€ {0,1,...,N} we define by y(t) := t*(1 — )" K. Note that these functions are
related to the Bernstein polynomial via By[f] = ¥4 (IZ) f(k/N)bin. An explicit
calculation then yields, by Lemma 2.21,

1 —K—n
Dpbyn(1) = ﬁ/o (1= litdr = ?fjni}il(\flv— nk+ 1))'

(2.14)

(This can be shown by using the Beta integral and its analytic continuation.) As a
consequence of this relation we may express the sum on the left-hand side of (2.13)
according to

;ﬁb(_l)k(Z)f(l__) ,ﬁgr K+ DT ( )
:,ﬁb (N ]\;c+kl)1"n ( )

s () (3)
(

)
= o 2 ) ()

k=0

S (] o

D i),

Hence our claim (2.13) reduces to

F(FAE;—W (Db (1) — DiBNI/1(1))

T (N+1—n)
T(N+1)

Nn

Dy (f = Bw[f1)(1) = 0.
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We had already seen above that

T (N+1—n)
rN+1)

as N — oo; thus it only remains to prove that Djj(f — By[f])(1) — 0 as N — . For

this last step we use the representation for Dfj from Lemma 2.21 and the fundamental
property of the finite-part integral described in Theorem D.14 which yields

Dg(f —Bn[f])(1)

= r(l_n) /01(1 t)"" N (f(t) = Bu[f](r))dt
S 1 [n]=npy[n
= kg,o ka[f—BN[f]](O)JFJo DI"[f —By[f]](1).

We may now invoke Theorem D.16 which tells us that, under our assumptions,
D*By[f] converges to DXf uniformly on [0,1] for k = 0,1,...,[n], and thus the
entire expression on the right-hand side converges to zero as required. a

Definition 2.3 immediately raises the question what happens if we replace n
by —n. It turns out that this question has a simple answer.

Theorem 2.26. Let n > 0, f € Cla,b] and a < x < b. Then, with hy = (x —a)/N,

we have
N

. —n
12700 = Jim 18,3 (1 (31 et
Proof. For x = a, both sides of the equation vanish.

For x > a, we proceed formally as in the proof of Theorem 2.25, only substituting
—n for n throughout the entire argument and replacing (2.14) by

otk Tk DTN —k+n)
r(n)/o (= = S e Ty

Jobin(1) =

which also can be deduced with the help of the Beta integral. We then arrive at the
conclusion that our claim is equivalent to the statement

Jo(f =BNID(1) =0 asN —eo

which follows from Theorem 2.7 since By[f] — f uniformly by Theorem D.16. O
In view of this Theorem and the relation
— ) =n—1)--(—n—k+1
(_1)k< k”) = (_1)k( n)( n )k' ( n + )

nn+1)---(n+k—1)
k!
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(n+k—1)(n+k—2)---n
k!
B <n+k—1) _ T(n+k)
N k - I'(n)(k+1)’

the following formal definition is justified.

Definition 2.4. Letn >0, f € Cla,b] and a < x < b. Then

v o X T(n+k)
Jaf(x) = ml\}lj}ohﬁz% mf(x— khy)

with iy = (x —a)/N is called the Griinwald—Letnikov fractional integral of order n
of the function f.

Indeed this is the historically correct definition introduced in the original pa-
pers of Griinwald [85] and Letnikov [112] in 1867 and 1868, respectively. Thus the
Griinwald-Letnikov representation allows a formal unification of the concepts of
fractional derivatives and fractional integrals by admitting both positive and neg-
ative values for n. Some authors have been motivated by this potential unification
to introduce a unified notation concept for fractional integrals and derivatives, i.e.
they would, e.g., write D" instead of J} for n > 0. We have chosen to stick to sep-
arate symbols for differential and integral operators because it is then immediately
clear from the notation whether the operator under consideration is of differential or
integral type.

For a more detailed discussion of Griinwald—Letnikov differential and integral
operators we refer to the monograph of Samko et al. [167, §20].

Exercises

Exercise 2.1. Compute the Riemann-Liouville integrals Jj f(x) for n > 0 and the
following functions f:

(a) f(x) =sinwx, ® >0,
(b) f(x) =coswx, o >0,
(© flx)=(1+x)"

Hint: Proceed as in Example 2.2.
Exercise 2.2. Give a proof of relation (2.1).

Exercise 2.3. Prove the identity stated in Example 2.5.
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Exercise 2.4. Prove the following identities that we required in the proof of
Corollary 2.16:

(a)

k

() - ()

Exercise 2.5. Compute the Riemann—Liouville derivatives D f(x) for n > 0 and
the following functions f:

(DA (k+14n) = K0 (n) (n +k) <_”>

(b)

(a) f(x) =sinowx, © >0,
(b) f(x) =coswx, ® >0,
© flx)=(1+x)""

Hint: Use the results obtained in Exercise 2.1.

Exercise 2.6. Determine the fractional Taylor expansions for the following cases:

(@) f(x) =x’,a=0,and n=2.8,
(b) f(x) =sinx,a=0,andn=1.2.






Chapter 3
Caputo’s Approach

It turns out that the Riemann—Liouville derivatives have certain disadvantages when
trying to model real-world phenomena with fractional differential equations. We
shall therefore now discuss a modified concept of a fractional derivative. As we will
see below when comparing the two ideas, this second one seems to be better suited
to such tasks.

3.1 Definition and Basic Properties

We commence with a preliminary definition.

Definition 3.1. Let n > 0 and m = [n]. Then, we define the operator D" by
Dif:=J3"D"f

whenever D' f € Li[a,b].

Let us start by looking at the case n € N. Here we have m = n and hence our
definition implies
D;f=J/D"f=D"f,
i.e. we recover the standard definition in the classical case.

We begin the analysis of this operator in the strictly fractional case n ¢ N with a
simple example.

Example 3.1. Let f(x) = (x — a)P for some B > 0. Then,

0 if f€{0,1,2,....m—1},
rg+1)

Dgf(x) = m

(x—a)P™ ifpeNand B >m
orf¢Nandff >m—1.

The reader is encouraged to compare this statement with the corresponding one
for Riemann-Liouville operators (Example 2.4). Notice in particular that the two

K. Diethelm, The Analysis of Fractional Differential Equations, 49
Lecture Notes in Mathematics 2004, DOI 10.1007/978-3-642-14574-2_3,
(© Springer-Verlag Berlin Heidelberg 2010
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operators have different kernels, and that the domains of the two operators (exhibited
here in terms of the allowed range of the parameter 3) are also different.

A few additional examples of Caputo-type derivatives of certain important func-
tions are collected for the reader’s convenience in Appendix B.

Remark 3.1. We have required m = [n] in Definition 3.1. The same condition has
been imposed in the definition D} := D™J"™" of the Riemann—Liouville derivative
(Definition 2.2). However, in the latter case we had seen in Lemma 2.11 that this
restriction actually is not necessary; one may use any m € N with m > n in the
Riemann-Liouville case. For the newly introduced operator 5{} =J7"D™ from
Definition 3.1, the situation is different: Here we may not replace m = [n] by some
m € N with m > [n]. This is evident by looking at the simple example f(x) =
(x—a) 1. For such a function we have, according to Example 3.1,

nn _ F(’—I’L-‘—f—l) n|l—n
Dy f(x) = m(x—a)( W

but, for m € N with m > [n], we obtain D" f(x) = 0 and hence J" "D" f(x) =0
t00.

The key to the construction of the alternative differential operator that we are
looking for is the following identity involving Riemann-Liouville derivatives on
the one hand and the newly defined operator on the other hand.

Theorem 3.1. Let n > 0 and m = [n]. Moreover assume that f € A™|[a,b]. Then,

D!'f =DPf — Ty1|f;d]

almost everywhere. Here, as in the proof of Theorem 2.20, T, [f;a] denotes the
Taylor polynomial of degree m — 1 for the function f, centered at a; in the case
m = 0 we define T,,_[f;a] := 0.

Note that the expression on the right-hand side of the equation exists if D]} f exists
and f possesses m — 1 derivatives at a, the latter condition making sure that the
Taylor polynomial exists. This condition is weaker than the previous condition that
f € A™. (This follows since f € A™ implies (a) f € C"~! and hence the existence
of the required Taylor polynomial and its Riemann-Liouville derivative, and (b) the
existence of D]} f almost everywhere as can be seen by a repeated application of the
ideas used in the proof of Lemma 2.12.) Therefore we will, from now on, use the
latter expression. A formalization is given as follows.

Definition 3.2. Assume that n > 0 and that f is such that D?[f — T,,—[f;a]] exists,
where m = [n|. Then we define the function D”, f by

D! f:=D"[f — T,_1[f:d]].

The operator D}, is called the Caputo differential operator of order n.
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Actually this concept has been introduced independently by many authors,
including Caputo [23] and Rabotnov [157] who have based their developments on
the approach given in Definition 3.1 and by Dzherbashyan and Nersesian [58] who
have used Definition 3.2 as their starting point; other contributors who have dealt
with such operators from various points of view include Gross [84] and Gerasi-
mov [74], and it can even be found in a very old paper by Liouville [116, p. 10,
formula (B)]. However it seems that Liouville did not see the difference between
this operator and the Riemann—Liouville operator as he was mainly interested in
those cases where the two operators coincide [Liitzen, J., 2001, Private communi-
cation]. We follow the most common convention of naming it after Caputo only.
The reader who is interested in a detailed historical account should consult the re-
cent paper by Rossikhin [163] and the references cited therein. The notation that
we have introduced here follows the generally accepted suggestion of Gorenflo and
Mainardi [81].

Once again we note for n € N that m = n and hence

Diuf = Dglf = Thalf;al] = D"f = D*(T, 1 [fa]) = D" f

because T, [f;a] is a polynomial of degree n — 1 that is annihilated by the classical
operator D". So in this case we recover the usual differential operator as well. In
particular, Dga is once again the identity operator.

Various papers and books exist where some of the key properties of the Caputo
operators have been described, see, e.g., [77,81, 153]. Typically however they were,
as stated explicitly in the abstract of [81], written “in a way accessible to applied sci-
entists” and “avoiding unproductive generalities and excessive mathematical rigor”.
It seems that mathematically rigorous proofs of many important properties are not
available in the literature. Therefore we try to give them here.

Proof (of Theorem 3.1). In the case n € N the statement is trivial because, as we
have seen above, both sides of the equation reduce to D" f. We therefore only have
to consider the case n ¢ N, which implies that m > n.

In this case we have

Dylf = Tuarlfsall(x) = DI "[f = Tua[f3al)(x)

m X (x— m—n—1
= %/a %(f(t)Tml[f§a](l))dt. (3.1)

A partial integration of the integral is permitted and yields

X 1 .
/a F(m——n)(f(t) — Ty lfia)(t)) (x— 1) " e

= VO Bl )"
1

T, PO = DT el
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The term outside the integral is zero (the first factor vanishes at the lower bound, the
second vanishes at the upper bound). Thus,

I = T [fsal) = 1D — Tuei [f3a]).

Under our assumptions, we may repeat this process a total number of m times, and
this results in

S = Tualfsal] = 3D [f = Ty [fra]] = I35 "D [f = T [f3a]).

We note that D"'T,,_1[f;a] = 0 because T,,—1[f;a] is a polynomial of degree m — 1.
Thus, the last identity can be simplified to

I3 = T lfial] = I "D™ f.
This may be combined with (3.1) to obtain
D f —T_1[f;a]](x) = D"J"J""D" f = J""D" f = DI'f
in view of (1.1). 0

Taking into account the definition of the Caputo operator and Lemma 2.21, we
obtain a direct consequence.

Lemma 3.2. Under the assumptions of Lemma 2.21, we have

DLSW = iy [ 6= G0 T el 0) .

-

Remark 3.2. As in the case of the Riemann-Liouville operators, we see that the
Caputo derivatives are not local either.

Yet another representation for the Caputo operator can be obtained by combining
its definition with Theorem 2.25:

Lemma 3.3. Letn >0, m = [n] and f € C™[a,b]. Then, for x € (a,b),

n . 1 il k(n

D09 = i e 3 (~1)* () L= i) = Ty il )
TN k=0

with hy = (x—a)/N.

The representations of these two Lemmas have proven to be useful for numerical
work [34, 121]. Other representations are known as well; we shall present some of
them in Sect. 3.2. However, we first continue the investigations of the analytical
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aspects of Caputo operators. In this context our next goal is to express the relation
between the Riemann-Liouville operator and the Caputo operator in a different way.

Lemma 3.4. Let n > 0 and m = [n|. Assume that f is such that both D7, f and D} f
exist. Then,

n X)) =D"f(x _m71 Dkf(a> x_akfn
D*af()_Daf() ]Z(,)F(k_n+1)( ) .

Proof. In view of the definition of the Caputo derivative and Example 2.4,

m—1 nk a
D11 = Dif )~ 3, P~
k=0
_ = Dkf(a> —n
—Da ()C)—]Zz)m(x—a)k . 0

An immediate consequence of this Lemma is

Lemma 3.5. Assume the hypotheses of Lemma 3.4. Then,
Duf =Dluf
holds if and only if f has an m-fold zero at a, i.e. if and only if
Dff(a)=0 for k=0,1,...,m—1.

We may also combine Lemma 3.4 with Theorem 2.25 to deduce

Lemma 3.6. Let n >0, m = [n] and f € C™[a,b]. Then, for x € (a,b),

N n m—1 k a
I f(s) = fim g 3 (<)1) i) = S, g E et

with hy = (x—a)/N.

When it comes to the composition of Riemann—Liouville integrals and Caputo
differential operators, we find that the Caputo derivative is also a left inverse of the
Riemann-Liouville integral:

Theorem 3.7. If f is continuous and n > 0, then
DiJf =1

Proof. Let ¢ =J"f. By Theorem 2.5, we have D*¢(a) =0 fork=0,1,....m—1,
and thus (in view of Lemma 3.5 and Theorem 2.14)

DiJaf =Dl =Dy =Dplif = f. O
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Once again, we find that the Caputo derivative is not the right inverse of the
Riemann-Liouville integral:

Theorem 3.8. Assume thatn >0, m = [n], and f € A™[a,b]. Then

mflka
1D ) = )~ 3, P

k=0

Proof. By Theorem 3.1 and Definition 3.1, we have
Dl.f=D;f=J""D"f.

Thus, applying the operator J to both sides of this equation and using the semi-
group property of fractional integration, we obtain

JIDLf = J2I D" = J'D" .

By the classical version of Taylor’s theorem (cf. Theorem 2.C), we have that

m—1 nk
D f(a
flx) = 2 k'( )(xfa)k—i-JamDmf(x).
k=0 :
Combining these two equations we derive the claim. O

A fractional analogue of Taylor’s theorem follows immediately:

Corollary 3.9 (Taylor expansion for Caputo derivatives). Under the assump-
tions of Theorem 3.8,

m—1 nk a
=y 2@

k=0

(x—a)* +J3D, f (x).

The relations shown in Theorem 3.8 and Corollary 3.9 have major implications
when it comes to the solution of differential equations involving the two types of
differential operators. Specifically, assume that £ is a given function with the prop-
erty that there exists some function g such that 7 = D/ g. Then, the solution of the
Riemann-Liouville differential equation

Dif=h
is given by -
f) =8+ Y cjlx—a)"’
j=1

with arbitrary constants c;. This follows by the same techniques that one would em-
ploy for differential equations of integer order because the equation is linear and
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inhomogeneous. By construction, g is a solution of the inhomogeneous equation,
and by Example 2.4 each of the terms in the sum solves the corresponding homoge-
neous equation.

Similarly, if A, is a given function with the property that h, = D’ g, and if we
want to solve

D fklaf * = h*7
then we find ]
[0 = ge0) + X chlx—a)l"
j=1

again with arbitrary constants c;‘.. Thus, in order to obtain a unique solution, it is
most natural to prescribe the values f,(a),Df.(a),...,D"1=! f.(a) in the Caputo
setting, whereas in the Riemann-Liouville case one would rather prescribe frac-
tional derivatives of f at a. This will be explored in a more detailed fashion in the
following chapters. For the moment we note that the Caputo version is usually pre-
ferred when physical models are described because the physical interpretation of the
prescribed data is clear, and therefore it is in general possible to provide these data,
e.g. by suitable measurements. This is not true for the fractional order initial condi-
tions required for the Riemann—Liouville environment. For example, in applications
like the modelling of viscoelastic materials in mechanics [184], f(x) is typically a
displacement at time x, and so f’(x) and f”'(x) would be the corresponding veloc-
ity and acceleration, respectively — quantities that are well understood and easily
measured. On the other hand, in spite of recently attempted explanations [154], a
fractional derivative of a displacement remains an object whose physical nature is
unclear, and so no measurement methods for such a quantity are readily available.

Apart from this reason (which is mainly motivated by arguments in connection
with applications) there are actually other reasons coming from the “pure” side of
mathematics for preferring the Caputo derivative over the Riemann-Liouville oper-
ator [97,108], but we shall not dwell on this topic here. Rather, we shall continue by
stating another representation for the Caputo derivative of a function under a quite
natural assumption. To this end we require the following definition that is a special
case of a concept established in [73] (see also [167, p. 426]).

Definition 3.3. Let n > 0 and let v be an entire function with the power series ex-
pansion v(x) = ¥, cxx®. Then, the operator 2" that maps this function v to the
function 2"v with

n hnd F(kn+1) k—1
9 = _
v) Z‘lc"r(km —n)"

is called the Gel’fond-Leont’ev operator of order n.

The Caputo derivatives of certain functions can be expressed with the help of
these operators in a very convenient way (see, e.g., [106, p. 139] or [167, p. 426]):
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Theorem 3.10. Let n > 0 and let v be an entire function with the power series
expansion v(x) = 37, cxxk. Moreover let f(x) :=v(x") for x > 0. Then,

D}y f(x) = 2"v(x").

Proof. This result follows using a straightforward computation using the defintions
of the function f and the Caputo differential operator, the power series expansion of
v and the fact that, because v is entire, we may interchange the infinite series operator
and the Caputo differential operator (i.e., we may apply the Caputo operator to the
series in a term-by-term manner). a

The following result establishes another significant difference between
Riemann-Liouville and Caputo derivatives. A comparison with, e.g., Example 2.4
for f(x) =1 andn >0, n ¢ N, reveals that we are not allowed to replace D}, by D7
here.

Lemma 3.11. Let n > 0, n ¢ N and m = [n]. Moreover assume that f € C™[a,b].
Then, D}, f € Cla,b] and D! ,f(a) = 0.

Proof. By definition and Theorem 3.1, D, f = JJ'""D™ f. The result follows from
Theorem 2.5 because D™ f is assumed to be continuous. a

We may relax the conditions on f slightly.

Lemma 3.12. Let n > 0, n ¢ N and m = [n]. Moreover let f € A™[a,b] and assume
that DI f € Cla,b] for some i € (n,m). Then, D", f € Cla,b] and D", f(a) = 0.

Proof. By definition and Theorems 3.1 and 2.2,
Dif=J3"D"f = I I D" f = I DL

Thus the claim follows by virtue of Theorem 2.5. a

Remark 3.3. In order to assess the consequences of these two Lemmata, we point
out the following fact. Assume, for example, the hypotheses of Lemma 3.11 and
additionally that n > 2. Then the Lemma asserts that all derivatives D}, f,0 <n < 3,
are continuous, and thus, in particular, Dfa f and Dfa*1 f are continuous whenever
0 < ¢ < 2. This does not mean, however, that D’,f € C'[a,b] for these ¢. For a
counterexample, we refer to Exercise 3.1. As a consequence of this observation,
we obtain that we cannot deduce the identity DDfa f= ijl f to be true under
the assumptions of our Lemmata because the function on the right-hand side is
continuous whereas the one on the left-hand side need not have this property. Hence

we find that the Caputo differential operators do not form a semigroup in general.
In this context the following observation is important.

Lemma 3.13. Let f € C*[a,b] for some a < b and some k € N. Moreover let n,& >0
be such that there exists some £ € Nwith { <k andn,n+ € € [{ — 1,{]. Then,

D{,D!.f =D f.

*d
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Remark 3.4. Two comments concerning this Lemma need to be made:

(a) Such aresult cannot be expected to hold in general if Riemann—Liouville deriva-
tives were used instead of Caputo derivatives. As an example, consider the
function f with f(x) =1 and let a =0, n =1 and € = 1/2. If we were to

use Riemann-Liouville derivatives, the left-hand side would be (Dl/ 2 M) =

1/ 0= 0, whereas the right-hand side is

32008 _2pl/2py 1 32
D =D"J, = )

(b) The condition requiring the existence of the number £ with the properties men-
tioned in the Lemma is essential. To see what can happen without it, consider
theexamplen=e="7/10(1.e. 7/10=n<1<n+e=7/5),a=0and f(x) =x
Then, the right-hand side is D7/5f( )= (J, 3/Sf”)( )= 3/50 0, but since

7/1O 1 3/10
03N = Frzg”"
the left-hand side takes the value
7/10,~7/10 1 _
DI (DL N0 = F

Proof (of Lemma 3.13). The statement is trivial in the case n=¢— 1 and n+ =/,
so we only treat the other situations explicitly. Then we first observe that our as-
sumptions imply 0 < & < 1. Thus, by Lemma 3.5 we find that

Diz=D:z

whenever z(a) = 0. We consider three cases:

1. n+ € € N: In this case we have that [n] = n+ € and hence [n] —n = €. Moreover,
by Lemma 3.11, D}, f(a) = 0. Thus

DEDLf = DDl f = DEJs" DI ¢
D8J8D [n] f D rﬂf Dl’l+£f DI’L+£ .

2. n € N: Here we have, using Theorem 3.1,

DDl f=DiD"f=1J," D" f=DII*f.

*d

3. Otherwise, we have [n] = [n+ €], and thus we find by similar arguments that

DE,DLf = DiD%,f =DiJ" "Dl ¢
=D Jl*SJa -‘ D[n f:D Jl-]a[n+£-‘7(n+£)D’—n+8Wf

= DIFef. O
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The previous result has dealt with the concatenation of two Caputo differential
operators. In some instances however it may also be useful to concatenate a Caputo
operator with a differential operator of Riemann-Liouville type:

Theorem 3.14. Let f € C*[a,b] for some 1 € N. Moreover let n € [0, it]. Then,
DDl f =D f.
Notice that the operator D* appearing on the right-hand side of the claim is a
classical (integer-order) differential operator.

Proof. If nis an integer then both differential operators on the left-hand side reduce
to integer-order operators and hence we obtain the desired result by an application
of the definition of the iterated operators, viz. Definition 1.1 (c).

If n is not an integer then we may invoke Theorem 3.1 to conclude that

Dl f=Dif=J""Dl"f.

Combining this with the definition of the Riemann—Liouville derivative and using
the semigroup property of fractional integration and eq. (1.1) we find

D(/;Lanfaf _ D/,lf(nPrlJ;Jrl*[’ﬂJ‘[ﬂ*"D(n]f:Duf[nPrlJ;D(n]f
= pHt=Inipltl = piy. O

It is actually possible to explore the smoothness properties of DJ,f under
smoothness assumptions on f in more detail than in Lemma 3.11:

Theorem 3.15. If f € CH[a,b] for some 1 € Nand 0 < n < U then

p—[n]-1 f(Z+M)(a)

Draf(x) = EO T((n]—n+0+1)

(x—a)" 7 g ()

with some function g € C*~1"l[a, b]. Moreover, the (u — [n])th derivative of g sat-
isfies a Lipschitz condition of order [n] — n.

Proof. This is a direct consequence of the definition of the Caputo differential op-
erator and Theorems 3.1 and 2.5. a

The main computational rules for the Caputo derivative are similar, but not iden-
tical, to those for the Riemann—Liouville derivative.

Theorem 3.16. Let fi, f> : [a,b] — R be such that D}, f| and D], f, exist almost
everywhere and let ci,cy € R. Then, D (c1fi + caf2) exists almost everywhere,
and

D (c1fi+cafa) = Dl fi + 2D, fa.
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Proof. This linearity property of the fractional differential operator is an immediate
consequence of the definition of D[,. O

For the formula of Leibniz, we only state the case 0 < n < 1 explicitly.
Theorem 3.17 (Leibniz’ formula for Caputo operators). Let 0 < n < 1, and as-
sume that f and g are analytic on (a — h,a+ h). Then,

(x—a)™"
r'(1—n)

+ 3 (1) (57ne) pharto

D [f8l(x) = 8(a)(f(x) = f(a)) + (D8 (x)) f (x)

Proof. We apply the definition of the Caputo derivative and find

DL, [f8] = Dylfe — fla)g(a)] = Dyl fe] — f(a)g(a) Dy[1].

Next we use Leibniz’ formula for Riemann—Liouville derivatives and find
DL = 0L+ 5 ( )DENUE ") - @t
Now we add and subtract f - g(a)(DJ2[1]) and rearrange to obtain

D, [fg] = f(D[g —gla +Z(> Dyf)Us"g)
+ela)(f ~ F@)DLI1]
= rx o)+ 3 () Ok "0+ @) - fla) x DI
k=1

where we have used the fact that, for k € N, DX = DF = DX . To finally com-
plete the proof it only remains to use the explicit expression for D}[1] from
Example 2.4. a

Remark 3.5. For Faa di Bruno’s formula (the chain rule) for Caputo operators we
may combine eq. (2.6), i.e. the corresponding rule for Riemann-Liouville operators,
and Lemma 3.4. This yields that, once again under suitable assumptions on the
functions f and g that we shall not specify explicitly, it has the form

DL [f(3(:))])(x)
o (n\k(x—a) LAY k 1 (D'g(x) ar
Sl e 3 MG ()
F B oy Y DUEON@) (e

r(1—n) Tk—n+1)

k=0
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where, as in the Riemann—Liouville case discussed in Theorem 2.19, (ay,...,a;) €
Ay ¢ means that

k k
ai,...,ax € Ny, Y ra,=k and Y a,={.
r=1 r=1

3.2 Nonclassical Representations of Caputo Operators

In the previous section we have developed a number of different representations for
Caputo differential operators under various assumptions on the function to be differ-
entiated; see, e.g., Definition 3.2, Definition 3.1 in combination with Theorem 3.1,
Lemma 3.2, Lemma 3.3, or Lemma 3.4. Essentially, all these representations consist
of a combination of a convolution integral and some sort of a differential operator
(or the limit of a discrete version of this). This approach immediately reveals the
non-locality of the Caputo operator and provides a natural approach to handling this
property. However, in some applications it has turned out that other ways to ex-
press the non-locality are more helpful. Two such alternative representations have
recently been developed independently by Yuan and Agrawal [194] and Singh and
Chatterjee [26, 177]. Our treatment of these two closely related methods is based on
the generalizations provided and analyzed in [38].

We first recall the details of the method proposed by Yuan and Agrawal [194].
They have only discussed the case 0 < n < 1. An extension to 1 < n < 2 has been
provided by Trinks and Ruge [185]. We will not impose any such restriction on the
size of n. However, our techniques do require that n ¢ N throughout this section.
Since this only excludes cases that are not truly fractional anyway, this is not a
substantial limitation. It can easily be seen that our approach reduces to the original
scheme of Yuan and Agrawal if 0 <n < 1.

The approach is tailored to functions f € CI"![a,b]. In view of Theorem 3.1 this
feature allows us to use the representation of Definition 3.1 for the Caputo deriva-
tive. Then we define an auxiliary bivariate function ¢ : (0,) X [a,b] — R by

(p(w’x) = (_1)L’1J ZSI%MWanZ]—nPrl / f([iz'\)(,L.)ef(xf‘r)wz dr. (3.2)

With this notation we obtain the following generalization of a result presented in
[194, §2]:

Theorem 3.18. Under the above assumptions,

D" f(x) = /0 " 6 (w,x) dw. (3.3)
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In addition, for fixed w > 0 the function ¢ (w,-) satisfies the differential equation

2 (w,x) = —w? o (w,x) + (—1) " 28IN7R o 2fal+1

(1)
B p S (G4

subject to the initial condition ¢(w,a) = 0.

Notice that the differential equation (3.4) is effectively an ordinary differential
equation since we assume w to be a fixed parameter. Moreover it is a differential
equation of order 1 and hence of classical (not fractional in the strict sense) type. In
addition we note that the differential equation is linear and inhomogeneous and that
it has constant coefficients. Therefore it is a simple matter to compute the solution
of the initial value problem explicitly, and of course this computation reproduces
the representation (3.2).

Proof. Bearing in mind the definition of the Gamma function (Definition 1.2),
Theorem D.3 and the obvious identity

sinzt(n—[n]+1)= (=1 sinzn (n¢ N)

we obtain that

o) = — [Tyt ()
DLLf() F([ﬂ_n)'/a( o)1) (1) e
1
) (W—n)
/ / "dz (x— 1)l == 1D (1) dz

n—[n]+1 1
) — £ (1) dzdr
T Z

sinw(n— [n] +1) / /m —(_Z%
= e 4
T Ja 0 X —
. X 3 nf[n}%]
L] Sm””/ / ] i)
1) T Ja Jo © X—7T Zf (T>dZdT.

We may now apply the substitution z = (x — T)w? in the inner integral and note that
Fubini’s Theorem allows us to interchange the order of the integrations since f ([n1)
is assumed to be continuous. This yields

D" f(x) = (_1)LnJ2512”” / ’ /”efufr)wzwznfz(nul £ (g)dwdz

— /w(_l)[nj ZSiznnWanﬂn-\Jrl /xef(xf‘r)wzf(]'n'\)(r) drdw
JO Ja

and, recalling the definition (3.2) of ¢, we deduce (3.3).
Next we differentiate the definition (3.2) of ¢ with respect to x. The classical
rules for the differentiation of parameter integrals with respect to the parameter
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immediately give (3.4). Finally the fact that ¢ (w,a) = 0 for w > 0 is also a direct
consequence of (3.2) because the integrand of the integral on the right-hand side of
(3.2) is continuous. a

The approach proposed by Chatterjee [26] and investigated further in [177] is
also based on expressing the fractional derivative of the given function f in the form
of an integral over (0,e) whose integrand can be computed as the solution of a
first-order initial value problem. Specifically, it is based on the following analogue
of Theorem 3.18. The result essentially states that we may replace the integrand ¢
by a function ¢* which can be characterized as the solution of a different first-order
initial value problem.

Theorem 3.19. Let f € Cl"l[a,b]. Moreover, for fixed w > 0, let ¢*(w,-) be the
solution of the differential equation

(=) sinzn

m(n—[n]+1)

subject to the initial condition ¢*(w,a) = 0. Then, we have

9 (wx) = —w MO0 g% () e (35)

Jx

0" (w,x) = I'sintn / (D) eXp( (X_T)Wu(n{n}ﬂ)) dr  (3.6)

and

= /Oooq)*(w,x)dw. 3.7

Proof. The proof of this result is almost identical to the proof of Theorem 3.18; one
only needs to replace the substitution z = (x — 7)w? by z = (x — T)w!/ (= ["I+1) and
use the functional equation of the Gamma function, ul"(u) = I"(u+ 1). We leave the
details to the reader. a

In many applications of these representations [41, 118,171, 177, 185] it is im-
portant to have some additional knowledge about the behaviour of the function
¢ in eq. (3.2) or the function ¢* in eq. (3.6), respectively. The most important
of these properties are summarized in the following theorems. Here, the symbol
o(v) ~ B(v) means that there exist two strictly positive constants A and B such
that |o(v)/B(v)| € [A,B] as v tends to the indicated limit. We begin with the func-
tion ¢ arising in the original Yuan-Agrawal representation that we had given in our
Theorem 3.18.

Theorem 3.20. Let x € (a,b) be fixed and 0 < n ¢ N, and assume that there exists
some C > 0 such that | f"D ()| > C for all % € [a, ).

(a) The function ¢(-,x) defined in (3.2) behaves as

¢ (w,x) ~ w2 g — 0. (3.8)
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(b) Moreover,
O(w,x) ~ w221 g s e, (3.9

(c) We have ¢(-,x) € C=(0,00).

Remark 3.6. The condition that f(["1) be bounded away from zero is a technical
condition required in order to keep the proof simple and to keep the result valid for
all x € (a,b). Using more complicated techniques, one could show that the same
asymptotic behaviour is present for almost all x € (a,b) under substantially weaker
conditions. Thus it is justified to say that the asymptotic behaviour described in

Theorem 3.20 is the behaviour that one may reasonably expect for the function ¢
unless the given function f is of a highly exceptional nature.

Proof. For part (a), a partial integration gives

/" ) (T>e—<x—r>w2 dr

= fnl=1) (g)e~(=)w _W / F1=1) (g)e(x o 4

— (=1 () — plIn1=1) / F-1) (g)e= (o2 g

Since x is fixed, the rightmost integral obviously remains bounded as w — 0, and
hence we conclude

lim/ P ()=t g — =Dy — f-D(0). (3.10)

w—0

Inserting this relation into the definition (3.2) of ¢ we obtain the first claim.
For the proof of (b), we write

/f x‘L'wdT

—w / fwnn(f)ef(xfr)wzdwwz / D (e g
—1

D [T et ar fiD g [1 et

Ja X*W71

=M ENE ™ —e) + @)1 -e )

with some & € [a,x —w™!] and & € [x —w™!,x] because of the Mean Value
Theorem. Now, as w — oo, [ ([n1) (&1) remains bounded whereas e — e 0.
Thus the first summand on the right-hand side vanishes. For the second summand
we have 1 —e ™ — 1 and ("D (&) — f("D(x) because & € [x—w~!,x]. Thus, we
conclude

—wW

lim w / FUnD( W ar = £ (x).
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Inserting this relation into the definition of ¢, we arrive at

2sintn 5,
W2n 2

- (nlfl[f(f'ﬂ>(x)+o(1)] (3.11)

¢(wx) = (1)1
which completes the proof of (b).

Finally, part (c) follows directly from the definition of ¢ that we had given in
eq. (3.2). a

We can also provide a corresponding result for the function ¢* used in
Chatterjee’s representation (Theorem 3.19). The behaviour of this function ¢*,
which is defined in eq. (3.6), can be described as follows.

Theorem 3.21. Let x € (a,b) be fixed and 0 < n ¢ N, and assume that there exists
some C > 0 such that | f1"D(%)| > C for all % € [0,X].

(a) The function ¢*(-,x) described in eq. (3.6) behaves as
o (w,x) ~1 asw—0. (3.12)

(b) Moreover,
0* (w,x) ~w YOI gy s oo, (3.13)

(c) We have ¢*(-,x) € C™(0,00).

The proof proceeds along the same lines as the proof of Theorem 3.20.

Theorems 3.20 and 3.21 allow us to compare the analytical properties of the
function ¢ used by Yuan and Agrawal and the function ¢* proposed by Chatterjee.
First of all we note that both functions possess infinitely many derivatives (in the
classical sense) with respect to the first variable. However, there are significant dif-
ferences in the asymptotic behaviour of the functions as the first variable tends to
either end of the interval (0,e) over which the functions need to be integrated in
order to compute the Caputo derivative D}, f.

To be precise, for w — 0 the function ¢ (w,x) exhibits an asymptotic behaviour
of the form w2~ 2/"1-1 according to Theorem 3.20 (a). The exponent of w here is
always strictly between —1 and +1. This asserts the integrability of ¢ (w,x) with
respect to w near w = 0 at least in the improper sense. However, we can expect a
smooth behaviour near this end point of the integration interval only if the exponent
is an integer, and this is the case if and only if n = k+ 1/2 with some k € Ny. For
all other values of n the behaviour is less regular. This irregularity needs to be taken
into account carefully when one tries to use this approach in a numerical algorithm
[38,118]. Theorem 3.21 (a) demonstrates that the function ¢* is easier to handle in
this respect since here we always have that ¢*(w,x) remains bounded by nonzero
constants from above and below.

The behaviour of the integrands ¢(w,x) and ¢*(w,x) for w — oo also exhibits
substantial differences. As shown in Theorem 3.20 (b), the Yuan-Agrawal integrand
¢ (w,x) behaves as w?'~2["1-1 The exponent of w here is always contained in the
interval (—3,—1). This is just about fast enough to make sure that the improper
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integral exists. On the other hand, according to Theorem 3.21 (b), the Chatterjee
integrand ¢* (w, x) behaves in a way that depends on 7 in a somewhat more compli-
cated fashion: If n = k+ € with some k € Ny and 0 < € < 1 then the exponent in
question is —1 /€. This is always less than —1, and hence the improper integral con-
verges. In this respect we have no difference to the Yuan-Agrawal method. However,
if € is close to O then the exponent of course remains negative but it may be arbi-
trarily large in modulus, leading to a much faster (but still algebraic) decay of the
integrand. In particular, in contrast to the Yuan-Agrawal method there is no lower
bound on the exponent as n runs through all the admissible numbers. For numerical
work, a rapidly decaying integrand is preferable, so at least forn = k+ € withk € N
and & close to 0 the approach via Theorem 3.19 has some advantages over the path
via Theorem 3.18. It should be pointed out though that, from the point of view of
approximation theory (see, e.g., the survey article [122]), an ideal integrand (i.e. an
integrand that can be handled very nicely by a numerical algorithm) would decay
exponentially as w — oo, i.e. much faster than we can ever hope even for ¢*.

Exercises

Exercise 3.1. Let f(x) = cosAx for some A > 0.

(a) Determine the functions D f(x) and D, f(x) for arbitrary n > 0.

(b) For which values of x are these derivatives defined?

(c) Investigate these derivatives with respect to continuity and differentiability.
(d) Draw a sketch of the derivatives for some values of n.

Exercise 3.2. Prove the identities stated in Appendix B.

Exercise 3.3. Work out the details of the proofs of Theorems 3.19 and 3.21.






Chapter 4
Mittag-Leffler Functions

Before we can come to the core of this text, i.e. to the discussion of fractional
differential equations, we need to introduce two classes of functions (one of which
may be considered to be a special case of the other) and investigate their basic prop-
erties. These functions will turn out to be of fundamental importance in our context,
and they will be used in many places throughout the second part of this book. We
begin with the more restrictive of the two concepts.

Definition 4.1. Let n > 0. The function E, defined by

oo

2
En(Z) = jgo ”]n—m

whenever the series converges is called the Mittag-Leffler function of order n.

This function has been introduced by Mittag-Leffler [136, 137]. We immediately
notice that

=

Ei(z) =] L Z o =exp(z) 4.1)
j:OF(J+1) oJ'

is just the well known exponential function.
The more general class of functions is defined as follows.

=

Definition 4.2. Let n,n, > 0. The function E,, ,, defined by

oo
"17"2 2

r(jn +n2)

whenever the series converges is called the two-parameter Mittag-Leffler function
with parameters n; and n,.

Remark 4.1. 1t is evident that the one-parameter Mittag-Leffler functions may be
defined in terms of their two-parameter counterparts via the relation E,, (z) = E, 1 (2).

The naming of the latter functions after Mittag-Leffler is due to the fact that they
are a very simple and obvious generalization of the functions originally introduced
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by him and recalled here in Definition 4.1. For the sake of historical correctness
one should however mention that the two-parameter functions were actually first
discussed by Wiman [191] shortly after the publication of Mittag-Leffler’s original
work.

Remark 4.2. Most of the results for the one-parameter Mittag-Leffler function given
below will remain valid if the restriction n > 0 is replaced by n € C with Ren > 0.
Similarly, the conditions ny,n; > 0 for the two-parameter Mittag-Leffler function
may be relaxed to ny,ny € C with Ren; > 0 and Ren, > 0. For our purposes however
it will be sufficient to work with real parameters.

First of all, we need to discuss the radius of convergence of the power series given
above, i.e. the domains of definition of the Mittag-Leffler functions. It turns out that
we can give a full result for the two-parameter version. In view of Remark 4.1 this
then of course holds a forteriori for the one-parameter Mittag-Leffler functions too.

Theorem 4.1. Consider the two-parameter Mittag-Leffler function Ey, ,, for some
ny,ny > 0. The power series defining E,, ,,(z) is convergent for all z € C. In other
words, Ey, », is an entire function.

Proof. By definition, the two-parameter Mittag-Leffler function has the power se-
ries representation

1

a7l with ai=———.
ng’ P (jny +n)

In view of Stirling’s formula (see Theorem D.5) we find that

1 e ni+ny/j _10)
aj’ = (Jnl—-i-nz> 2r(jm +n2))” " (1+0(1)) =0

as j — oo since n; > 0. Thus, by the root criterion, the radius of convergence of the
power series is infinite. a

Remark 4.3. It is possible to investigate the Mittag-Leffler function E,, , also for
ny = 0. In this case, the power series has a finite convergence radius. If, for example,
ny = 1 then the convergence radius is 1. Indeed a close inspection of the power series
representation yields

Eo1(z) = i F(I)Zj = izj = IL—Z

However, in the context of fractional differential equations, the Mittag-Leffler func-
tions Ej ,, are not very important, and so we shall not discuss them any further.
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Remark 4.4. The so-called multi-index Mittag-Leffler functions

oo k
Eny g (ma1.naz o) (2) = Zt l;[ m

form an even more general class of functions. It turns out that methods using con-
cepts from fractional calculus can be conveniently used to analyze these functions.
However, since these functions do not play a significant role in the context of this
book, we shall not go into detail with respect to these functions here and only refer
to the survey article [103] and the references cited therein.

Example 4.1. For some special choices of the parameters n; and ny, we can recover
certain well known functions:

(a) Forx € C, Es(—x?) = Ep1(—x?) = cosx.

(b) For x € C, Ex(x?) = E»,1 (x*) = coshx.

(¢) For x > 0, El/z(xl/z) =E ), (x x!'/2) = (1 +erf(x)) exp(x?). (This relation can
be extended to x € C if x'/? is interpreted as the principal branch of the complex

square root function.)
(d) ForxeCandreN,

1 r—2 xk
Ei) = o (e - 3 5 )
k=0""

(In the case x = 0, appropriate limits need to be taken on the right-hand side.)

In (c), erf denotes the error function defined by

erf(x exp(—

=7h

We leave the proof of these identities as an exercise for the reader.

One last property of Mittag-Leffler functions that we mention before building the
bridge to fractional calculus is a relation between two Mittag-Leffler functions with
different parameters.

Theorem 4.2. Let ny,ny > 0 and x € C. Then,

Epy oy (x) =XEn; ny+n, (x) +

()

Proof. This can be shown by explicitly writing down the power series on either side
of the claimed identity and by comparing the coefficients. We omit the details. O

The key result that indicates why Mittag-Leffler functions (in particular those
with one parameter) are so important in fractional calculus is the following theorem.
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It essentially states that the eigenfunctions of Caputo differential operators may be
expressed in terms of Mittag-Leffler functions.

Theorem 4.3. Let n > 0 and A € R. Moreover define
y(x) := E,(AX"), x>0.

Then,
Difoy(x) = Ay(x).

Proof. We first look at the case A = 0 and note that in this case y(x) = E,(0) = 1.
Hence, D};y(x) = 0 = Ay(x) as required. If, on the other hand, 4 # 0, then (using
the notation py (x) := x¥)

=y Z ?Z?I’;:;s @ =4 2 l%f—ﬁﬁ )
|5 | 0= 5 ey
- g F}E;pfjr:g) B ; F(ﬁxi;i n)

= 5 e = B =

Here we have used the fact that, in view of the convergence properties of the series
defining the Mittag-Leffler function, we may interchange first summation and dif-
ferentiation and later summation and integration. O

Remark 4.5. 1t is evident from (4.1) that the Mittag-Leffler function E satisfies the
functional equation

E;(x)
Ei(y)

A generalization of this result to Mittag-Leffler functions E,, with n ¢ N is not known
and probably such a relation does not exist. The functional equation (4.2) plays a
very important role in the analysis of first-order differential equations (in particular
in the theory of linear equations) because it allows to write a convolution kernel
that arises, e.g., in the variation-of-constants approach, in the form of a product
of a fundamental solution at one point and the inverse of the fundamental solution
at some other point. The fact that a fractional generalization of this feature is not
available is a major obstacle in the development of a comprehensive theory for linear
fractional differential equations.

Ei(x—y)=

4.2)
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It is frequently of interest to have some knowledge about the asymptotic be-
haviour of these functions. In this context we recall the following result on the
one-parameter Mittag-Leffler functions that will be seen to be important later on
in Chap. 6.

Theorem 4.4. Let n > 0. The Mittag-Leffler function E, behaves as follows:

(a) E,(rel?) — 0 forr — oo if |§| > nm/2,
(b) E,(re'®) remains bounded for r — o if || = nx/2,
(c) |Ex(rel®)| — oo for r — o if || < nm/2.

Obviously, in the classical case n = 1 this reduces to the well known fact that, as
|z] — oo, exp(z) (@) goes to zero if argz > 7/2, (b) remains bounded if argz = /2
and (c) grows without bound if argz < 7/2.

Proof. We shall outline the proof given by Wiman [191].
In the first step let us consider the case that n = 1/k with some k € N. In this case
we can see that E, = E /; satisfies the first-order linear differential equation

/ k—1 T !
El/k(x):kxfEl/k + Z [,L/k

This can be shown easily using the power series representation of Ej ;. Since we
also know that E ; satisfies the initial condition E, /k(O) =1 that corresponds to
this differential equation, we can use the standard methods for the solution of such
differential equations and find the representation

" k=l ou—l1
El/k(x) = exp(xk) +exp(xk)/0 keXP(—Zk) 21 I'(u/k) dz
. u=

For each of the kK summands on the right-hand side of this equation one can then set
up asymptotic expressions that allow to conclude the desired result.

If now n is a positive rational number, say n = £/k with relatively prime ¢ and k,
then we can invoke the identity

1[* 2umi
Eyji(x) 2 W (Xl/eexp Mé ) (4.3)

which, using the result for E, /; that we have already shown, implies the claim also
forn=~{/k.

Finally, for irrational values of n we may choose a sequence (n j);'o:o of rational
numbers that converges to n. For each of the Ej; the result is already in place, and
by taking appropriate limits we then derive the result also for E,,. a

In the final results for this short chapter, we shall describe the interconnection be-
tween a one-parameter Mittag-Leffler function and the Laplace transform operation
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and an important consequence of this theorem. Further information on the Laplace
transform is given in Appendix D.3; at this point we only note that it is a very useful
tool for the solution of certain classes of fractional differential equations. We shall
deal with such an approach in Sect. 7.1.

Theorem 4.5. Letn>0and A € C and define y(x) := E,(—Ax"). Then, the Laplace
transform of y is given by

snfl

sTHAT

Ly(s) = (4.4)
Proof. This can be shown by explicitly writing down the series expansion of y(x)
in powers of x" and applying the Laplace transform in a termwise manner. We leave
the details to the reader. ad

In conjunction with the Final Value Theorem for the Laplace transform (Theorem
D.13) we obtain a statement on the asymptotic behaviour of the function y men-
tioned in Theorem 4.5 as its argument tends to infinity:

Theorem 4.6. Let n >0, r >0, ¢ € [—x, 7] and A = rexp(ip). Denote y(x) :=
E,(—AX"). Then,

(a) limy_ey(x) =0if |@| < nm/2,
(b) y(x) is unbounded as x — oo if || > nm /2.

Proof. This is an immediate consequence of Theorem 4.5, Theorem D.13 and
Remark D.1. Alternatively, we may also deduce this result from Theorem 4.4. 0O

It is worth pointing out that the numerical evaluation of the Mittag-Leffler func-
tion E,,, », (x) may, depending on the precise values of the parameters n; and n, and
the argument x, be an extremely difficult task. A useful algorithm for the solution of
this problem has been provided by Gorenflo et al. [79]. More recently, an alternative
numerical method has been developed by Seybold and Hilfer [175].

We will frequently use Mittag-Leffler functions in the following chapters. For
additional general results on Mittag-Leffler functions we refer to [63, Chap. 18],
[81, Appendix A], [131, §2] and the detailed survey paper [90]; further information
describing their connection to fractional calculus is given in [80, 127]. Some more
results about the long-term behaviour of certain special Mittag-Leffler functions and
about the number of their zeros will also be given later in this book; see Theorems
7.3-7.8.

Exercises

Exercise 4.1. Give an explicit proof of the identities mentioned in Example 4.1.

Exercise 4.2. Give an explicit proof of Theorem 4.2.
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Exercise 4.3. Fill in the details of the proof of Theorem 4.4. In particular, prove the
identity (4.3).

Exercise 4.4. Give an explicit proof of Theorem 4.5.
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Chapter 5

Existence and Uniqueness Results
for Riemann-Liouville Fractional
Differential Equations

In this part of the text we now discuss the classical questions concerning ordinary
differential equations involving fractional derivatives, i.e. the questions of existence
and uniqueness of solutions. We shall mainly be interested in initial value problems
(Cauchy problems), and in particular in global results. For a discussion of other
types of conditions we refer to Samko, Kilbas and Marichev [167, §42.3], Kilbas
and Trujillo [102] or Agarwal, Benchohra and Hamani [4]. Additional aspects of
the problems to be treated here may also be found in [101] and [167, §42.4]. Some
local results are derived in [87] and [138]. Other useful references are [135] and
[153]. The present chapter will be focused on equations with Riemann—Liouville
differential operators; Caputo derivatives are the topic of the following chapters.

The fundamental result is an existence and uniqueness theorem. Without loss
of generality, we assume in this result and in the ensuing developments that the
fractional derivatives are developed at the point 0.

Theorem 5.1. Let n > 0, n ¢ N and m = [n]. Moreover let K > 0, h* > 0, and
bi,...,by € R. Define

G:{(X,)’)GIRz?OSXSh* ,YER forx=0and

m
" y—y bX™ % )T (n—k+1)| < K else},
k=1

and assume that the function f : G — R is continuous and bounded in G and that
it fulfils a Lipschitz condition with respect to the second variable, i.e. there exists a
constant L > 0 such that, for all (x,y,) and (x,y2) € G, we have

|f(x,y1) = f(x,y2)| < Lly1 = ya.

Then the differential equation

Dpy(x) = f(x,y(x))
equipped with the initial conditions

DE*y0)=by  (k=1,2,...,m—1), Z£r51+15"*"y(z):bm

K. Diethelm, The Analysis of Fractional Differential Equations, 77
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has a uniquely defined continuous solution'y € C(0,h] where

1/m
h:= Inin{h*?]:l7 (M) }
M

with M = SUP(x 2)cG |f(x,2)| and h being an arbitrary positive number satisfying
the constraint

The result is very similar to the known classical results for first-order equations.
Therefore it is probably not surprising to find that the proof is analogous as well.
Specifically we shall first transform the initial value problem into an equivalent
Volterra integral equation (Lemma 5.2), and then we are going to prove the ex-
istence and uniqueness of the solution of this integral equation by a Picard-type
iteration process (i.e. by using a variant of Banach’s fixed point theorem in a suitably
chosen complete metric space), cf. Lemma 5.3. Theorem 5.1 is thus an immediate
consequence of these two lemmas.

Lemma 5.2. Assume the hypotheses of Theorem 5.1 and let h > 0. The function
y € C(0,h] is a solution of the differential equation

0y (x) = f(x,y(x)),
equipped with the initial conditions

Dy Ay(0) =k (k=12 m=1),  lim S ") = b,

if and only if it is a solution of the Volterra integral equation

— < bkxnik 1 * n—1
0= X 0 e

Remark 5.1. A look at the integral equation reveals why we have only assumed
y to be continuous on the half-open interval (0,%] and not on the closed interval
[0,h] as we could have done for equations of integer order: If y were continuous
throughout [0, /] then the left-hand side of the integral equation would be continuous
in this interval, and so would be the integral on the right-hand side (because of the
continuity of f). Therefore the sum must be continuous on [0, 4] too. In view of the
definition of m, we easily see that the summands are indeed continuous on [0, /] for
k=1,2,...,m—1, but the remaining one (k = m) is unbounded as x — 0 because
m > nifn ¢ N, unless b,, = 0.
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Proof. Assume first that y is a solution of the integral equation. We can rewrite this
equation in the shorter form

Now we apply the differential operator Djj to both sides of this relation and im-
mediately obtain, in view of Example 2.4 and Theorem 2.14, that y also solves
the differential equation. With respect to the initial conditions, we look at the case
1 <k <m—1 first and find, by an application of Dgfk to the Volterra equation, that

m =k \n—j X
Dty = 3 IR Dy )

in view of the semigroup property of fractional integration. By Example 2.4 we find
that the summands vanish identically for j > k. Moreover, by the same example, the
summands for j < k vanish if x = 0. Thus, according to Theorem 2.14,

biDg ()" *(0)

DG y(0) = Tn—k+1)

+J5£(3())(0).

Since k > 1, the integral vanishes, and once again applying Example 2.4 we find
that D)} *(-)"*(x) = I'(n — k +1). Thus D} *y(0) = by as required by the initial
condition. Finally for k = m we apply the operator Ji' " to both sides of the integral
equation and find that, in the limit z — 0, all the summands of the sum vanish except
for the mth. The integral Jj' " Jg £ (-, ¥(+))(z) = J§' f(-,y(-))(z) also vanishes as z — 0.
Thus we find

bm‘]mfn(')nfm (Z)
1 Jm n — 1 Jm n
20470 ¥@) = 0470 I'n—m+1)

=b,
because of Example 2.1. Hence y solves the given initial value problem.

If y is a continuous solution of the initial value problem then we define z(x) :=
f(x,y(x)). By assumption, z is a continuous function and z(x) = f(x,y(x)) =
Dijy(x) = D™J{" "y(x). Thus, D"Jg" "y is continuous too, i.e. Jj' "y € Cm(O h].
We may therefore apply Theorem 2. 23 to derive

y(x) = JoDgy(x) + kil X K =T Cy())(x) + kil ek

with certain constants cy,...,c,. Introducing the initial conditions as indicated
above, we can determine these constants ¢ as ¢ = by /T’ (n—k+1). O



80 5 Existence and Uniqueness Results for Riemann-Liouville Equations

Lemma 5.3. Under the assumptions of Theorem 5.1, the Volterra equation

_ & bkxnik 1 X o
_,Z‘ll"(n—k+1)+r(n)/o (x=1)""f(t,y(t))dt

possesses a uniquely determined solution'y € C(0,h].
Proof. We define the set

byxmk

m
-y ——|<
S r(n—k+1)

B:= {y € C(0,h]: sup
0<x<h

and on this set we define the operator A by

byx—k 1

_N_ b T
Ay(x) '_kg‘lf(n—k—l—l) +F(n)/o (x—1) lf(t7y(t))dt.

Then we note that, for y € B, Ay is also a continuous function on (0, 4]. Moreover,

AR O

X g .
T]’L)M/O (X—t) ldt

oyt x"M
M—=——+<K
I'ln) n T(n+l)~

IN

for x € (0,h], where the last inequality follows from the definition of 4. This shows
that Ay € B if y € B, i.e. the operator A maps the set B into itself.
Next we introduce a new set

0<x<h

B {y €C(0.H]: sup [P "y(w)] < °°} ’

and on this set we define a norm ||-|| ; by

Iyllg:= sup [x" "y(x)|.
0<x<h

It is easily seen that B, equipped with this norm, is a normed linear space, and that
B is a complete subset of this space.
We use the definition of A to rewrite the Volterra equation more compactly as

y = Ay.



5 Existence and Uniqueness Results for Riemann-Liouville Equations 81

Hence, in order to prove the desired result, it is sufficient to show that the operator A
has a unique fixed point. For this purpose, we shall employ Weissinger’s fixed point
theorem (Theorem D.7). In this context we prove, for y,7 € B,

. . LW'T' (n—m+1) J .
Jy Al < (222 AT ) s )
A7y AyHB_< F2n—m 1) ) ly =35 (5.1)

This can be shown by induction: In the case j = 0, the statement is trivially true. For
the induction step j — 1 +— j, we proceed as follows. We write

|ATy —AT3| 5 = Sup | (AT y(x) — AT§(x))|

:oiugh|xm (AAT 1y (x) — AATT5() |
:oilighr( )

oo . -
Oilighm/o (=) (AT () = £, AT ()| de

X .
2 sup [ (o) AT () — AT ()| dr
F(I’L) 0<x<h JO | ’

=y Ay - A 5(0)] @

by definition of the operator A and the Lipschitz condition on f. In the next step we
estimate further to find

|ATy — A5]|5 < ) Oiughx’”’” Ox(x—t)”*l}Aj*1 1) —A7T5(t)| de
x<
Sr@h“&f“”J“‘”“”““”“MFIU A1) ar
<x<
X
Ay — AT —n _ \n—1l.n—m
SF(n) A7~y —A YHBOili};hxm O(x )l de
L F'n)'(n—m+1)
_ j—1 j—1 n
B HA y-A yH sup I'2n—m+1)
Lh F( —m1) .
- I'2n—m+1) HAI -4 lyHl?'

Now we use the induction hypothesis, proving (5.1). Therefore we may apply
Theorem D.7 with ot; = ¥/ where y = (Lh"T"(n—m+1)/T"(2n—m+1)). It remains
to prove that the series 3,77 @; is convergent. This, however, is trivial in view of the
fact that & < & and the definition of / that implies y < 1. Thus an application of the
fixed point theorem yields the existence and the uniqueness of the solution of our
integral equation. a

Remark 5.2. The proof of Lemma 5.3 also gives us, at least in theory, a constructive
method to find the solution of the initial value problem by means of the calculation
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of the sequence (A’ yo);":o, where y( in an arbitrary element of B. The limit of this
sequence is the desired solution. Typically one chooses

i bk
] F(n—k+1)

In this case we call the sequence (A’ Yo)7-y the Picard iteration sequence corre-
sponding to the given initial value problem.

Remark 5.3. Theorem 5.1 can be interpreted as an analogue of the Picard-Lindelof
theorem for first-order differential equations. We may ask ourselves whether the
conditions are too sharp in the fractional setting. It turns out that it is possible to
prove a weaker result under weaker assumptions: If we drop the Lipschitz condition
on f, the existence of the solution can still be shown. This corresponds to Peano’s
existence theorem in the classical theory. The proofis essentially similar, just replac-
ing Weissinger’s theorem by Schauder’s fixed point theorem. For the corresponding
problem involving Caputo operators instead of Riemann—Liouville derivatives, we
shall investigate this explicitly in Sect. 6.1.

For a further illustration of this remark, we discuss a very simple example of a
fractional differential equation with a right-hand side that does not fulfil a Lipschitz
condition.

Example 5.1. Consider the differential equation

oy(x) = [y(x)"

where 0 < ¢ < 1. In this case the right-hand side of the equation in continuous but
the Lipschitz condition is violated. If we select the initial condition corresponding
to this differential equation as
mn@”():OaMI%*ﬂW:O (k=1,2,...,[n] — 1),
Z*}
we easily see that one solution is y = 0. However, an explicit calculation reveals that
the function y given by

o) TG+

x) = " =t/
y) F(j+1-n)
with j =n/(1 — u) also solves the initial value problem. Thus, we indeed see that,
in general, the uniqueness of the solution cannot be expected without the Lipschitz
condition.

Exercises

Exercise 5.1. Show that the set B given in the proof of Lemma 5.3, equipped with
the norm indicated there, is a normed linear space, and that B is a complete subset
of B.
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Exercise 5.2. Complete the details of the proof of the existence theorem mentioned
in Remark 5.3.
Hint: Follow the structure of the proof of Theorem 6.1.

Exercise 5.3. Consider the fractional differential equation
1/3
Dy y(x) =2 +xy(x)

with initial condition lim,_,o Jg/ 3 y(z) = —1. For this initial value problem, con-
struct the operator A from the proof of Lemma 5.3 and determine the first five
elements of the corresponding Picard iteration sequence.

Exercise 5.4. Consider the fractional differential equation
3/2
Dy y(®) = x+ (xy(x))”
with initial conditions lim, o, Jy/*y(z) = 3 and Dy/*y(0) = 1. For this initial value

problem, construct the operator A from the proof of Lemma 5.3 and determine the
first three elements of the corresponding Picard iteration sequence.






Chapter 6

Single-Term Caputo Fractional Differential
Equations: Basic Theory and Fundamental
Results

Having established the fundamentals of a theory for fractional differential equations
with Riemann—Liouville derivatives, we now come to the corresponding problem for
Caputo operators. In view of the fact that the latter seem to be much more important
than the former as far as applications outside of mathematics are concerned, we
shall discuss this problem in a more detailed fashion. The main emphasis will be
on initial value problems. In particular, the first two sections of this chapter will
be devoted to existence and uniqueness questions, respectively, for a most general
class of equations whereas in the third section we shall deal with structural stability
of the solutions: How do they depend on the given data? The smoothness properties
of the solutions will then be discussed in Sect. 6.4. Finally, in Sect. 6.5, we will
leave the area of initial value problems and provide some fundamental results about
boundary value problems.

The results of this chapter will be used in Chap. 7 to thoroughly establish more
specific theorems describing the properties of certain practically very important spe-
cial cases. Later, in Chap. 8, the considerations will be extended to a more general
class of equations, namely equations containing more than one differential operator.
Corresponding results for Riemann—Liouville equations are available, e.g., in the
publications mentioned at the beginning of Chap. 5.

6.1 Existence of Solutions

We begin once again with equations of the form

Doy (x) = f(x,y(x)), (6.12)

combined with appropriate initial conditions. As indicated in Chap. 3 these condi-
tions have the form

Dy(0) =y, k=0,1,...,m—1, (6.1b)

K. Diethelm, The Analysis of Fractional Differential Equations, 85
Lecture Notes in Mathematics 2004, DOI 10.1007/978-3-642-14574-2_6,
(© Springer-Verlag Berlin Heidelberg 2010



86 6 Single-Term Caputo Equations

where as usual we have set m = [n]. In Chap. 8, a more general problem will be
considered. The results presented in this section and in the first part of Sect. 6.2 are
mainly slightly modified versions of the findings of Diethelm and Ford [43].

The first result is an existence result that corresponds to the classical Peano exis-
tence theorem for first order equations.

Theorem 6.1. Let 0 < n and m = [n|. Moreover let yéo), .- ,y(()mfl) eER K>0

and h* > 0. Define G := {(x,y) : x € [0,h*], |y — X xkyék)/k!| < K}, and let the
function f : G — R be continuous. Furthermore, define M := sup(, e f(x,z)| and

wo {H ifM =0,
T\ min{h*, (K[ (n+1)/M)'/"} else.

Then, there exists a function'y € C|[0,h] solving the initial value problem (6.1).

Remark 6.1. For the sake of simplicity of the presentation we only treat the scalar
case explicitly here. However, all the results in this and the following chapter can
be extended to vector-valued functions y (i.e. systems of equations) without any
problems.

Remark 6.2. In many applications in science and engineering, we have 0 <n < 1.
In this case, the set G defined in Theorem 6.1 is just the simple rectangle G =

[O7h*] X [yE)O) _Kay(()O) +K]

For the proofs of most of the theorems in this and the next section, we will use the
following lemma that adapts the statement of Lemma 5.2 to the present situation.

Lemma 6.2. Assume the hypotheses of Theorem 6.1. The function y € C[0,h] is
a solution of the initial value problem (6.1) if and only if it is a solution of the
nonlinear Volterra integral equation of the second kind

SN Y A
y(X)—lZE)HyO +m/o (x—1)""Lf(e,y(t))dr (6.2)

with m = [n].

Before we come to the proof of this lemma, we would like to make some
comments concerning its relation to the corresponding results for equations with
Riemann-Liouville operators and equations of integer order, respectively.

Remark 6.3. Recalling Remark 5.1 and using Lemmas 5.2 and 6.2, we can compare
the behaviour of the solutions of Caputo-type fractional differential equations with
those of Riemann-Liouville type. Doing so we find that the continuity problem at
the origin that we found for the Riemann—Liouville setting does not arise in the
Caputo environment. Rather, it turns out that continuity of the function f implies
continuity of the solution y throughout the closed interval [0, h].
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Remark 6.4. Let us look at (6.2) for some n € (0, 1] and for two different values of
X, say x1 and x; with x| < x,, and subtract the second of these equations from the
first. This yields

ylan) =5(1) = s [ = (o)
~F b =)
= ﬁ/ol (o= )" = ey — 1) 1] £(2,x(2)) dt
| o) 63

Now let us first consider the classical (non-fractional) case n = 1. Here the term in
brackets on the right-hand side of (6.3) is zero, and hence the entire first integral
vanishes. This equation then implies the well known fact that, if we already know
the solution y(x;) of our given initial value problem (6.1) at the point x; > 0, then we
may compute the solution at the point x, > x| exclusively on the basis of y(x;) and
the function f. We do not need to use any information on y(x) for x € [0,x;). This
observation, which is just another way of expressing the locality of the integer-order
differential operator, is the basis of almost all classical methods for the numerical
solution of first-order differential equations, and it is also of fundamental signifi-
cance in the mathematical modelling of many systems in physics, engineering, and
other sciences because it states that it is sufficient to observe the state of a first-order
system at an arbitrary point in time to compute its behaviour in the future.

When we look at the fractional case 0 < n < 1 however, the situation is fundamen-
tally different. Here the first integral on the right-hand side of (6.3) does not vanish
in general. Hence, whenever we want to compute the solution y(x;) at some point
Xy it is necessary to take into account the entire history of y from the starting point 0
up to the point of interest x,. This reflects the non-locality of the Caputo fractional
differential operators that we had already observed in Remark 3.2. Obviously, this
observation has a substantial influence on the construction of numerical methods for
such equations, Moreover, for a fractional-order system modelling some real-world
phenomena one may be drawn into the conclusion that here one would be forced
to measure the state of the system at the initial point and would not be allowed to
measure at an arbitrary point. This latter conclusion, however, is not correct as we
shall see in Theorem 6.17.

It thus follows that integer-order equations are appropriate tools for the modelling
of systems without memory whereas fractional-order equations are the method of
choice for the description of systems with memory.

Of course, since we had noted that Riemann—Liouville derivatives are not local
either, this remark applies to Riemann-Liouville fractional differential equations
as well.
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Remark 6.5. As stated in the previous remark, (6.3) has a major impact on the
theoretical basis for numerical methods for fractional differential equations. The
standard methods usually take this into account properly, but they often do not
make use of the full power of this equation. Specifically, as noted by Deng [33],
even though the term in brackets on the right-hand side of (6.3) is not zero, it will
be quite small in magnitude in certain situations (e.g. if x; and x, are rather large
compared to x, — x1, a situation that is quite common for numerical methods where
Xxp —x1 may be a small step size). Thus one may be able to approximate the first
integral on the right-hand side of (6.3) by a less accurate but cheap method, thus
reducing the total complexity without significantly losing accuracy.

Proof (of Lemma 6.2). The proof that every continuous solution of the Volterra
equation also solves the initial value problem is very close to the proof of the corre-
sponding part of Lemma 5.2; we therefore leave the details to the reader.

For the other direction, we define z(x) := f(x,y(x)) and once again note that
z € C[0, 4] by our assumptions on y and f. Then, using the definition of the Caputo
differential operator, the differential equation can be rewritten as

2(x) = f(x,y(x)) = Dipy(x) = Di(y — Tu-1[y;0]) (x)
= D"J§" " (y = Tn-1[y;0]) (x).

Since we are dealing with continuous functions, we may apply the operator Jg' to
both sides of the equation and find

Jo'z(x) = Jg" " (v = Tn-1[y:0]) (x) + g (x)

with some polynomial g of degree not exceeding m — 1. Since z is continuous, the
function Jg'z on the left-hand side of this equation has a zero of order (at least)
m at the origin. Moreover, the difference y — T,,—1[y;0] has the same property by
construction, and therefore the function J{' " (y — T,—1[y;0]) on the right-hand side
of our equation must have such an mth order zero too. Thus, the polynomial ¢ has
the same property, and we immediately deduce (since its degree is not more than
m — 1) that ¢ = 0. Consequently,

Jo'2(x) = Jg "' (v = T [; 0]) (%),

and by applying the Riemann-Liouville differential operator D" to this equation
we find

Y(0) — T 1 [350)(x) = DY 2(x) = DUY "2 (x) = DIy 2()
= Jyz(x).

Recalling the definitions of z and the Taylor polynomial 7, [y;0], this is just the
required Volterra equation. a
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Proof (of Theorem 6.1). If M = 0 then f(x,y) = 0 for all (x y) € G. In this case it

is evident that the function y : [0,4] — R with y(x) = 3} yo *¥/k! is a solution
of the initial value problem (6.1). Hence we conclude, as required, that a solution
exists in this case.

Otherwise, we apply Lemma 6.2 and see that our initial value problem (6.1) is
equivalent to the Volterra equation (6.2). We thus introduce the polynomial 7' that
satisfies the initial conditions, viz.

T(x):= 2 k,yg ), (6.4)

and the set U := {y € C[0,h] : ||y — T'||. < K}. It is evident that U is a closed and
convex subset of the Banach space of all continuous functions on [0, 4], equipped
with the Chebyshev norm. Hence, U is a Banach space too. Since the polynomial
T is an element of U, we also see that U is not empty. On this set U we define the
operator A by

(Ay)(x) :=T(x) + ﬁ /(;x(x— )" f(e,y(t)) de. (6.5)

Using this operator, the equation whose solvability we need to prove, viz. the
Volterra equation (6.2), can be rewritten as

y=Ay,

and thus, in order to prove our desired existence result, we have to show that A has
a fixed point. We therefore proceed by investigating the properties of the operator A
more closely.

Our first goal in this context is to show that Ay € U for y € U. To this end we
begin by noting that, for 0 < x; <x, <4,

[(Ay) (x1) = (Ay) (x2)]

1
=i |y o= e [ et
- F(ln) /Oxl (="' = (e —t)”fl)f(t,y(t))dt—i-/:z(xz —0)" (e, y(r)) dr
< Fﬁ(ln) </0l |y =)t = (e — 1) dt+/:2(x2—z)"1dt>. (6.6)

The second integral in the right-hand side of (6.6) has the value (x, —x1)" /n. For the
first integral, we look at the three cases n =1, n < 1 and n > 1 separately. In the first
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case n = 1, the integrand vanishes identically, and hence the integral has the value

zero. Secondly, for n < 1, we have n — 1 < 0, and hence (x; —¢)" ! > (xp — )" L.
Thus,

/oxl | =" = (=) dr = /OX1 (=)= (=" ") det

1
= (=25 + (2 —x1)") <

S| =

(xz — xl)”.
Finally, if n > 1 then (x; —¢)" ! < (x, —#)""!, and hence

/ox1 |1 =" = (=) |0t = /Oxl (=)' = —0)" ") dr

1 1
= (=g —(e—a)") < (g - ).
A combination of these results yields
2M
oy =) ifn<1,
I'(n+1)
[(Ay) (1) = (Ay) ()| < M (6.7)
m((xz—xl)"—i—xg—x’f) ifn>1.

In either case, the expression on the right-hand side of (6.7) converges to 0 as x, —
x1 which proves that Ay is a continuous function. Moreover, for y € U and x € [0, /],
we find

@)W~ 1) = | [ =07 f50) | < sy
S BV K[(n+1) _
T(n+1) Tntl) M

Thus, we have shown that Ay € U if y € U, i.e. A maps the set U to itself.

Since we want to apply Schauder’s Fixed Point Theorem (Theorem D.9), all that
remains now is to show that A(U) := {Au : u € U} is a relatively compact set. This
can be done by means of the Arzela—Ascoli Theorem (Theorem D.10). Forz € A(U)
we find that, for all x € [0, A],

0] = 1)) < Tt s [ = 50

1

<|IT —_—
=l ||°°+F(n+1)
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which is the required boundedness property. Moreover, the equicontinuity property
can be derived from (6.7) above. Specifically, for 0 < x; < x, < h, we have found in
the case n < 1 that

2M

() () = () )l < Frmy e —x)™
Thus, if |x, — x1| < 8, then
(A)o) = (a9)12)| € 2

Noting that the expression on the right-hand side is independent of y, x; and x,, we
see that the set A(U) is equicontinuous. Similarly, in the case n > 1 we may use the
Mean Value Theorem to conclude that

(An)) = A)o)] <€ Fps (o =)+ )
B % (<x2_x1)n+n(x2_xl)gnfl)
= L ((x2 —x1)" +n(x _xl)hnfl)
" I+l

with some & € [x1,x2] C [0,4]. Hence, if once again |x; —x;| < 8, then

(A)0) = (A)o)] € o (874060 )

and the right-hand side is once more independent of y, x; and xp, proving the
equicontinuity. In either case the Arzela—Ascoli Theorem yields that A(U) is rel-
atively compact, and hence Schauder’s Fixed Point Theorem asserts that A has a
fixed point. By construction, a fixed point of A is a solution of our initial value
problem. a

We note two important special cases of Theorem 6.1. The first of these states
that, under certain assumptions, the solution exists on the entire interval [0, /4*] (and
so for all x for which f(x,y) is defined) and not only for a subinterval [0,4] with
some h < h*.

Corollary 6.3. Assume the hypotheses of Theorem 6.1, except that the set G, i.e.
the domain of definition of the function f on the right-hand side of the differential
equation (6.1a), is now taken to be G := [0,h*] x R. Moreover we assume that f is
continuous and that there exist constants ¢y > 0, co > 0 and 0 < u < 1 such that

(e, p)] <ci+ely|t  forall (x,y) €G. (6.8)

Then, there exists a function'y € C[0,h*] solving the initial value problem (6.1).
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Proof. We use the polynomial T defined in (6.4) in the previous proof. Since p < 1
we may find some K > 0 such that

_KT(n+1)

c1t+e(K+ max]|T(x)|)“ < o

x€[0,h*

Using this value of K, we then restrict our function f to the set Gk := {(x,y) : x €
[0,h*],|y— T (x)| < K} (this is the set that was denoted by G in Theorem 6.1). Then
we see that

M:= sup |f(x,y)|<ci+cz sup [y*
(xvy)EGK (va)EGK

< ci+c(K+ max |[T(x)OH* <
< crta+ m [TE) <=5

Thus we may apply Theorem 6.1 with this value of K and the given 4* and see that
(KT (n+1)/M)'/" > b* which implies that

1/n
- :mm{h*, (M) }:h. -
M

Remark 6.6. Three comments with respect to condition (6.8) are in order:

(a) A sufficient condition on f for (6.8) to be satisfied is that f is continuous and
bounded on G.

(b) In Theorem 6.1, f was required to be a continuous function on a compact set,
and hence it was automatically bounded. In this corollary, f is still continuous
but now it is defined on a non-compact set, and hence we have to demand a
suitable bound explicitly.

(c) Condition (6.8) can be considered to be a quite severe restriction since it is vio-
lated even by some very elementary and practically important types of equations
like, e.g., linear equations. Therefore, additional investigations are necessary.

The second corollary to Theorem 6.1 asserts the existence of a solution on the
entire half-axis [0, o) under appropriate conditions.

Corollary 6.4. Assume the hypotheses of Corollary 6.3, except that the set G, i.e.
the domain of definition of the function f on the right-hand side of the differential
equation (6.1a), is now taken to be G := R2. Then, there exists a function y € C[0,o)
solving the initial value problem (6.1).

Of course, Remark 6.6 applies to this corollary too.

Proof. Let h* > 0. Under our assumptions, we may apply Corollary 6.3 for this /#*
and conclude that a continuous solution exists on [0,4*]. Since 4* can be chosen
arbitrarily large, we find that a continuous solution exists on [0, cc). O
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6.2 Uniqueness of Solutions

Next we come to a uniqueness theorem that corresponds to the well-known Picard-
Lindeldf result. It can be seen as an analogue to the statement shown for Riemann—
Liouville operators in the previous chapter (Theorem 5.1).

Theorem 6.5. Let 0 < n and m = [n|. Moreover let yéo), e ,y(()mfl) eR K>0
and h* > 0. Define the set G as in Theorem 6.1 and let the function f: G — R be
continuous and fulfil a Lipschitz condition with respect to the second variable, i.e.

|f(x,y1) = f(x2)] < Llyi — 2|

with some constant L > 0 independent of x, y1, and y,. Then, denoting h as in Theo-
rem 6.1, there exists a uniquely defined function y € C[0,h] solving the initial value
problem (6.1).

Remark 6.7. Remark 6.3 that we had stated above in connection with the existence
of solutions applies here in the discussion of uniqueness questions too.

Proof (of Theorem 6.5). We first note that Theorem 6.1 asserts that the initial value
problem has a solution. In order to prove the uniqueness of this solution, we start
with arguments similar to those of the proof of Theorem 6.1. In particular, we use the
same polynomial 7' (defined in (6.4)) and the same operator A (defined in (6.5)) and
recall that it maps the nonempty, convex and closed set U = {y € C[0,A] : ||y — T || <
K} to itself. We now have to prove that A has a unique fixed point. In order to do
this, we shall first prove that, for every j € Ny, every x € [0,4] and all y,§ € U, we
have ;
. . L)/
4% =48] g < P 1= Tlicgo ©9)
This can be seen by induction. In the case j = 0, the statement is trivially true. For
the induction step j — 1 — j, we write

HAjy _AijLm [0.4]
— A Yy) — A5

1
=—— sup
I'(n) 0<w<x

) } |Loo [0.x]

[ =y AT 50~ AT 50)] .

We proceed in the induction step by using the Lipschitz assumption on f and the
induction hypothesis. This allows us to estimate the quantities under consideration
in the following way:

||Ajy ~Aly ||Lm[0,x]
L sup w(w—t)”*l|Af*1y(t)—Aj*1y~(t)]dt
F(l’l) 0<w<x~0

<
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gF@)AﬁmﬁwflprV*ﬂw»ﬂﬂ*ﬂwﬂw

0<w<t
< L f@—m*ﬂf”wpmm—ﬂMMr
) I'(1+n(j—1))Jo 0<w<t
L’
< n(j=1) g
S T raG =), P~ '/
- L S LCO4nG-1)

T (1+n(j—1)) =Moo T(1+n))

This is our desired result (6.9). As a consequence, we find, taking Chebyshev
norms on our fundamental interval [0, A],

. . (Lh")f ~
Jv— AJ _ 7 _
[AZy —AT3|| < ) [y =3l -

We have now shown that the operator A fulfils the assumptions of Theorem D.7
with a; = (Lh")’ /T°(1 + nj). In order to apply that theorem, we only need to ver-
ify that the series Y7 o; converges. To this end we notice that 377 o with o
as above is simply the power series representation of the Mittag- Lefﬂer function

E,(Lh"), and hence the required convergence of the series follows immediately from
Theorem 4.1. Therefore, we may apply Weissinger’s Fixed Point Theorem and de-
duce the uniqueness of the solution of our differential equation. a

Remark 6.8. An observation similar to the one made for the Riemann—Liouville
case in Remark 5.2 holds here too: The proofs of the uniqueness theorem 6.5 once
again give a constructive method to find a sequence of Picard iterations that con-
verges against the exact solution of the initial value problem. In particular, the
individual elements of this sequence can be considered as approximations for the
exact solution, at least in theory. Since it is not necessarily possible to evaluate
the required integrals in closed form, these approximations are unlikely to be useful
numerically.

Remark 6.9. Concerning the connection between the uniqueness statement and the
Lipschitz condition we look at the differential equation

Dy =y

with 0 < u < 1. We had discussed the Riemann-Liouville analogue of this equation
in Example 5.1. In the Caputo version we again use homogeneous initial conditions

y0)=0 and DI *y0)=0 (k=1,2,...,[n] - 1)
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and find the same two solutions as in the Riemann—Liouville case, viz.

) =0 and y(x)= ﬂ*{/—r(rj v T?n)xj

with j =n/(1— ).

An apparent weakness in the statement of Theorem 6.5 is that it yields the exis-
tence and uniqueness of the solution of the initial value problem not on the interval
[0, /%] where the first argument of the given function f was allowed to come from,
but only on the possibly smaller interval [0, 2] with 4 =min{#*, (KI"(n+1)/M)"/"}.
In this respect, Theorem 6.5 is completely analogous to the Peano-type existence
Theorem 6.1. For the latter, we had derived Corollaries 6.3 and 6.4 that gave suffi-
cient conditions for the solution to exist on the complete interval [0,/#*] or even on
[0,0). Corresponding results can be shown for the uniqueness question too:

Corollary 6.6. Assume the hypotheses of Theorem 6.5, except that the set G, i.e.
the domain of definition of the function f on the right-hand side of the differential
equation (6.1a), is now taken to be G := [0,h*] x R. Moreover we assume that f is
continuous and that there exist constants ¢y > 0, ¢ > 0and 0 < u < 1 such that

lfe,y)| <ct+ely*  forall (x,y) €G. (6.10)

Then, there exists a function'y € C[0,h*] solving the initial value problem (6.1).

Corollary 6.7. Assume the hypotheses of Corollary 6.6, except that the set G, i.e.
the domain of definition of the function f on the right-hand side of the differential
equation (6.1a), is now taken to be G := R2. Then, there exists a function y € C[0, o)
solving the initial value problem (6.1).

The proofs of these two corollaries exactly follow the lines of the proofs of Corol-
laries 6.3 and 6.4, respectively. We omit the details.

Remark 6.10. As in Remark 6.6 we want to comment on condition (6.10):

(a) Since we have to assume the continuity of f anyway, a sufficient condition on f
for (6.10) to be satisfied is that f is bounded on G. As G is unbounded now, the
boundedness of f is not an automatic consequence of its continuity.

(b) Condition (6.10) can be considered to be a quite severe restriction since it is vio-
lated even by some very elementary and practically important types of equations
like, e.g., linear equations.

The last remark here motivates us to include another existence and uniqueness
theorem. It uses a slightly different set of assumptions that actually allow us to
derive a global existence and uniqueness result for a large class of equations that
now includes the linear equations.
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Theorem 6.8. Let 0 < nandm = [n]. Moreover let yéo)7 e ,y(()m71> € Randh* > 0.
Define the set G := [0,h*] X R and let the function [ : G — R be continuous and fulfil
a Lipschitz condition with respect to the second variable with a Lipschitz constant
L > 0 that is independent of x, y|, and y,. Then there exists a uniquely defined
function 'y € C|0,h*] solving the initial value problem (6.1).

In particular, this theorem is applicable to linear equations, i.e. equations of the
form

Diigy(x) = f(x)y(x) +¢(x)

with certain functions f, g € C[0, /], because here we may choose L = || f]|e < oo.
We obtain an immediate consequence:

Corollary 6.9. Let0 < nandm = [n]. Moreover let yéo), e ,y(()mil) eRandh* > 0.
Define the set G := [0,0) X R and let the function f : G — R be continuous and fulfil
a Lipschitz condition with respect to the second variable with a Lipschitz constant
L > 0 that is independent of x, y1, and y,. Then there exists a uniquely defined
function'y € C[0,e0) solving the initial value problem (6.1).

Proof. Let h* > 0. Under the assumptions of the corollary, we may apply Theorem
6.8 on the interval [0, 2*] and conclude the existence of a unique continuous solution
on this interval. Since &* may be chosen arbitrarily large, we derive the existence
and uniqueness on the entire half-axis [0, ). O

For the proof of Theorem 6.8 we collect some auxiliary results.

Lemma 6.10. Assume the hypotheses of Theorem 6.8. Moreover denote p(x,t) :=
(x —t)"=1/I(n). This function p has the following properties:

(a) Forevery x >0, p(x,-) is absolutely integrable on [0, x].
(b) For every function k € C[0,h*] and all §;,&; € [0,h], the expressions

£ x
[ ke and [ pln sk
& Jo

are continuous with respect to Xx.
(c) There exist numbers O = hy < h) < hy < ... < hy = h* such that for all i €
{0,1,...,N — 1} and all x € [h;,h*] we have

min{x/; 11}
L/ plxn)dr <
hi

N =

(d) For every x > 0,
x+0
lim [p(x+68,1)|dt =0.
0—0+ Jx
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Proof. Part (a) is an immediate consequence of the definition of p and the fact that
n> 0.

For (b) we will consider the two cases n > 1 and n < 1. The former is very simple
since in this case all the functions under the integral operation are continuous in their
respective domains of definition, and hence the continuity of the integrals is trivial.
In the other case we may proceed as in the final part of the proof of Theorem 2.2 and
use the facts that p is integrable and f(-,k(+)) is continuous to conclude the required
result.

For part (c) we distinguish the same two cases. In the case n > 1, p is continuous
and hence bounded on the compact set {(x,#) : 0 <t <x < h*}. Thus, choosing N :=
[2h*L]||p||- |, where the Chebyshev norm of p is taken over the above mentioned set,
we may define /; := ih* /N. This implies 0 = hy < h; < ... < hy =h" and

min{x,hi1} his
L[ penldr < L[ el dr < 2l (e — )

i

_ Lpll=t" _ Lipll=h 1

N T 2Lpllerr 2

as required. In the case n < 1 we proceed in a slightly different manner. Here we
use N := [h*(2L/I"(n+1))"/"] and h; := ih* /N. This once again implies 0 = kg <
hy < ... < hy = h*. Moreover we have, for x < h; |,

. min{x,h;y} Aldr — L * tnfld _ L h)"?

/h,- Ipbrn)lde = 705 /h,- =)= Ty )
L L

< ) . ) n: = * n

< —F(n+1)(h,+1 hi) F(n+1)(h /N)

- L I'(n+1l) 1

“T(n+1) 2L 2

In addition, for x > h; 1, we find

min{x.h; 1} L hiy _1
W) = L/ p(x )| dr = —)/ (e—t)" i
J hj Jhj

I'(n
L n n
= m[(x—hi) — (x—hip)"].
Thus,
W) = sl = =) <0

since n < 0. It follows that, for x > h; 1, ¥ (x) < ¥(hi+1) < 1/2in view of our result
above. This completes the proof of (c) for n < 1 too.
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Finally, for (d) we see that

"x+6 5 1 5
/x |p(x+ J)|df—m

which, since n > 0, implies the desired result. O

Proof (of Theorem 6.8). Our approach is inspired by the sketched proof of [115,
Theorem 4.8]. Let us recall the points /; of Lemma 6.10 (c). We first concentrate on
the interval [hg,/1]. We begin by defining the functions

m—1 xk
yo(¥) =T = Y, 3"
k=0 '

and

9 =T + s [ =0 Sy O)dn =120

and we note that Lemma 6.10 (b) implies the continuity of these functions on
[ho, h1]. Moreover we define

¢;(x) =y;(x) —yj1(x), j=12,...,
and
do(x) :=T(x) = yo(x).

Evidently these functions are continuous on [hg, /] too, and for j = 0,1,... it is
obvious that

J
x)= 2, du(x)
u=0
Moreover, for j = 2,3,... we have

1

o ) =0 s )= ey a0) 611)

9j(x) = Il

For x € [hg,h;] we then find, using (6.11), the Lipschitz condition on f and the
statement of Lemma 6.10 (c),

001 < s [ =0 W1 0) = Fley2(0)

L 'x n—1
< _ . v,
< F(n)/o (x—=2)"yj1(t) —yj2(r)] dr
L 1
)t de
I'(n): [h07h1]| 1l |/
1
< - =
< 5, max | [y1() = yj-2(0) 212[12(?’21 19j-1(0)]
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for j =2,3,..., which implies that

< —
xen[;gﬁ]l ;)| < 5 ,éﬁa’/i 1 ()]

Thus, we have found a convergent majorant for the series 3/ ¢y on the interval
[ho,h1], and hence the series is uniformly convergent there. Since y; is the jth partial
sum of this series, it follows that the sequence (y j)j.":l is also uniformly convergent
on [hg,h;], and the limits coincide. Let us denote the limit of this sequence by y.
We had seen above that y; is continuous on [0,4*], and hence on [hg,h,], for all j.
Hence, in view of the uniform convergence, y € C[hg, h].

Our next goal is to show that this function y solves the Volterra equation (6.2),
and thus the initial value problem (6.1). This will then, in particular, imply the
existence of a continuous solution. To this end we note that the uniform conver-
gence of the sequence (y;)7_; and the Lipschitz property of f imply |f(x,y(x)) —
fx,yj(x))] < Lly(x) —y;(x)| — 0 uniformly for x € [ho,h;]. In other words, the
sequence (f(+,;(")))7-o converges uniformly against f(-,y(-)). Thus we may inter-
change the limit operation and the fractional integration. This yields

() = limy(2) = lim (7)) 5,31 () ()

Jj—reo

T()+5 (nn; i)

= 2 +Jof 5y () (),

which is the required relation (6.2).
For the interval [Ag, /1] it remains to prove that this solution is unique. We there-
fore assume that J is a solution of (6.2) as well. It then follows that

36 =50 < s [ = 05(0) = sle.50)

< %n) /0 =)o) =50 | e
= %te%ll(i)}il] b(6) =5l

by Lemma 6.10 (c). Since this inequality holds uniformly for all x € [hg, k], we
deduce

1
max y — ax y(t
xe[hmhl]ly() )| < 3, [hohl]ly() ¥l

which implies the required uniqueness statement y = .
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Now we need to extend this existence and uniqueness result from the initial
subinterval [hg, k] to the remaining subintervals [;_1,h;] (i =2,3,...,N). We will
do this in an inductive manner, using our result for the interval [hg,k;] as the ba-
sis. Thus we assume that the claim holds on [A;_1,4;] for some i and we shall show
that, if i < N, it also holds on [h;,h;11]. We need to prove that, for x in this interval,
(6.2) has a unique continuous solution. In this context it is convenient to rewrite the
Volterra equation in question in the form

Y0 = T0) + s [ =0 ey (6120
with | ;
m— X h,‘
T = S G g fy G a @

The essential observation here is that the function 7; is a known function because
its representation contains only given data and the values of the solution y on the
interval [0, ;] that has already been computed. Moreover, Lemma 6.10 (b) implies
that 7; is continuous on [h;, h;11]. Recalling the definitions of the functions y; and ¢;,
we can then proceed in a way that is very similar to our approach above. Specifically
we define

and

and

Evidently, by Lemma 6.10 (b), all these functions are continuous on [A;, ;1] too,
and for j =0,1,... it is obvious that

. J .
W =Y o ).
u=0

A convergent majorant for 37 ¢‘(f) can then be found as above which provides the
existence of the uniform limity := lim;_... yy) on the interval [A;, h;11]. Lemma 6.10
(d) implies that the function y, which so far has been defined in a piecewise manner
on the intervals [0, ;] and [h;, h;41], respectively, is actually continuous at the point

h; and hence throughout the entire interval [0, 2;11].
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The proof that this function solves the Volterra equation and that any other con-
tinuous solution of the Volterra equation must be identical to y then follows the same
lines as above. O

We may actually find the solution of a simple class of Caputo-type fractional
differential equations explicitly, namely for the class of homogeneous linear equa-
tions with constant coefficients where at most the lowest-order initial condition is
inhomogeneous.

Theorem 6.11. Let n > 0, m = [n] and A € R. The solution of the initial value
problem

DZOY(X) :A’y(x)a y(O) =)o, y(k)(o) =0 (k: 1,2,....m— 1)

is given by
Y(x) = YoEa(AX"),  x>0.

The differential equation under consideration in Theorem 6.11 is a very simple
example of a linear fractional differential equation. We shall provide a more detailed
investigation of more general linear equations in Sect. 7.1.

Proof. 1t is evident from our existence and uniqueness result in Corollary 6.9 above
that the initial value problem has a unique solution. Therefore we only have to verify
that the function y stated above is a solution. For the initial condition, we indeed see
that y(0) = yoE,(0) = yo since

Z Z2

Ene) =14 Fa o T T T

moreover in the case m > 2 (i.e. n > 1) we have y(k)(O) =0fork=1,2,....m—1

since
Ax" A 2x2n
=1 ..
YO = Fy TR

which implies that

y(k)(x) _ /’anfk + lzxank L
F'l+n—k) T'(14+2n—k)

fork=1,2,...m—1<n.
Finally, the fact that our function y really solves the differential equation is an
immediate consequence of Theorem 4.3. a

To conclude this section, we recall one more classical result from the theory of
first order differential equations and look at possible generalizations of this result
to the fractional setting. It is a well known theorem closely related to uniqueness
questions.
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Theorem 6.A. Let f : [a,b] x [c,d] — R be continuous and satisfy a Lipschitz con-
dition with respect to the second variable. Consider two solutions y; and y, of the
differential equation

D'y;(x) = flxyj(x)) (=12 (6.13)

subject to the initial conditions yj(x;) = yjo, respectively. Then the functions y\ and
Yo coincide either everywhere or nowhere.

Proof. The proof is very simple: Assume that the functions y; and y, coincide at
some point x*, i.e. y; (x*) = y»(x*) =: y*, say. Then, both functions solve the initial
value problem D'y;(x) = f(x,y;(x)), y;(x*) = y*. Since the assumptions assert that
this problem has a unique solution, y; and y, must be identical, i.e. they coincide
everywhere. a

Let us interpret the statement of Theorem 6.A. To this end we start with one
solution y; of the differential equation (6.13) with some initial condition y; (x;) =
v10- Then we may choose an arbitrary abscissa x, and prescribe an initial condition
y2(x2) = yao at this abscissa. It may happen that the point (x2,y20) is located on the
graph of y;. In this case, the functions y; and y, are identical. Otherwise, the graphs
of y; and y, will never meet or even cross each other.

We specifically draw the reader’s attention to the fact that in Theorem 6.A it does
not matter whether the values x| and x5, i.e. the abscissas where the initial conditions
are specified, coincide with each other or not.

The question for a fractional generalization of this theorem has been raised and
partially answered in [40]. An attempt to give a full answer has been made in [100,
Theorem 3.27]. However, a close inspection of the theory developed there reveals a
gap in the proof. Therefore, an alternative approach has been developed in a slightly
more general setting in [47]. We shall now describe the specialization of the results
of that paper to our class of problems. As it turns out, this allows us to provide a
quite satisfactory answer for our question.

As a first step towards the indicated answer to our question we notice that the
proof of Theorem 6.A strongly depends on the locality of the differential operator
D'. We had already noted in Remark 6.4 that such a property is not available in
the fractional case, and hence the proof cannot be carried over directly. Moreover,
as a consequence of this non-locality, we find that now it does matter whether the
abscissas of the initial conditions coincide or not. Indeed the following example,
taken from [40], shows that we cannot expect a result comparable to Theorem 6.A
to hold if x| # x;:

Example 6.1. Let 0 < n < 1 and consider the fractional differential equations
Digyi(x) =T(n+1),  »(0)=0, (6.14)

and
Diyya(x) =T'(n+1), »(l)=1 (6.15)
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We have here two differential equations with identical right-hand sides but initial
conditions specified at different points. The solutions are easily seen to be y; (x) = x"
and y»(x) = 1+ (x— 1) It is obvious that these two functions coincide at x = 1 but
nowhere else.

Theorem 6.A deals with differential equations of order 1, i.e. with equations
subject to exactly one initial condition. It is well known that a similar statement does
not hold for equations of higher order (for example, the equation D?y(x) = —y(x)
has solutions y(x) = cosx, y(x) = sinx and y(x) = 0 the first two of which oscillate
and the graphs of which cross each other). Similar effects arise in the context of
fractional differential equations with more than one initial condition (i.e. equations
of order n > 1); see Sect.7.1 below. We can therefore not expect more than the
following result to hold:

Theorem 6.12. Let 0 < n < 1 and assume f : [0,b] X [c,d] — R to be continuous
and satisfy a Lipschitz condition with respect to the second variable. Consider two
solutions y and y, of the differential equation

DZO)’J’(X) :f(X,yj(x)) (] = 172) (6.16)

subject to the initial conditions y;(0) = yjo, respectively, where yio # yo. Then, for
all x where both y| (x) and y,(x) exist, we have y|(x) # y2(x).

Proof. Let us assume that there exists some x* such that y| (x*) = y,(x*). We then
have to show that y;o = y2¢. To this end, let L denote the Lipschitz constant of f with
respect to the second variable. We may then choose a number 7 > 0 that satisfies the
conditions

2L7T"
YT s S ©.17)

and N :=x* /7 € N and split the fundamental interval [0,x*] = [0, N7] into the subin-
tervals [(j — 1)7,j1], j=1,2,...,N.

We begin by looking at the first of these subintervals, i.e. on the interval [0, ].
Our goal here is to show that the problem consisting of the differential equation
(6.16) and the additional condition y(7) = y* cannot have more than one solution.
To prove this, we recall that any solution of the differential equation must satisfy the
Volterra equation

) = Yo+ %) [ tteo)ar 6.18)

with a suitable number ¥j. The additional condition at the point 7 then implies that

Y =3(®) =Y+ s [ =0 004
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) s [0 e

Inserting this into (6.18) we obtain

Yo=y"—

2 =ay(0) =5+ s ([0 sy - [0 esn)).

Thus we must now demonstrate that the operator A defined here does not have more
than one fixed point. It is clear that A maps C[0, 7] to itself, and moreover we find
that

1

50 = 4500 < g (om0 a0 - st st

+/] D" 5(0) ﬂhﬂwﬂm)

L ~ = i n 1 n 1
P —
=T )||y Yllzj0,7] </ df‘i‘/ df)

ZLH 7l
F( ) y y LMOT

’}/Hy_yHLm[O,T]a

and from (6.17) we see that A is a contraction. Thus, by Banach’s fixed point the-
orem, we obtain the desired uniqueness of the solution of the differential equation
(6.16) subject to a condition of the form y(7) = y*. As a consequence of this ob-
servation, we conclude that two solutions of (6.16) that coincide at the point T must
also coincide on the entire interval [0, 7] and hence, in particular, at the point 0.

Thus, if N =1 then the proof is complete. In the case N > 1 it remains to show
for j =2,3,...,N that two solutions of (6.16) that coincide at jT must actually
be identical on the preceding interval [(j — 1)7, j7] and hence at the previous grid
point (j — 1)7. Once we have shown this to be true, we can say that our assumption
y1(NT) =y (x*) = y2(x*) = y2(N7) implies that the solutions y; and y, coincide on
[(N-1)T,N7],[(N—-2)t,(N—1)1],...,[0, 7] which is our desired result.

For this remaining part of the proof, we look at the given differential equation
(6.16) on the interval [0, j7], subject to the condition y(jT) = y*. As above, we find
that this is equivalent to writing

iy (o asonan [T et esoar).

As indicated above, we are interested in this problem on the interval [(j — 1)7, j1].
Thus, for x in this interval, we rewrite the identity as

yx) =y +
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1) =85(0) 1= )+ 1 ([ G )

=17

—fTUFw"wme)

ji-bt
where

+ an) /o(jl)T (=)t = (T —0)"") fle,y(0)) dr

*

gj(x) =y

(note that this quantity is well defined because it only uses values of y on the interval
[0, (j— 1)7] and we already know that y is uniquely determined there). We can then
again proceed as in the first step of our argumentation and conclude that B; is a
contraction which leads to the required uniqueness property. O

Example 6.2. We verify the statement of Theorem 6.12 by looking at the differential
equation
D%y (x) = (0.5 — x)siny;(x) +0.8x°

with initial conditions
y1(0)=1.6, »(0)=15, y3(0)=14, y4(0)=13, y5(0)=1.2.

Since a generally applicable method to determine the analytical solutions of our
initial value problems is not readily available, we have to revert to some numerically
computed approximate solutions. To this end, we can use the Adams—Bashforth—
Moulton method described in Appendix C.1. The resulting solutions for the five
initial value problems, obtained using a step size of 1/200, are shown in Fig.6.1.
The property predicted by Theorem 6.12 is evident; in view of the convergence

Fig. 6.1 Plots of the solutions of the five initial value problems from Example 6.2
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analysis for the numerical method provided in Appendix C.1 we may be confident
that this shows a qualitatively correct picture of the exact solutions too.
An obvious alternative formulation of Theorem 6.12 reads as follows.

Theorem 6.13. Let 0 < n < 1 and assume f : [0,b] x [c,d] — R to be continuous
and satisfy a Lipschitz condition with respect to the second variable. Consider two
solutions y| and y; of the differential equation

Digyj(x) = flxyj(x))  (j=12)

subject to the initial conditions y;j(0) =y jo, respectively. Let b* € (0,b] be such that
both solutions y| and y; exist on [0,b*]. Then, either y;(x) # y2(x) for all x € [0,b*]
or y1(x) = y2(x) for all x € [0,b*].

As it turns out, we may also reformulate this result in a slightly different way.
We present this reformulation here because it is also of interest in a different context
later on.

Theorem 6.14. Let 0 < n < 1 and assume g : [0,b] X [y* — K,y* + K] — R to be
continuous and satisfy a Lipschitz condition with respect to the second variable.
Moreover, let g(x,0) = 0 for all x € [0,b], and let y* # 0. Then, the solution y of the
Volterra equation

@) =y + % PRI (6.19)

satisfies y(x) # 0 for all x.
The relation between Theorems 6.12 and 6.14 is easily described:
Theorem 6.15. Theorem 6.12 holds if and only if Theorem 6.14 holds.

Proof. In this proof we follow the lines of [30, p. 89]. We first show that Theorem
6.12 implies Theorem 6.14. To this end we recall that (6.19) is equivalent to the
fractional initial value problem

Dipy(x) =g(x,y(x)),  y(0)=y"#0.

Our assumption that g(x,0) = 0 for all x implies that the function z(x) = 0 solves
the initial value problem

Diyz(x) =g(x,2(x)),  2(0)=0.

Thus, if Theorem 6.12 is true we may conclude that y(x) # z(x) = O for all x. Theo-
rem 6.14 is therefore true as well.

For the other direction, let y; and y;, be the solutions of the initial value problems
mentioned in Theorem 6.12, and define
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8(x,2) := flx,z+y1(x)) = f(x,y1(x)).

Moreover we set y(x) := y(x) — y1(x) and y* := yo0 — y10 # 0. Now we rewrite
the two initial value problems from Theorem 6.12 in their corresponding Volterra
forms, viz.

90 =0+ oy [ 6= e (= 1.2)

Subtracting these two equations, we find

y(x) = y2(x) = y1(x)
1

=y20—Y0+ m/(;x(x—t)”’l[f(t,yz(t)) — f(6;y1(2))]de

=y*+ﬁ [ =0 e - mo)ar

:y*+ﬁ [ =t an,

i.e. y solves the Volterra equation (6.19). Since, for all x, g(x,0) = 0, we may apply
Theorem 6.14 to conclude that 0 # y(x) = y»(x) — y; (x) for all x. O

A trivial consequence of our results above is

Corollary 6.16. Assume the hypotheses of Theorem 6.12. Moreover, let y10 < ¥20.
Then, y1(x) < y2(x) for all x for which both solutions exist.

We end this section by taking a look at this problem from a different point of
view. Specifically, from Theorem 6.12 we may deduce the following result.

Theorem 6.17. Let 0 < n < 1 and assume f : [0,b] X [c,d] — R to be continuous
and satisfy a Lipschitz condition with respect to the second variable. Then, for each
x* €[0,b] and each y* € [c,d), the differential equation

Dloy(x) = f(x,y(x)) (6.20)

subject to the condition
y(r) =y" (6.21)

has at most one solution.

Thus we have a uniqueness theorem for the solutions of a fractional differential
equation of the usual form combined with a prescribed value of the unknown solu-
tion at a point that may differ form the starting point of the fractional differential
operator. In the case x* = 0 this is just the standard initial condition that we had
discussed thoroughly at the beginning of this section, but if x* > 0 then we have
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a significantly different problem that is sometimes called a terminal value prob-
lem because one usually is interested in the solution on the interval [0,x*], i.e. one
provides a condition on the unknown solution at the terminal point of the interval
of interest. The following simple equivalence theorem elucidates the difference in
character between initial and terminal value problems.

Theorem 6.18. Assume the hypotheses of Theorem 6.17, and let 0 < x* < b. Then,
the fractional differential equation (6.20) combined with condition (6.21) is equiva-
lent to the weakly singular integral equation

* 1 x*
Y0 =+ gy G0 y0)a (622)
where ( e
_ —(x* =" fort > x,
Glxt) = { (x—t)" ' —(x* —t)" ' fort<x (6:23)

The substantial difference between the integral equation (6.22) and the integral
equation (6.2) derived in Lemma 6.2 in the case x* = 0 is that we now have a Fred-
holm integral equation of Hammerstein type whereas (6.2) was a Volterra equation.
Thus, in analogy with the corresponding results for integer-order equations, it would
be natural to interpret condition (6.21) as a boundary condition and not an initial
condition. Hence, in contrast to the situation observed for first-order differential
equations, the terminal value problem consisting of egs. (6.20) and (6.21) is much
more closely related to a boundary value problem than it is to an initial value prob-
lem. This is also quite natural since we need to find a solution on the interval [0, x*]
whose end points both play a major role in the definition of the problem — the left
end point is used to define the differential operator and the right end point provides
the additional condition that asserts the uniqueness of the solution.

We shall provide a few additional results about boundary value problems for
Caputo-type fractional differential equations in Sect. 6.5.

Proof. Let us first assume that the fractional differential equation (6.20) combined
with condition (6.21) has a solution y € C[0,x*]. Then, we may apply the integral
operator J;j to both sides of (6.20), which yields

90 =3(0)+ s [ =07 (o) 6249

for all x € [0,x*]. (Notice that the quantity y(0) is unknown.) Specifically setting
x = x* and using the condition (6.21), we obtain
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Table 6.1 Results of bisection search for Example 6.3
Yo 1 2 1.5 1.75 1.625 1.6875  1.71875
y(1) 2.0556 2.63485 2.37728 2.51106 2.44567 247871 2.49496

which implies

%n) [ =t

y(0)=y"—
Inserting this relation into (6.24), we obtain (6.22) and (6.23).

On the other hand, if (6.22) with the kernel G being defined as in (6.23) has a
continuous solution then we may apply the Caputo operator D'}, to both sides of
(6.22) which yields the fractional differential equation (6.20). Finally, we immedi-
ately obtain (6.21) by setting x = x* in (6.22). O

To conclude this section, let us look at a simple example of a terminal value
problem.

Example 6.3. Find a solution of the terminal value problem

DIy(x) =siny(x),  ¥(1)=25.

Once again we cannot offer an analytic method to find the exact solution; there-
fore we shall revert to an approximation technique. We start by choosing two
arbitrary initial values, say yop = 1 and yg = 2, for the given differential equation and
compute the corresponding solutions numerically on the interval [0, 1] by means of
the Adams method of Appendix C.1 with a step size of 1,/200. It turns out (see Table
6.1) that one of these choices for the initial values leads to a value of y(1) that is
smaller than desired whereas the other one produces a too large value. We thus em-
ploy a simple bisection technique to find a new initial value, yg = 1.5, and compute
y(1) again. Proceeding in an iterative manner as indicated in Table 6.1 we find that
we can get as close to the desired exact solution as we wish.

Figure 6.2 shows a visualization of this procedure. We have displayed five of
the neighbouring solutions of our exact solution, namely those obtained for yy = 2
(dashed line; top), yo = 1.75 (dash-dotted line; second from top), yop = 1.5 (dotted
line, bottom), yo = 1.625 (dashed and double dotted line; second from bottom) and
yo = 1.71875 (continuous line; centre).

6.3 Influence of Perturbed Data

Having established criteria for the existence and uniqueness of solutions to initial
value problems for Caputo-type fractional differential equations, in this and the fol-
lowing sections we come to the classical questions concerning the most important
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1.6 - ! ! P ! !
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Fig. 6.2 Graphs of neighbouring approximate solutions for the terminal value problem from
Example 6.3

properties of the solutions. These include, in particular, questions for smoothness
(continuity and differentiability) of the solutions under various assumptions on the
given data as well as investigations concerning the well-posedness of the initial
value problems. We begin with the latter and recall the key results in this direction
from [43].

Traditionally, a problem is called well-posed if it has the following three
properties:

e A solution exists
e the solution is unique
e the solution depends on the given data in a continuous way

The first two aspects have already been discussed in the previous sections; the third
one requires further attention. In particular we note one important difference be-
tween the fractional and the classical setting, and that is the precise meaning of
the expression “the given data”: In the classical theory of differential equations (of
integer order), one usually assumes the initial values and the function f on the right-
hand side of the differential equation

Dky(x) = f(xvy(x)vDy(x)v"' aDkily(x))
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to be given, and then the behaviour of the solution under perturbations of these
expressions is discussed. Of course, we have the same given data in the fractional
setting, but here one additional problem needs to be taken into account: In a typical
application (see, for example, [69]), a differential equation of the form

Dioy(x) = f(x,y(x))

arises. Here the main parameters of the equation, namely the initial value(s), pos-
sibly also the right-hand side f, and the order of the differential operator, depend
on material constants that are only known up to a certain, usually moderate, accu-
racy. For example, in the problems arising in viscoelasticity considered briefly in
[50,51] and in a more detailed fashion in [69], the knowledge of the values of 7 is
only imprecise and typically restricted to about two decimal digits. Therefore, it is
important to investigate how the solution depends on this parameter too.

Throughout this section, we assume y to be the exact solution of the initial value
problem

Dioy(x) = f(x,y(x)), (6.25a)
Dky(0) =y, k=0,1,....m—1, (6.25b)

where as usual we have set m = [n]. Moreover we assume f to be such that the
hypotheses of Theorem 6.5 are satisfied, so that we can be sure that a continuous
solution exists on some interval [0, %], and that this solution is unique. We then
have to compare this solution y with the solution of another initial value problem
involving perturbed given data. It turns out that we will indeed be able to prove a
positive result in all cases: Small perturbations in any of the given data yield small
perturbations in the solution.

As a prerequisite that we shall find useful in most of the proofs below, we present
a Gronwall-type inequality. For the case 0 < n < 1 this result is contained in [55,
Theorem 3.1], but we shall look at the fully general case here.

Lemma 6.19. Let n,T,¢€1,& € Ry. Moreover assume that d : [0,T] — R is a con-
tinuous function satisfying the inequality

82 X —1
o(x)|<e —/ —1)"77|6()|dt
bWl < et po [ ey 100
forallx € [0,T]. Then
16(x)| < €1Ea(€2x")
forxe[0,T].
Here, E, once again denotes the Mittag-Leffler function of order n.

Proof. Let &3 > 0 and introduce the function @ with @(x) := (] + &)E,(e2x").
Applying Theorem 6.11 and using the linearity of the initial value problem con-
sidered there, this function @ is seen to be the solution of the initial value
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problem D",®@(x) = &®(x) with @(0) = & + & and D*®(0) = 0 for k =

1,2,...,[n] — 1. In view of Lemma 6.2 we immediately deduce that @ satisfies
the integral equation

B(x) = &1+ 65+ %/Ox(x— 011 dr.

By our assumption on 0, we find that
[6(0)| <& <& +&=P(0).

Standard continuity arguments thus yield that |8 (x)| < @(x) for all x € [0,7] with
some 71 > 0. To prove that this inequality holds throughout [0, 7], we first assume
the contrary and denote by x( the smallest positive number with the property that
[8(x0)| = @(x0). Then, for 0 < x < xo we have |0(x)| < @(x) and thus

which cannot be true in view of our choice of xy. Thus the assumption must be false,
and we find that indeed

6(x)] < @(x) = (&1 + &) En(£2¢")

for all x € [0, T]. Since this holds for every &3 > 0, we derive the desired result. O

In our first main result, we investigate the dependence of the solution of a frac-
tional differential equation on the initial values.

Theorem 6.20. Let y be the solution of the initial value problem (6.25), and let 7 be
the solution of the initial value problem

Dipz(x) = f(x,z(x)), (6.26a)
Dk (0) = 2, k=0,1,....m—1. (6.26b)

Moreover let € := maxg—o 1, m—1 |yék) - Z(()k)|. Then, if € is sufficiently small, there
exists some h > 0 such that both the functions y and z are defined on [0, h), and

sup |y(x)—z(x)|_0< i ’yém_z(()k)‘)
0<x<h k=0.1,....m—1
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Proof. By construction, a unique solution of (6.25) exists over some nonempty in-
terval. It is clear from Theorem 6.5 that the set G corresponding to the problem
(6.26) is not empty and thus this problem also has a uniquely determined solution
on some interval. We may now choose [0, 4] to be the smaller of these two intervals.
Defining 8(x) := y(x) — z(x), we find that § is a solution of the initial value problem

k k
Dlyd(x) = f(x.y() — flrz(x),  D'8(0) =y ==, k=0,....m—1.
In view of Lemma 6.2, this initial value problem is equivalent to the integral equa-

tion

mflxk 1 X .
300 = 3,5 () =) + 5y ) o G 0) = s

Taking absolute values and using Holder’s inequality for the sum and the Lipschitz
condition on f for the integral, we find

m—1 hk L X .
|6<x>|§skzoﬁ+m/0 (x—1)"1[3(2)] dr.

where L is the Lipschitz constant of f. Thus, by Lemma 6.19,
18(x)| < O(€)E4(LH") = Ole)
as desired. O

Next we look at the influence of changes in the given function on the right-hand
side of the differential equation.

Theorem 6.21. Let y be the solution of the initial value problem (6.25), and let 7 be
the solution of the initial value problem

Dijpz(x) = f(x,z(x)), (6.27a)
Dk (0) =y, k=0,1,....m—1, (6.27b)

where f is supposed to satisfy the same hypotheses as f. Moreover let € =
max(y, v)ec |f(X1,%2) = f(x1,%2)|. Then, if € is sufficiently small, there exists some
h > 0 such that both the functions y and 7 are defined on [0,h], and we have that

sup [y(x) — =(x)| = O (( max_|f(x.%2) —f(xl,xm) |

0<x<h x1,02)€EG

Proof. Existence and uniqueness of the solutions of both initial value problems fol-
low as in the previous theorem. To prove the required inequality, we also proceed in
a similar way. Once again we define 8(x) := y(x) — z(x) and find that & solves the



114 6 Single-Term Caputo Equations
initial value problem
Diy8(x) = f(x,y(x) = f(x2(x)),  D*6(0)=0, k=0,1,....m—1

that is equivalent to the integral equation

8 =y | (om0 U e30) - Fc)an

Taking absolute values and using the Lipschitz assumptions on f and f, we deduce

X (y— )1 B
8001 < [ C 0 (10,500 = £} + 02t0) ~ Tz a

L X . ) . -
< F(n)/o (x—1) 1|5(t)|dt+em/0 (x—1)""Ldr
L o~ o
= r(n)/o (x=1) 1|5(t)|dt+em_

We may now apply Lemma 6.19 once again and find
18(x)| < O(€)E4(LH") = Ole)
as required. a

Finally we discuss the consequences of a modification of the order of the dif-
ferential equation. Here we need to be particularly careful because a change in the
order of the differential equation may lead to a change in the number of prescribed
initial values.

Theorem 6.22. Let y be the solution of the initial value problem (6.25), and let 7 be
the solution of the initial value problem

Dlyz(x) = f(x,z(x)), (6.282)
Dk (0) =y, k=0,1,... -1, (6.28b)

where ii > n and i := [7i]. Moreover let € := ii —n and
i} 0 ifm=m,
€= max{‘yék)‘:mgkgnﬁ—l} else.

Then, if € and €* are sufficiently small, there exists some h > 0 such that both the
functions'y and z are defined on [0,h], and we have that

sup |y(x) —z(x)] :O(ﬁ—n)—i—O(max{O,max{‘yék)‘ :mgkgrh—l}}).

0<x<h
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Proof. Existence and uniqueness of the solutions can be deduced as above. For the
bound on the difference, we rewrite the initial value problems (6.25) and (6.28) as
equivalent integral equations according to Lemma 6.2 and subtract the two resulting
equations from each other. Thus,

8(x) == 3() ~2(x)
m—1 k 1 X .
== X g f, G )
F(ln) PR DL
m—1 k

= 3 W g ) e ) s e

<+A (xgzzl(xrg) )f@x@»m.

In view of the Lipschitz property of f, this implies

mlhk

861 < ¥ o'l + 7 /0'x<x—r>"*l|6<r>|dr

_tn 1 ( _t)ﬁfl

T () dr.

+ max xl,
(x1 X2 GG

Obviously the sum is O(g*). Moreover, we can bound the second integral
according to

N A Gt et DR A U
A OB dL‘A NORGIN
h unfl uﬁfl

To see this, one can compute the integral explicitly: One first has to find the zero
of the integrand, which is located at (I'(7i) /I"(n))"/("~") (a quantity that converges
to exp(y(n)) as i — n, where y = I''/T" denotes the Digamma function). If & is
smaller than this value, then the integrand has no change of sign, and we can move
the absolute value operation outside the integral. Otherwise we must split the inter-
val of integration at this point, and each integral can be handled in this way. In either
case, we may use the Mean Value Theorem of Differential Calculus to see that the
resulting expression is bounded by O(7i —n) = O(¢).
Summing up, we have found that

18(x)] < 0<e>+0<e*>+%n) PSSO

and so Lemma 6.19 yields the desired result. ad



116 6 Single-Term Caputo Equations
There are two important special cases of Theorem 6.22:

Corollary 6.23. Assume the hypotheses of Theorem 6.22. Moreover, let m =
m. Then,

sup [y(x) —z(x)[=0(i—n).

0<x<h

Corollary 6.24. Assume the hypotheses of Theorem 6.22. Moreover, let i > m and
yék) =0fork=mm—+1,...,m— 1. Then,

sup [y(x) —z(x)| = O(A—n).

0<x<h

Proof (of Corollaries 6.23 and 6.24). Under the assumptions of either of the corol-
laries, the quantity £* in Theorem 6.22 vanishes and thus we immediately obtain the
simpler bound. a

Remark 6.11. Let z be a given continuous function. Since the function y := Jjjz is
the unique solution of the differential equation D)}y = z with homogeneous initial
conditions, Corollary 6.24 gives an alternative proof for the second statement of
Theorem 2.10.

6.4 Smoothness of the Solutions

An interesting question that frequently arises is the question for the smoothness of
the solution of a differential equation under certain assumptions on the given data
(mainly on the given function f on the right-hand side of the equation). A typical
result in the classical setting is the following well known theorem.

Theorem 6.B. Let k € N and f € C<"1(G), where G = [yo — K,yo + K] x R. Then,

the solution y of the initial value problem

Dy(x) = f(x,y(x)),  ¥(0) =yo,
is k times continuously differentiable.

A simple example shows that we cannot expect this result to be true in general
for fractional-order equations: Even for f € C* it may happen that y ¢ C'.

Example 6.4. From Example 3.1 we know that Di(/)z(-)l/ 2 =T'(3/2). Therefore the

non-differentiable function y given by y(x) = x'/2 s the unique solution of the initial
value problem Di(/)zy(x) =TI"(3/2),y(0) =0, whose given function f (the right-hand
side of the differential equation) is analytic.
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We now try to find out some positive statements that can be said about equations
of fractional order. As in the previous section, we assume in the present section that
y is the exact solution of the initial value problem

Dipy(x) = f(x,y(x)), (6.292)
Dry(0) =y, k=0,1,....m—1, (6.29b)

where once more we have set m = [n]. Additionally we assume f to be such that
the hypotheses of Theorem 6.5 are satisfied, so that we can be sure that a continuous
solution exists on some interval [0, 4], and that this solution is unique. Under these
assumptions we begin by recalling some results from [37]. A first result in this
connection is as follows.

Theorem 6.25. Under the above hypotheses we have that y € C"~'(0, h).

Proof. In view of Lemma 6.2, the function y satisfies the Volterra equation

y(x) = p(x) +51f (¥ ()] (x)

with p being some polynomial whose precise form is not of interest at the moment.
Letk € {0,1,2...,m— 1} (this implies k < n) and differentiate this equation k times:

Dky(x) = ka(x) Dk-]o[ (5y())](x)
= D*p(x) + DkJ(I)(Jn EyE)E)
= Drp(x) + I f (v ()] (x)

in view of the semigroup property of fractional integration and (1.1). Now recall
that y is continuous; thus the argument of the integral operator J(’)H‘ is a continuous
function. Hence, in view of the polynomial structure of p and Theorem 2.5, the
function on the right-hand side of the equation is continuous, and so the function on
the left, viz. Dky, must be continuous too. O

Theorem 6.26. Assume the hypotheses of Theorem 6.25. Moreover let n > 1,
n¢ N and f € CY(G). Then y € C"(0,h]. Furthermore, y € C™[0,h] if and only

if 0,5y = 0.

Remark 6.12. Since the function f and the initial value y(()o) are given, it is easy to

check whether the condition f/(0, yéo)) = 0 is fulfilled or not.

Remark 6.13. A comparison with Theorem 6.B reveals a significant difference
between the classical and the fractional setting: In the former, smoothness of the
given function f implies smoothness of the solution y; in the latter this holds only
under certain additional conditions. This is not unexpected because of what we
found in Example 6.4.
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Proof. We introduce the abbreviation z(z) := f(¢,y(¢)) and write out the identity
stated in the previous proof for k =m — 1:

D) = D pl) g ()

! ) /O Ce— 1) dr.

:DWI*l
p(x)+F(n—m+1

We differentiate once again, recall that p is a polynomial of degree m — 1 and find

1 d rx
Dmy(X) = D"U)(X)-Fma/o (x_t)nfmz(t)dt
1 d r~ n—m
- W——”ﬂrl)a/o W' "z(x — u)du
= ! X700 Y em d
_m_—M< z( )+/Ou Z(x—u) u)
= ; —m (0) n—m+1_/
= Tomman® O ). (6.30)

Since n > 1 we deduce that m > 2, and thus Theorem 6.25 asserts that y € C'[0, A].
An explicit calculation gives that

20 = $105(0) + SOV ()

Consequently, by our differentiability assumption on f, the function 7’ is continuous,
and so J(')’f’”“z’ € C0,h] too (cf. Theorem 2.5). The fact that m > n then finally
yields that the right-hand side of (6.30), and therefore also the left-hand side of this
equation, i.e. the function D™y, is always continuous on the half-open interval (0, A]

whereas it is continuous on the closed interval [0, 4] if and only if (0, y(()o)) =0. O
It is possible to generalize this idea and to keep Remarks 6.12 and 6.13 valid:

Theorem 6.27. Assume the hypotheses of Theorem 6.25. Moreover let k € N, n > k,
n¢ Nand f € CK(G). Let z(t) := f(t,y(t)). Then'y € C"*=1(0,h]. Furthermore,
y € C"*=110, h] if and only if 7 has a k-fold zero at the origin.

The proof is based on a repeated differentiation of (6.30); we leave the details as
an exercise to the reader.

A common feature of the results above is that they always require a relatively
high order n of the differential operator in order to prove that the solution y possesses
a large number of derivatives in the half-open interval (0,A4] or even in the closed
interval [0, ). However, it is also possible to obtain similar results if » is small if we
impose stronger smoothness conditions on f. This follows from our next statement.

Theorem 6.28. Assume the hypotheses of Theorem 6.25. Moreover let f € CK(G).
Then'y € C*(0,h]NC"1(0,h), and for £ = m,m+1,... .k we have y¥) (x) = O(x"~*)

as x — 0.
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This theorem is a special case of [21, Theorem 2.1]. The proof given there is
based on methods from the theory of Fredholm integral equations that are beyond
the scope of this text. Therefore we do not give any details here and refer the reader
to the original paper of Brunner et al. [21] instead.

We must note one specific point here. From our theorems above (and those that
will follow in the remainder of this section) the reader may be lead into the belief
that a smooth (differentiable or even analytic) function f on the right-hand side of
the differential equation will necessarily lead to a non-smooth behaviour of the so-
lution, at least in the neighbourhood of the starting point. Indeed, in the classical
literature one often finds statements like “it is easily seen that y cannot be smooth
[if f is analytic]” [120, p. 89]. The fact that the analytic function y(x) = 1 solves
the initial value problem D’ y(x) = y(x) — 1, y(0) = 1, which has an analytic func-
tion f(x,y) =y —1 on its right-hand side, gives an easy counterexample to these
statements. Fortunately we can give an extension of Theorem 6.27 that fully char-
acterizes the situations where we may have smoothness for the given function f and
the solution y simultaneously. We note that the statement below is a special case of
a more general result for a larger class of equations [37, Theorem 3.1].

Theorem 6.29. Consider the initial value problem (6.29), and assume that f is an-
alytic on a suitable set G. Define T (x) := 2:7’;01 y(()j)xj/j!. Then, y is analytic if and
only if f(x,T(x)) =0 for all x.

Remark 6.14. Once again we note that f is the given function from the right-hand
side of the differential equation under consideration, and 7 is also known be-
cause it is a polynomial whose coefficients can be computed from the given initial
conditions. Thus, in practice it is always possible to check whether the condition
f(x,T(x)) =0 for all x is satisfied or not.

Proof. The direction “<=" is a simple consequence of the fact that a solution (and
hence, by uniqueness, the solution) of the initial value problem is y = T because
D}y =D}T =0= f(-,T(-)). In other words, the solution is a classical polynomial
and hence analytic.

For the other direction, we assume y to be analytic. Then, since f is analytic, the
right-hand side of the differential equation is analytic too. Therefore, since y is as-
sumed to be the solution of the equation, the left-hand side D’y must be analytic as
well. But Theorem 3.15 asserts that y and D),y can only be analytic simultaneously
if D,y = 0. This implies that y must be a polynomial of degree m — 1, and since y
satisfies our initial conditions we find that y = 7. We thus conclude

0= D:Oy('x> = f(x,y(x)) = f(x7 T('x))
for all x. a
The proof of Theorem 6.29 actually gives us some additional information.

Corollary 6.30. Consider the initial value problem (6.29), and assume that f is
analytic on a suitable set G. If the solution y of this initial value problem is analytic,
then
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In other words, the only class of analytic functions that can arise as the solution
of a Caputo-type fractional differential equation of order n» with an analytic given
function on the right-hand side consists of the polynomials of order m — 1. We can
express this fact in a different but also quite instructive manner.

Corollary 6.31. Assume that the solution of the initial value problem (6.29) is an-
alytic, but not a polynomial of degree m — 1. Then, the function f is not analytic.

It thus turns out that, in general (i.e. if we do not deal with the special case of The-
orem 6.29), we must expect some derivative of the solution to have a discontinuity
at the origin. The nature of this discontinuity can be analyzed to obtain some quite
useful information on the precise behaviour of the solution near the origin. In this
context we have the following results that are very similar to those of Lubich [120,
§2]. It must be noted however that the original paper of Lubich contains a number
of small errors. We shall give the correct formulations here, with the basic elements
of the proofs being influenced by ideas of Hennecke [Hennecke, T., 2006, private
communication]. As a matter of fact it is possible to show that these results actually
hold for a large class of Volterra equations that contains our fractional differential
equations as a special case. However we shall not go into details on this aspect here
and refer the interested reader to [37, §3] instead.

The precise nature of the results that we can present depends on whether or not
the order n of the differential equation is rational. We begin by looking at the case
of rational values of n.

Theorem 6.32. Let n = p/q where p > 1 and q > 2 are two relatively prime inte-
gers. Consider the initial value problem (6.29) and assume that f can be written
in the form f(x,y) = f(x'/4,y) where f is analytic in a neighbourhood of (O,y(()o)).
Then, there exists a uniquely determined analytic function y : (—r,r) — R with some
r > 0 such that y(x) = 5(x'/%) for x € [0, r).

Notice that our basic assumptions assert the existence of a solution on some
interval [0,/), whereas Theorem 6.32 gives us a representation valid in [0,7) with
some r. This parameter r will be the radius of convergence of the power series
representation of y. Our method of proof will allow us to conclude that r > 0 but it
will not tell us anything about the relation between r and 4. The same observation
applies to the theorems and corollaries following below.

Before we come to the proof of Theorem 6.32 we note two immediate conse-
quences of this result.

Corollary 6.33. Let n = p/q where p > 1 and q > 2 are two relatively prime inte-
gers. Consider the initial value problem (6.29) and assume that f is analytic in a
neighbourhood of (0, y(()o)). Then, there exists a uniquely determined analytic func-
tiony: (—r,r) — R with some r > 0 such that y(x) = y(x'/%) for x € [0, r).
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Proof. Since f itself is analytic, it can be written in the form of a convergent power
series

fley) =Y fuxiy:.

Jk=0

It is then evident that the function f with

Fley) =Y, fuxty*

J k=0

is analytic too and satisfies the relation f(x,y) = f(x'/4,y). Thus, the claim follows
directly from Theorem 6.32. O

Our second corollary is almost immediately evident:

Corollary 6.34. Under the assumptions of Theorem 6.32 or Corollary 6.33, the so-
lution y of the initial value problem (6.29) can be written in a neighbourhood of the
origin in the form of the convergent series

) = ¥, 5
i=0

with certain coefficients y;. In addition, y; =0 ifi < p andi/q ¢ N.

Proof. The fact that y can be represented in the indicated way is a direct conse-
quence of Theorem 6.32. The fact that ; = 0 if i < p and i/q ¢ N will be shown in
the proof of that theorem; see (6.35) below. O

Proof (of Theorem 6.32). As noted above, our proof uses methods similar to those
used by Lubich [120, §2]. We proceed by constructing a formal solution in the form
of a so-called Psi series or Puiseux series [96, Chapter 7]. The structure of this series
will match our requirements, i.e. it will be a power series in x'/4. The coefficients
of the series are determined recursively in such a way that the series can be seen to
be a formal solution of the initial value problem at hand. Finally we will show that
this formal series is actually convergent. This part of the proof will be based on a
suitable modification of Lindel6f’s majorant method (see [95, §2.5] for this method
applied to ordinary differential equations of integer order). It then follows that the
function defined by this convergent series is a solution of the initial value problem
and that it can be represented in the form that we have claimed.
Let us thus consider a function

y(x) = i yix'l4 (6.31)
i=0

where y(0) = y(()o). We need to show that we can choose the coefficients y; such that
the series converges and that the function represented by the series solves our initial
value problem.
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Substituting (6.31) into (6.2) (that we know to be equivalent to the initial value
(0)

problem) and using the series expansion of f around the point (0, Yo )» Viz.

Fley@) = FE50) = Y frox 9y —3)°
p,0=0
z fpcvxp/q (2)})6 ) )
p,0=0

we find

=

m—1 _k
Saild — X L/ ATl p/a l/tl d 2
25 ]Zak!yo ) 1) Z frot Zyt t. (6.32)

p,0=0

We rearrange the term in brackets as

li)’)iti/"] _i< D yil-...'yi(;)tj/". (6.33)
i=1

=0 \i1+..+ig=j

As i > 1, the case j = 0 in the first sum on the right hand side only occurs for
o = 0. In this case we set the coefficient to the correct value 1, in accordance with
the usual convention for empty products. In all other cases the second sum on the
right hand extends over all products y;, - ... - J;, with ¢ factors, where the sum of
the indices i, equals j, because exactly these terms contribute to the coefficient of
t//4 in the rearranged series. The indices are labelled, so no multinomials arise, but
formally different products can be equal. This rearrangement is allowed if we can
prove the required convergence properties. Assuming uniform convergence, we can
also exchange the order of summation and integration and integrate term by term. If
we do so, we get

mflxk
ilg _ (k)
_ny/q Z IR

L5+ g i)
+ Z fpo- (— W 2 Yip oo Vig | X . . (634)
q

p,0,j=0 i1+...+ig=j

We now compare the coefficients of x'/4 on both sides of this equation. The result
of this comparison depends on i. For i < p we obtain
(i/q)
5i=14 /g ifi=0,q,2q,...,(m—1)q, (6.35)

0 else,
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whereas for i > p we find

r S(TE s L) e
3= vo | =7 Vi e Vig | - .
p+jtp=i 6=0 FERE 1), S ™

Thus, the coefficients y; are determined uniquely for 0 < i < p because of (6.35).
For i > p we see that (6.36) is a recurrence relation: It states that its left-hand side,
viz. y;, only depends on coefficients y;, where

i <ii+tig=j=i—p-p<i

because p > 0. In other words, y; can be expressed in terms of coefficients with
lower indices. This means we have a unique formal solution, and we need to show
that the series obtained in this way converges locally absolutely and uniformly.

It remains to prove that this formal generalized power series is absolutely and
uniformly convergent in a neighbourhood of the origin. To this end we will use a
generalization of Lindel6f’s majorant method. The majorant for our formal solution
is based on taking absolute values of the coefficients of f and of the initial values.
Thus we set

F/9y() ==Y, [fpol?/40r =1y ))°.
p,0=0

This series is known to converge because f is analytic and hence has an absolutely
convergent series expansion. We then look at the Volterra equation

m—1

ST TR S LN
Y(x)—kgbk! Y |+F(n)/0 o= 1)V F (1, Y (1)) dr. (6.37)

The formal solution Y of this equation may be computed in exactly the same way as
above. It is immediately clear that Y is a majorant for y, and that all coefficients of Y
are positive. Thus, we now need to prove that the series expansion of Y (r) converges
for some r > 0. The positivity of the coefficients of Y then implies that the series
expansion of Y (x) converges uniformly for all x € [0,r], and the majorant criterion
tells us that the expansion of y(x) converges absolutely and uniformly for these x
too.
The idea in the convergence proof of Lindelof is that the finite partial sum

+1
Proa(x) =Y Yix/4, (6.38)
i=0

of the formal solution of (6.37) can be bounded in terms of Py, F and the initial
values. The key observation is the inequality

m—1 _k

AN TN S AP
Pt < 3 b+ r [a=otFerma 639
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that follows from the recursive computation of the coefficients. If we expand the
right-hand side in a series as above, the low order terms up to x(‘+1)/4 exactly can-
cel the left-hand side by construction, while there will in general be additional terms
of higher order. These are all nonnegative because all coefficients involved are non-
negative.

Let us choose some b > 0 and define Cy := ¥} | b¥|y, )| /k!. Moreover let C; :=
MaX(, ) (0.5)x(0.2¢,] [F (¥, w)|/T(n + 1). Finally, define r := min{b, (C/C2)"/"}.
Our goal is now to prove the inequality

|P,(x)| <2C; forall£=0,1,2,... and all x € [0, r]. (6.40)
The proof is based on mathematical induction over . The induction basis £ = 0 is

evident since Py(x) =Yy = |yéo)| < Cj by definition of C;. For the induction step
from £ to £+ 1 we recall that |Pp (x)| = Py (x) and write, using (6.39),

-1, x
[Pri1(x)] < 2 a |y0 |+ %n)/o (x—1)""'F(t,Py(1)) dt

me1

(k) 1 / !
< — + F(t,P(t dr
_lgak!yo| ()t€0x| «(1))]
<C 4 —— F(t,P(t
< C me+UgﬁH( 0(1))

1

<O max P

I'(n+1) (tw)ef0,]x[0,2¢1]
< Ci+7"'Cy £2C.

Thus the sequence of partial sums of the majorant is uniformly bounded on [0, ].
In view of the positivity of all its coefficients it is also monotone. Therefore the
majorant is absolutely convergent, and since it has the structure of a power series,
it is also uniformly convergent on compact subsets of [0, r). Arguing with the usual
majorant criterion, we conclude the same properties for the series expansion (6.31)
which finally tells us that our above interchange of summation and integration was
legal. Thus the proof is complete. g

If n is irrational then we find a slightly different result.

Theorem 6.35. Let n be a positive irrational number. Consider the initial value
problem (6.29) and assume that f can be written in the form f(x,y) = f(x,x",y)
where f is analytic in a neighbourhood of(O,O,yE)O)). Then, there exists a uniquely

determined analytic function y : (—r,r) x (—r",r") — R with some r > 0 such that
y(x) = 5(x,x") for x € [0,r).

Once again we note two corollaries before coming to the proof of Theorem 6.35.
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Corollary 6.36. Let n be a positive irrational number. Consider the initial value

problem (6.29) and assume that f is analytic in a neighbourhood of (0, y(()o)). Then,
there exists a uniquely determined analytic function y : (—r,r) x (=", /") — R with
some r > 0 such that y(x) = y(x,x") for x € [0,r).

This result can be deduced from Theorem 6.35 in the same way as Corollary 6.33
has been shown to follow from Theorem 6.32.

The second corollary is an expansion of the solution y that immediately follows
from Theorem 6.35.

Corollary 6.37. Under the assumptions of Theorem 6.35, y is of the form

yx) =, Fuvt
=ty

Proof (of Theorem 6.35). As in the proof of Theorem 6.32, the assumptions imply
the local existence of a unique continuous solution y of (6.2) where y(0) = yéo). This
time we substitute }..° , ;, izxil +2n into (6.2), and by computations as in the proof of
Theorem 6.32 we obtain relations similar to (6.35) and (6.36) for the coefficients,

namely
(i1)

Firo = % for0<iy <m—1 (6.41)
' 11):
and
)_)iliz = 2 }/mlmzj]jzfmlmzc z )7u1v1 Tee 'yu(;v(; (642)
my+j1=i up+...tusc=ji
my+ja+1=ip vit...+ve=j2

for the remaining cases where the coefficients ¥;,,m, j, j, are given by

S '(my + ji+ (ma+ jo)n+1)
mymy ji j2 C(my+j1+(my+ja+1n+1)

(6.43)

The coefficient y;,;, is uniquely determined in terms of the coefficients correspond-
ing to smaller exponents. Hence we can arrange the exponents with respect to
increasing magnitude and compute each coefficient uniquely from a (sometimes
empty) subset of the coefficients of smaller exponents that have been computed be-
forehand.

The rest of the proof is the analogous to the rational case; we therefore omit the
details. ad

Theorem 6.35 gives us a representation of the solution in terms of an analytic
function y of two variables, whereas the analytic function of Theorem 6.32 (dealing
with rational n) was a function of just one variable. Simple examples show that we
cannot expect the latter to hold in general in the irrational case. We can, however,
construct a representation like the one of Theorem 6.35 in the rational case. The
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problem here is that this representation is not unique any more because many of the
exponents |1 +nV appearing in the form of the expansion shown in Corollary 6.37
may be represented as a linear combination of 1 and » in more than one way (for
example, if n = p/q in lowest terms, then 4 +nv = (L — p) +n(v+¢q)). To illustrate
this phenomenon, we look at a simple example.

Example 6.5. Consider the initial value problem

Dy(x) =y(x),  (0)=0. (6.44)

The unique continuous solution is y(x) = 0. Thus, one possible representation for
y of the form indicated in Corollary 6.37 is obtained by setting y,,,, = 0 for all 4 and
v. Alternatively we may choose yoo = 0, ¥, 0 = su and yo 2, = —sy, for 4 > 1 where
(Su)::1 is an arbitrary sequence that decays sufficiently fast. Then we have

1/2 stu zs 1/2 2u_0

Therefore we can represent the solution in an infinite number of ways. This type of
non-uniqueness obviously applies to all equations of the form (6.29) that obey the
conditions imposed in Theorem 6.32.

A close inspection of the proofs reveals the possibility to obtain comparable
results under the weaker assumption that f only is a C¥ function for some k € N.
Specifically, in the rational case we have:

Theorem 6.38. Let n = p/q where p > 1 and q > 2 are two relatively prime inte-
gers. Consider the initial value problem (6.29) and assume that f can be written in
the form f(x,y) = f(x'/9,y) where f € CI([0,h*] x [y(()o) —K,yéo) + K]) with some
K >0, h* >0and j € N. Then, the solution y of (6.29) has an asymptotic expansion
in powers ofxl/q as x — 0. In particular, the smallest noninteger exponent in this
expansion is n.

If n is irrational then we can prove the following statement.

Theorem 6.39. Let n be a positive irrational number. Consider the initial value
problem (6.29) and assume that f can be written in the form f(x,y) = f(x,x",y)

where f € C/([0,h*] x [0, (h*)"] x b’o — K,y () + K]) with some K > 0, h* > 0 and
j € N. Then, the solution y of (6.29) has an asymptotic expansion in mixed powers
of x and x* as x — 0.

Proof (of Theorems 6.38 and 6.39). The proof is based on a combination of the
proofs of Theorems 6.32 and 6.35, respectively, and ideas of Lubich [120, Corollary
3]. In particular, instead of building up an infinite series expansion for y as in (6.31)
or its counterpart in the irrational case, we only construct a truncated power series
Fn (x), say, plus the remainder term R(x), where the degree N of the truncated series
is to be computed later. In a similar way we expand the function f according to
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Taylor’s theorem in the form of a polynomial in x'/4 and y around the point (0, y(()o))

(in the rational case) or in x, x" and y around (0,0, yéo)) (in the irrational case), plus
the corresponding remainder term. We can then proceed as above and come up with
a relation similar to (6.34), only that the infinite series are now truncated and that
the remainder terms come into the equation. Thus we can find the direct definition
for the first coefficients of the truncated expansion as in (6.35) and the recurrence
relation for the following coefficients as in (6.36) where the latter now does not hold
for all i > p any more but only up to the point that the truncation of the expansion
for f permits. This determines the value N where our truncated series yy ends. It
is then evident that yiy (x) has an asymptotic expansion of the required form, and a
straightforward estimation of the remainder term R(x) based on the generalization of
(6.34) shows that the remainder only contains higher order terms that do not destroy
the asymptotics of § = yy + R. O

The theorems above have given us a large amount of information about the
smoothness properties of the solutions of fractional differential equations, and in
particular about the exact behaviour of the solution as x — 0, most notably the for-
mal asymptotic expansion. In a concrete application however it may be possible to
say even more. An aspect of special significance, for example in view of the devel-
opment of numerical methods, is the question for the precise values of the constants
in this expansion, and most importantly the question whether certain coefficients
vanish. A suitable generalization of the Taylor expansion technique for ordinary
differential equations described in [88, Chapter 1.8] could be useful in this context.
Precise results in this connection seem to be unknown at the moment though.

6.5 Boundary Value Problems

In this final section of this chapter we move away from the initial value problems
discussed so far and turn our attention towards boundary value problems. Many dif-
ferent types of boundary conditions are conceivable; we restrict ourselves to those
types that appear to be most significant. For further reading, in particular with re-
spect to other classes of problems, we refer to the survey of Agarwal et al. [4].

As always in this chapter, the differential equation under consideration is

Dipy(x) = f(x,y(x)),  x€[0,T], (6.45)

with some n > 0.

We know from the theory of initial value problems that the number of conditions
that we must impose in order to obtain reasonable existence and uniqueness results
is [n]. Thus, we first look at the case 0 < n < 1 where it is appropriate to impose
exactly one boundary condition. The most natural form for such a condition is

ay(0)+by(T) =c¢ (6.46)
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with certain constants a, b, ¢ € R. In this case we can reformulate the boundary value
problem as a Fredholm integral equation in the following way.

Lemma 6.40. Let 0 <n < 1, a,b,c € R and a+ b # 0. Moreover assume that f :
[0,T] xR — R is continuous. Then, the function y € C[0,T] is a solution of the
boundary value problem (6.45), (6.46) if and only if it is a solution of the integral
equation

y(x) =

$+% [t

e rEa MO (647)

Two special cases of this result need to be mentioned: If » = 0 then (6.46) reduces
to an initial condition, and thus we recover Lemma 6.2. And if @ = 0 then (6.46)
becomes a terminal condition and we are in the situation of Theorem 6.18.

Proof. Equation (6.47) implies

90 = =~ Fr o b = )@
and . ’
W)= o5 T a0 o)

from which (6.46) follows. Moreover, an application of the differential operator D7),
to both sides of (6.47) yields (6.45). Thus, y solves the boundary value problem if it
solves the integral equation.

On the other hand, if y solves the differential equation (6.45) then we know from
Lemma 6.2 that it also satisfies the Volterra equation

) =3(0)+ s [ o= e (648

with some (presently unknown) quantity y(0). Taken at x = T this reads

1

_n)/OT(T_t)nlf(ta)’(t))dt.

o(T) =5(0) + ¢

We can plug this into the boundary condition (6.46) and derive

(a+b)y( b/ T—0)"" f(t,y(t))dr = (6.49)

Now we solve (6.48) for y(0) and insert the result into (6.49) which yields
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atb [+ n—1 b o n—1
(a0 = F [ e s at s [T =0 o) =
which is equivalent to the Fredholm integral equation (6.47). O

Remark 6.15. In the case a+ b = 0 we can only obtain the weaker result that any
solution of the boundary value problem (6.45), (6.46) satisfies the integral equation

%n)b/j(r — O () dr.

This follows by proceeding as in the second part of the proof of Lemma 6.40 up
to (6.49) which is just what we have claimed. However, we cannot deduce that any
solution of this integral equation solves the initial value problem.

The substantial difference between (6.47) and the integral equation of Remark
6.15 is that the former is an integral equation of the second kind whereas the lat-
ter is an equation of the first kind. It is well known that Fredholm equations of the
second kind are much more well behaved than those of the first kind with respect
to questions of existence and uniqueness of solutions and the continuity of the solu-
tions with respect to the given data [109].

Lemma 6.40 immediately allows us to deduce a simple existence and uniqueness
theorem (see also [16]).

Theorem 6.41. Assume the hypotheses of Lemma 6.40. If additionally f satisfies
a Lipschitz condition with Lipschitz constant L with respect to its second variable,
and if

bl )
LT" (14 <I'(n+1 6.50
then the boundary value problem (6.45), (6.46) has a unique solution'y € C[0,T).

Proof. From Lemma 6.40 we can see that we need to prove that the operator A,
defined by

M) = g+ /x(x—t)”’lf(t,y(t»dt

m*ﬁ

has a unique fixed point. It is clear that the operator maps C[0, T] into itself and that

|Ay(x) — AF(x)] < %'/Ox(x_t)nflv(t?y(t)) sl
|a+b|/ A,y () = £(2,5(0))] de
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L bl "

m”y_y”w (/0 (X—t)"ildt—km A (T—t)"ldt)

L |b|
< ——T" 14+ ——— — 9|
~I'(n+1) ( |a—|—b|) by =3

which implies, under our assumption, that A is a contraction. Thus, by Banach’s
fixed point theorem, we obtain that A indeed has a unique fixed point. a

Under slightly different conditions we can also derive an existence theorem.

Theorem 6.42. Assume the hypotheses of Lemma 6.40. If additionally f is uni-
formly bounded by an absolute constant then the boundary value problem (6.45),
(6.46) has a solution'y € C[0,T)].

Proof. We use the same operator A as in the previous proof. Our goal is now to show
that it has at least one fixed point. To this end we want to invoke Schauder’s fixed
point theorem. Thus all we need to show is that X := {Ay:y € C[0,T]} is a relatively
compact set. A necessary and sufficient condition for this to hold is contained in
the Arzela—Ascoli Theorem: We need to show that X is uniformly bounded and
equicontinuous. But the uniform boundedness of X is a trivial consequence of the
definition of A and the boundedness of f, and the equicontinuity can be shown just
as in the proof of Theorem 6.1. O

In the theory of differential equations of integer order, the most important class
of boundary value problems is the one with second order differential equations, i.e.
equations where one imposes two boundary conditions and not just one as we have
done so far. Transferred to Caputo-type fractional differential equations, this corre-
sponds to equations of order n € (1,2). Thus we shall now take a look at this type
of equations. Once again we begin by converting the given boundary value problem
into an equivalent Fredholm equation. We shall impose two boundary conditions
similar to those of (6.46); however, in line with classical theory, we now allow first
derivatives of the solution at the end points O and T to appear in addition to the
function values themselves. Thus, our boundary value problem now has the form

Dipy(x) = f(x,y(x)), (6.51a)
ajoy(0)+ajiy' (0)+bjoy(T)+bj1y'(T) =¢;  (j=1,2), (6.51b)

with some n € (1,2). The equivalence result then reads as follows.

Lemma 6.43. Let 1 <n <2, aj,bj,ck €R (j=1,2, k=0,1) and assume that
f:10,T] xR — R is continuous. If the matrix

Mo aio+bio an+Thio+bn
"o \ax+by ax+Tby+ b

is regular; then we have that y € C'[0, T| is a solution of the boundary value problem
(6.51) if and only if it is a solution of the Fredholm integral equation
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x) = o + oo+ ﬁ /0 S )" (e y(e)) dr 6.52)

where a1, 0p are determined by the linear system

_4\n—1 _ \n—2
¢ _/OT {blo(TF(;)) +bn (17—:(71? oy }f(t,y(t))dt

()T
JO

T = }f(W(t))dt

(6.53)

At first sight (6.52) looks like a Volterra equation. However, this is not the case as
is evident from the definition of the quantities ¢ and a,: The Fredholm operators
on the right-hand side of (6.53) enter (6.52) in this way.

Proof. The proof is very similar to the proof of Lemma 6.40. We apply Lemma 6.2
to find the equivalence of the differential equation with the integral equation (6.52)
with certain constants o and ;. The differentiability of the solution follows from
Theorem 6.25. The two boundary conditions provide two linear equations that allow
to determine the constants o and o ; the resulting equation system is just (6.53).
We leave the details to the reader. O

Based on this result we can now formulate analoga of Theorems 6.41 and 6.42.
We begin with the latter.

Theorem 6.44. Assume the hypotheses of Lemma 6.43. Moreover let f be uniformly
bounded by an absolute constant. Then, the boundary value problem (6.51) has a
solutiony € C'[0,T].

Proof. We proceed much as in the proof of Theorem 6.42: We use Lemma 6.43 to
rewrite the boundary value problem in the form of the integral equation (6.52), note
that the existence of a solution to this equation can be interpreted as the existence
of a fixed point of a properly chosen operator A with Ay(x) being defined as the
right-hand side of (6.52), and use the boundedness of f to deduce the existence of
such a fixed point via Schauder’s theorem. a

Finally, the uniqueness theorem reads as follows.

Theorem 6.45. Assume the hypotheses of Lemma 6.43. Moreover let f satisfy a
Lipschitz condition with respect to the second variable with a sufficiently small Lip-

schitz constant. Then, the boundary value problem (6.51) has a unique solution
yeC'o,T].

Remark 6.16. In the case of boundary value problems of order n € (0,1), we also
have existence and uniqueness only if the Lipschitz constant of f is sufficiently
small. It is evident from (6.50) that the maximal allowed value L of the Lipschitz
constant in this connection depends on the parameters of the boundary condition,
i.e. on the values a, b and T. Similarly, in the case 1 < n < 2 under consideration
now, the allowed value of the Lipschitz constant will depend on a i, bjx and T'.
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Proof. The proof goes along the same lines as the proof of Theorem 6.41. We omit
the details. O

We conclude the treatment of boundary value problems for Caputo differen-
tial equations at this point and only note, for further reference, that other types of
boundary conditions are occasionally used as well; see, e.g., the discussion in [4].
Moreover, in principle, boundary value problems of higher order can be treated in
an analogous manner. However, in view of their minor significance in practice, we
shall not discuss this topic here explicitly.

Exercises

Exercise 6.1. Fill in the details of the first part of the proof of Lemma 6.2.
Exercise 6.2. Give explicit proofs for Corollaries 6.6 and 6.7.

Exercise 6.3. Show that, as claimed in the proof of Lemma 6.19, the function
@ : R, — R defined by @(x) := (g + &3)E,(&x"), is the solution of the integral
equation

Bx) = &+ 65+ %/Ox(x— "1 dr,

Exercise 6.4. Consider the fractional differential equation

DI y(x) = 2+ xy(x)

with initial condition y(0) = —1. For this initial value problem, construct the oper-
ator A from the proof of Theorem 6.5 and determine the first five elements of the
corresponding Picard iteration sequence.

Exercise 6.5. Consider the fractional differential equation

DIy (x) = x+ (xy(x))?

with initial conditions y(0) = 3 and y'(0) = 1. For this initial value problem, con-
struct the operator A from the proof of Theorem 6.5 and determine the first three
elements of the corresponding Picard iteration sequence.

Exercise 6.6. Give a proof for Theorem 6.27.
Exercise 6.7. Fill in the details of the proof of Lemma 6.43.
Exercise 6.8. Provide the details of the proof of Theorem 6.45.

Exercise 6.9. Compute the maximal allowed value of the Lipschitz constant of f
mentioned in Remark 6.16.



Chapter 7
Single-Term Caputo Fractional Differential
Equations: Advanced Results for Special Cases

With the fundamentals of a theory for fractional differential equations with Caputo
derivatives being in place now, we next attempt to give some additional informa-
tion on certain particularly important special cases of equations. Specifically this
includes a more precise analysis of the properties of solutions to linear equations
in Sects. 7.1 (where we will look at initial value problems) and 7.2 (which is fo-
cused on boundary value problems), the investigation of the long-term behaviour
of solutions defined on sufficiently large (and, in particular, unbounded) intervals
in Sect. 7.3, and a brief look in Sect. 7.4 at how singular equations can lead to so-
lutions with properties that differ substantially from those that we have seen for
regular problems in Chap. 6.

7.1 Initial Value Problems for Linear Equations

In the first two sections of this chapter we restrict our attention to a special class of
equations that nevertheless is very important in many applications: linear fractional
differential equations. It is a common observation in many areas of mathematics
that the linearity assumption allows to derive more precise statements. The same
holds true for fractional differential equations. In particular, explicit expressions
for the solutions of such equations can often be obtained. We have already found
a special case of this situation in Theorem 6.11. In general it turns out that the
Laplace transform is an extremely useful tool for the analysis of linear fractional
differential equations; we shall use it here too. The fundamental definitions and
properties of this transform are repeated in Appendix D.3. We begin the investiga-
tions in this section by providing generalizations of the integration theorem and the
differentiation theorem for Laplace transforms (parts (c) and (d) of Theorem D.11)
to Riemann-Liouville fractional integrals and Caputo fractional derivatives. It is
rather obvious that for n € N we recover the classical statements. Here and through-
out the rest of the text we denote the Laplace transform operator by .Z.

K. Diethelm, The Analysis of Fractional Differential Equations, 133
Lecture Notes in Mathematics 2004, DOI 10.1007/978-3-642-14574-2_17,
(© Springer-Verlag Berlin Heidelberg 2010



134 7 Single-Term Caputo Equations: Advanced Results

Theorem 7.1. Assume that f : [0,00) — R is such that L f exists on [sg,) with
some sy € R. Let n > 0 and m := [n]. Then, for s > max{0,so} we have

1
LRI = 5210)

and

LDpf(s) = 5" Lf(s) zs" L0 (0).

Proof Let g(x) = x*~!/I"(n). Then, by Example D.I (b) and the linearity of
the Laplace transform, .Zg(s) = 1/s" for s > 0. Moreover, by definition of the
Riemann-Liouville integral operator, Jj f is the convolution of f and g, and there-
fore the convolution theorem (Theorem D.11 (b)) implies that

LIF) = L8(s) Z1(5) = L (5

for s > max{0,s0}.
Furthermore, we recall that D7, f = J;' "D" f, and thus — in view of what we
have just shown and the differentiation theorem -

S D)

LD f(s) = LIy "D" f(s) =
:Snm<m$f zsmkfkl()>

= S"Zf(s) zs" (), 0

Using these results we are in a position to solve another example equation that is
slightly more advanced than the equations considered in Theorem 6.11.

Example 7.1. We are looking for the solution of the initial value problem

Dipy(x) = —y(x) —q(x),  ¥(0)=2,

with some n € (0, 1) and some function g.

The approach is based on the Laplace transform method. Applying the Laplace
transform to the initial value problem, we derive

" Ly(s) = 25" = — Ly(s) — Lq(s)

in view of Theorem 7.1 and Example D.1. We solve this equation for .£y(s) and
obtain

25! _ Zy(s)
"1 s
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Now we need to find the inverse Laplace transforms of the functions on the
right-hand side. From Theorem 4.5 we know that

n—1
z2(x) = Ep(—x") = ZLz(s) = T
Moreover, we have for this function z that
L7 (s) = s.L7(s) — z(0) = s —1=- !
. o . av= ST+ 1 Tt

by the differentiation theorem for the Laplace transform. Combining this with the
convolution theorem for the Laplace transform, we find

V() = 2B (—x") + /qu(x - t)%En(—t”)dt.

We can actually generalize the observations of this example and develop an ex-
plicit formula for the solution of a simple class of equations, the linear equations
with constant coefficients. We shall once again discover the significance of the
Mittag-Leffler functions E, and E;, ,, .

Theorem 7.2. Let n > 0, m = [n] and A € R. The solution of the initial value
problem

Dipy() = Ayx) +q(x),  YPO) =3 k=0,1,....m=1),  (7.1)

where g € C[0,h] is a given function, can be expressed in the form

m—1
=3 W x) +5(x) (7.22)
k=0
with
Jhq(x) ifA =0,
7.2b
A/ (x—1t)ug(t)dr if A #0, (7.25)

where ug(x) := Jke,(x), k=0,1,...,m— 1, and e, (x) := E,(Ax").

Remark 7.1. In the case 0 < n < 1 we may use the above mentioned definitions
of ugp and e, to rewrite the representation (7.2) of the solution of the initial value
problem in the form

3(0) = YO Eu (") 4 /0 S ge— " E (A dr (7.3)
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which holds both for A = 0 and A # 0. Using the power series expansion of the
Mittag-Leffler functions one can easily see that this is equivalent to

y(x) = y(()O)En(?Lx") + /qu(x— t)t"ilE,,,n(?Lt")dt

Alternatively we may rewrite (7.3) as

y<x>:yé(’)En(xx")+n'/0x<x—r)"*lE:,u(x—r)")q(r)dr. (7.4)

In the limit case n — 1— this reduces to the well known formula

R L

that is usually derived by the variation-of-constants method. For future reference we
note that (7.4) remains valid in a vector-valued setting, i.e. if y and g are functions
mapping to RY for some N, y(()o) € RY, and A is an N x N matrix. More information

about such multi-dimensional problems will be given at the end of this section.

Proof (of Theorem7.2). In the case A = 0 we have that e, (x) = E,(0) = 1 and there-
fore uy (x) = x* /k! for every k. Thus the claim can be verified by a direct application
of the relevant differential operators to the given representation of y.

For A # 0 we will prove the following facts:

(a) The functions u; satisfy the homogeneous differential equation Du; = Auy

(k=0,1,...,m — 1), and they fulfil the initial conditions u,(()( 0) = &;
(Kronecker’s delta) for j,k=0,1,...,m—1

(b) The function J is a solution of the inhomogeneous differential equation with
homogeneous initial conditions

Then, the superposition principle gives the claim.
Concerning (a), we know that

Thus,
A j W Jj+k

() = ; C(1+jn+k)

Using this representation, we can see that u; solves the homogeneous differen-
tial equation (cf. the proof of Theorem 4.3). Moreover we see that u,((k) (0) =
DFJke,(0) = e,(0) = 1. For j < k we have u,(( )(0) = DiJke,(0) = T e, (0) =0
because of the continuity of e,, and for j > k we find

) (0) = D/ e, (0) = DV e, (0) = 0
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because
l P /'112 x2n

W =14 F ey T Fiean

which implies

. A’xﬂ‘f’k*j 12x2n+k7j
DIk = ...—0
en(x) F(1+n+k—j)+1“(1+2n+k—j)+ -

for x — 0 (recall that 1 < j—k < m — 1 < n). This completes the proof of (a).
Concerning statement (b), we have

— 5 [ a =5 [at-ndna
_ %/qu(t)e/ (x

The first factor in the integral is continuous by assumption and the second factor is
(at least improperly) integrable. Thus the integral exists everywhere and is a con-
tinuous function of x, and $(0) = 0. Moreover, for n > 1 (i.e. m > 2) we have, by
the standard rules for the differentiation of parameter integrals with respect to the
parameter,

D3() = 1 [ aeix—0)ar+ a2 ¢,(0).
=0

By the same argument as above (continuity of g and at worst weak singularity of e/
we see that §'(0) = 0. Proceeding in this manner, we find that

= / k+1) —1)di

for k=0,1,...,m— 1, and in all these cases the argumentation gives Dky(O) =0.
Thus § satisfies the required homogeneous initial conditions, and it remains to prove
that it solves the inhomogeneous differential equation. To this end we write

e (u) = diue,,(u) dd (lu )= lnu”ilE,;(?Lu”)
o - o A iyni—1
= Anu" 1 ]( — AU 1
S Tk § §
and thus

3 L, 1 /x & Ad(x—r)int

= dt = — d
5) = 7 [, d0ebtx =)= 1) 3,
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Hence

oo =

Dioi(x) = 3 AT DI () = 3 AT g (x)

j=1 J=1
= 3 M) = a(0) + XA a(x) = a(x) + A5().
j=0 =1

j=

The interchange of summation and integration or, respectively, summation and dif-
ferentiation is possible here in view of the convergence properties of the series
expansion for ¢}, and the continuity of g. a

In practice two special cases of linear fractional differential equations are of par-
ticular importance because they can be interpreted as fractional generalizations of
two fundamental integer-order differential equations of physics. These two classical
equations are the relaxation equation

Dy(x) = —uy(x) +q(x),  (0) = yo, (7.5)

and the oscillation equation

Dy(x) = —py(x) +q(x),  y0)=y", Dy(0)=y", (7.6)

where in both cases we assume t > 0 for physical reasons.
We begin our considerations that will lead to the desired fractional generalization
with the classical relaxation equation (7.5). As is well known, its solution is

y(x) = e~H* <y0+/ q(t)e”’dt> :yoe*”ﬂ-/ g()eh =) dt
0 0

which is just the case n =1 and A = —u of (7.2). The solution decays exponentially
as x — oo, Incidentally, this decay behaviour is our reason for choosing u > 0; the
choice y < 0 would lead to a blow-up of the solution and hence to instabilities that
are physically impossible in the systems usually described by such an equation.

A natural generalization to our fractional setting would consist of replacing the
first-order differential operator by D7}, with some suitable n while keeping the initial
condition unchanged. Thus, since our initial condition only relates to y itself, we
may choose an arbitrary n € (0,1). In this way we derive the so-called (simple)
fractional relaxation equation

Diigy(x) = —uy(x) +4q(x),  ¥(0)=yo, (1.7)

with 0 <n < 1 and u > 0. The solution of the homogeneous equation is given by

yhom(x) = yOEn(_.uxn)
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according to Theorem 7.2, and it turns out that this solution behaves in a way that
differs somehow from the behaviour mentioned above in the case n = 1:

Theorem 7.3. Let 1 >0, 0 < n < 1 and up(x) = E,(—pux").

(a) The function ug is completely monotonic on (0,), i.e. (—1)*D*ug(x) > 0 for
every x > 0 and every k € Ny.
(b) For x — oo we have

—n

PTRE) (140(1)).

up(x) =

In other words, the solution decays algebraically, i.e. much slower than the ex-
ponential decay known for the classical first-order relaxation equation. (Statement
(a) implies that the solution is monotonically decreasing since Dug is nonpositive;
statement (b) shows the speed of the decay.) A process showing this very slow decay
behaviour is sometimes called ultraslow [82]. The classical proof of this theorem is
based on an analysis of the properties of the Laplace transform of u( in the com-
plex plane. It requires methods beyond the scope of this text, and therefore we shall
not include it here. The details of this proof may be found in the original works
of Gorenflo and Mainardi [80, 81]. However, it is possible to provide an alterna-
tive proof that avoids the use of Laplace transform techniques. We shall provide the
necessary machinery in Sect. 7.3 and return to this question there (cf. pp. 162ff.).
For the moment we only present the plots of Fig. 7.1 showing the case u = 1 for
the purpose of illustration. Notice that the dash-dotted line corresponding to n = 1
shows the classical solution e™; it is apparent that this function decays much faster
than the three others.

Fig. 7.1 Plots of E,(—x") for n = 1/4 (continuous line), n = 1/2 (dashed line), n = 3 /4 (dotted
line), and n = 1 (dash—dotted line)
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In a similar way, we can see that the (simple) fractional oscillation equation

Dloy(x) = —uy(x) +q(x),  y(0) =y Dy(0) =y (7.8)

with 1 <n < 2 and u > 0 generalizes the classical oscillation equation (7.6). The
corresponding homogeneous problem has the two linearly independent solutions

up(x) = E,(—ux") and uy (x) = Jouo(x)

according to Theorem 7.2. We can say something about the behaviour of these two
functions as well.

Theorem 7.4. Let 1 >0, 1 <n <2 and up(x) = E,(—px") and uy(x) = Jouo(x).
Then, for x — oo we have

—n 1-n

m(l‘f’O(l)) and Ml(x):

T2 (14 o0(1)).

up(x) =

Thus the decay is once again algebraic, but (as is evident from Figs. 7.2 and 7.3,
again displaying the case i = 1) not monotonic. In particular, we rediscover the
classical solutions ug(x) = cosx and u;(x) = sinx in the graphs for n = 2; these
functions of course do not decay at all. A proof of the theorem is given in [81, §3].

Theorems 7.3 and 7.4 give us some valuable information about the speed of the
decay of the function ug(x) = E,(—ux") and its first primitive u;. A related impor-
tant question is the question for the changes of sign of #y. Some simple properties
can already be read off from Figs. 7.1 and 7.2. A more precise statement is contained
in the following result.

10

N—

Fig. 7.2 Plots of uy(x) for n = 5/4 (continuous line), n = 3 /2 (dashed line), n =7 /4 (dotted line),
and n = 2 (dash—dotted line). |t = 1 was chosen in all cases
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Fig. 7.3 Plots of u; (x) for n = 5/4 (continuous line), n = 3 /2 (dashed line), n =7 /4 (dotted line),
and n = 2 (dash—dotted line). L = 1 was chosen in all cases

Theorem 7.5. Consider the function uy(x) = E,(—ux") with some > 0.

(a) In the case 0 < n < 1, ug does not have any zeros on [0, o)
(b) In the case 1 < n < 2, the number of zeros of ug on [0,°°) (counting multiplici-
ties) is finite and odd

Remember that in the case n = 2 we had ug(x) = cosx which has infinitely many
zeros on [0, o).

Proof. Theorem 7.3 tells us that, for 0 < n < 1, uy decays monotonically on [0, o)
and that lim,_... up(x) = 0. Hence it cannot have any zeros which proves (a).

For statement (b) we first note that the property 1o (0) = 1 is a direct consequence
of the definition of uy and the power series expansion of the Mittag-Leffler function
E,. In addition we note that the asymptotic result of Theorem 7.4 tells us that, for
large x, ug(x) behaves as x™”/I"(1 —n). Since we now have 1 < n < 2 we find that
I'(1—n) <0, and hence we see that ug(x) approaches 0 from below. Thus u(x) < 0
for sufficiently large x. It follows that the number of zeros of uy must be finite
and odd. O

It would certainly be of interest to find out the precise location of the zeros of u
in the case 1 < n < 2 or the values of n for which the number of zeros changes. The
author is presently only aware of some first steps towards a conclusive answer to
these questions that can be found in the work of Gorenflo and Mainardi [80]. Their
results deal with the normalized case u = 1. Obvious substitutions can be used to
transfer them to the general case. In fact they have computed the Mittag-Leffler
functions numerically and found the relations between n and the number of zeros
of ug indicated in Fig.7.4. The transition from k to kK + 2 zeros, say, takes place
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1 zero
9

3 zeros
9

5 zeros
9

7 zeros
9

9 zeros
9

11 zeros

13 zeros

[ [ [ [ [ [ [ [ [ [ [ [ [ [ Tn
1 140 141 156 1.57 1.64 1.65 1.69 1.70 1.72 1.73 1.75 1.76 1.78

Fig. 7.4 Number of zeros of u( for u = 1 and various values of n (horizontal axis not to scale)

in the gaps marked with a question mark. Unfortunately, more precise analytical
results concerning the location of the transition points in the general case seems to
be unavailable at the moment.

Apart from these data related to the transition points, Gorenflo and Mainardi also
give some information about the location of the zeros of u( themselves. In particular
they prove the following results.

Theorem 7.6. If € > 0 is sufficiently small then the function ug(x) = E,(—x") with
n =1+ € has exactly one zero x* > 0. This zero satisfies the relation

x=(1+0(1))In(2/e) ase—0.

It thus turns out that x* grows towards o at a very slow rate as € — 0. The proof
is again based on estimating the Laplace transform of u( in the complex domain;
we refer to [80, §4] for the details. Notice however that the approximation x* =
(1+0(1))In(2/¢) is actually quite accurate already for moderately large values of €.
Take, for example, € = 1/4,i.e. n = 5/4. Then, the estimated value for the location
of the only zero of g is In(2/€) = In8 ~ 2.08, which matches the exact value very
nicely as can be seen by a look at the plot of g in Fig. 7.2 (the continuous line).

In a similar way one can investigate the behaviour as n — 2:

Theorem 7.7. The function ug(x) = E,(—x") withn =2 — & has Z(€) zeros in [0, ),
where Z(€) is an odd number for all € € (0,1) that satisfies the relation Z(€) =
122 (1 +0(1))Ine~! as € — 0. Denoting the largest of these zeros by x*, we
have that x* = 12n~'e 1 (1 +0(1))Ine " as € — 0.

Once again we refer to [80, §4] for a proof of this result and restrict our com-
ments to the observation that a comparison of numerically computed values for the
largest zero and the asymptotic value of Theorem 7.7 shows that the asymptotic ap-
proximation is less accurate than the one of Theorem 7.6 in the sense that now &
must be much closer to 0 in order for the approximation to be good in terms of the
absolute error.

An asymptotic formula for the location of all zeros of Mittag-Leffler functions
(i.e. not only the zeros located on the negative real axis) has been provided by
Sedletskij [173]. His result can be applied to two-parameter Mittag-Leffler func-
tions with arbitrary parameters. In the special case that we have dealt with in the
two theorems above, it reads as follows.
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Theorem 7.8. Let 0 < n; < 2 and ny > 0. Then, for each m € Z we have
Epn, ny(2m) = 0 where

. . _ _ m
Im = (27r1m—n11,,2(1n27r|m|—|—1§sgnm)+yn2+0(|m| ")+ O(|m| 11n|m|))

with some constants T,, and Yy, that only depend on n.

We refer to the original article of Sedletskij [173] for a proof of this theorem and
for some additional information, in particular for further results concerning Mittag-
Leffler functions with differently chosen parameters.

In this context we can also note that a discussion of the location of the non-real
zeros of one-parameter Mittag-Leffler functions may already be found in the early
paper by Wiman [192]. Moreover, the recent work of Seybold and Hilfer [174]
contains some numerical data on the location of the zeros of the two-parameter
Mittag-Leffler function Eg g ¢.9. Their methods might be applicable to obtain corre-
sponding data for other Mittag-Leffler functions too. Finally we mention the work
of Gorenflo et al. [79] who have provided a numerical algorithm for the computa-
tion of function values of Mittag-Leffler functions and their derivatives. Of course, a
combination of this method with a standard rootfinding algorithm like the Newton-
Raphson scheme can yield numerical values for the zeros of Mittag-Leffler functions
with given parameters.

The considerations in this section have so far only dealt with linear equations
with constant coefficients. If we allow equations with nonconstant coefficients then
the theory becomes much more cumbersome. Nevertheless there are still some re-
sults that we can prove. Thus the object of interest is now the fractional differential
equation

Dipy(x) = f(x)y(x) + g(x) (7.92)

subject to the initial conditions
YO) =y (k=0,1,...,[a] - 1). (7.9b)

We begin with a very simple theorem.

Theorem 7.9. Let n > 0, m = [n] and f,g € C[0,h] with some h > 0. Then, the
initial value problem (7.9) has a unique solution y € C"~'[0, h].

Proof. The fact that the initial value problem has a unique continuous solution
on the complete interval [0,4] follows from the basic existence and uniqueness
result given in Theorem 6.8. The differentiability property is a consequence of
Theorem 6.25. O

A theoretical method that sometimes provides useful information on the solution
of the initial value problem (7.9) is based on a concept whose foundations are similar
to a concept used in the proof of Theorem 6.8. Specifically we rewrite the initial
value problem in the Volterra form and rearrange some of the terms, thus obtaining
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0 =S+ [0 o) + 500
Y _k:OyO kT Jo s

Zyo C o Re(a) + o ) e owan a0

Here we now define

m—1 xk
T ()= Y 5 5 + ) (7.11)
k=0 :

and see that 7* is continuous on [0, 4] if g is continuous in the same interval. Intro-
ducing the notation

k(x1) = = (x=1)"" (1),

1
I'(n)

we then write

and

0/(x) = I 000 = [ K0 (=12,

Finally we define the jth iterated kernel kj for j =1,2,... via the recurrence relation
"X
ki(or) = k(r,t) and  k;(xf) = / koo, Dk 1 (T,0)de (j=2,3,...).
t

Armed with these tools we can then prove an explicit representation for the solution
of (7.9):

Theorem 7.10. Let f,g € C[0,h] and n > 0. Then, the unique solution y of the initial
value problem (7.9) in the interval [0,h] can be expressed in the form

3(x) = T*(x) + /0 "R, 6T (1) di

where T* is defined in (7.11) and the function R is given by

In particular, this series is uniformly convergent.

Definition 7.1. The function R introduced in Theorem 7.10 is called the resolvent
kernel of the Volterra equation (7.10).

For the proof we need some auxiliary statements.
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Lemma 7.11. Let f,g € C[0,h] andn > 0. For j = 1,2, ..., we have:

(a) kj is continuous on {(x,1) : 0 <t <x < h}.
(b)

Ik;j (xt)l_ﬁl\fllj( "

and k; is continuous on the closed triangle {(x,t) : 0 <t <x <h} for j > 1/n.

(c)
X) :/0 kj(x,1)T

Proof. Part (a) follows directly from the definition of the k;.

The proof of (b) is based on the induction principle. The induction basis (j = 1) is
an immediate consequence of the definition of k. For the induction step (j — 1 +— j)
we have, in view of the definition of k and the induction hypothesis,

k(x| = /txk(x,r)kj,l(r,t)dr
Jj—1 X .
< Il i el [ o =)D e
< 1 |f||c{o) )/x(x_T)nfl(,t_t)(jfl)nfld,r

T I ((j— n

I Vi
W TG~ 1)

which proves the desired inequality. The continuity is a direct consequence of this.
For statement (c), we also proceed by mathematical induction. The induction

basis (j = 1) is an immediate consequence of the definitions of 7%, ¢; and k;. For the

induction step (j — 1 +— j), we use the definition of ¢; and the induction hypothesis

and find
x):/oxk(x,t)q)j,l(t)dt / (x,1) /kj 1(¢,7)T*(7)dzdr.

In view of statements (a) and (b), the integrability of all the functions involved here
is not a problem, and in particular we may interchange the order of integration. This

yields
/ /k kio1(6,T)T(7)dedt

:/0 T*(r)'/r k(x,t)kj,l(t,r)dtdr:/(;xT*(r)kj(x,r)dr

as required. a

»j
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Proof (of Theorem 7.10). We first show the uniform convergence of the series that
defines the resolvent kernel. In this context the first [1/n] summands do not play a
role; it is sufficient to look at the series 2}":“ /n] kj (x,7). For this series, Lemma
7.11 (b) provides the majorant

+1

o L in—1 S AL e LS IR
E (x—1)"' < E 2 p = = E .
j:ﬂ/ﬂﬂr(]”) hj:(1/n1+1 r(jn)

j=ripm Tn)

which, using the root test, is easily seen to converge. This implies the uniform con-
vergence. We stress at this point that this uniform convergence result does not imply
the continuity of R since the first few summands of the series may be unbounded
and hence discontinuous. Nevertheless, in view of Lemma 7.11 (a), R is at least
continuous on the set {(x,7) : 0 <t < x < h}. Moreover, we may combine this uni-
form convergence result with the statement of Lemma 7.11 (c) to conclude that the
series 3.7 ¢; 1s uniformly convergent too.

To show that the solution y can be expressed in the indicated manner, we note
that (7.10) and (7.11) reveal that

3(x) = T (x) + /0 "k (1) dr.

On the other hand,
X hd X ind
RT3 = 3 [T 06 = 3 a5
0 j=1 0 j=1

:w xkx, i dr = xkx, S i d
3 [ knoa= [k 3 o0

in view of the definition of R, Lemma 7.11 (c) and the definition of ¢;. Thus, in
order to complete the proof it suffices to show that

We had already noted that the series on the left-hand side of this equation is
uniformly convergent. Since all its summands are continuous on [0, 4], the limit
function is continuous too. Our proof of the identity is based on our knowledge that
y is the unique solution of the integral equation

m—1 k

)= S G+ gy fy 7 G0 g0
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If we can show that the series 37 ¢; solves this integral equation too, we will
have accomplished our goal. To this end, we use the definitions of T*, k, ¢y and
¢;, j=1,2,..., and note that the uniform convergence allows us to interchange
summation and integration to write

o . | . N
T4 =T+ g [ = 0 T 00
_m,l (k)x_k n L X W oo '
_lZz)yO k1+-’0g()€)+1_‘(n)/0 (-x_[) lf(t)jg(‘)(])j(l)dt

k1 - -
- zygk>ﬁ+m/0 (x—1) 1<f(t)j26¢j(t)+g(t)> . g

k=0

Occasionally it is of interest to augment the explicit series representation of the
resolvent kernel above by the following result stating that the resolvent kernel itself
is the solution of an integral equation which is closely related to our original one.

Theorem 7.12. Under the assumptions of Theorem 7.10, the resolvent kernel R
satisfies the resolvent equation

R(x,1) = k(x,1) + / “k(x, 1)R(1,1) dT

for0<t<x<h.

Proof. From the series representation of Theorem 7.10 and the fact that the uniform
convergence permits us to interchange summation and integration, we deduce

[ ke or@ndr = [ k) i (t,1 dT_E/ Ko, D (2.0) de

Il
Mx

kjy1(x,t) = R(x,t) — k(x,1). 0
1

J

In Theorem 7.2 and Remark 7.1 we had developed a number of representations
for the solution of initial value problems for linear equations with constant coeffi-
cients. In the multi-dimensional case, i.e. in the case where the unknown solution
y is a mapping to RY for some N and A is an N x N matrix (from now on denoted
by A), these representations require the evaluation of Mittag-Leffler functions of
matrix-valued arguments. While this is no problem in theory since the relevant se-
ries are known to be convergent, it is a most cumbersome method in practice. We
thus now present an alternative approach that is usually much simpler to handle. Our
path follows the lines laid out by Odibat [144] and Bonilla et al. [18]. In order to
retain a close relation to the classical technique for first-order equations [30, §4.6],
we restrict our attention to differential equations of order n € (0,1).



148 7 Single-Term Caputo Equations: Advanced Results

Let us thus consider the fractional differential equation
Dioy(x) = Ay(x) +4(x), (7.12)

with 0 < n < 1,an N x N matrix A, a given function ¢ : [0,4] — C" and an unknown
solution y : [0,] — CV. We shall first discuss the construction of the general solution
for this equation; the initial condition that then leads to a special solution will be
added later.

As usual we start with the homogeneous problem corresponding to (7.12), i.e.
with the case ¢ = 0. In the classical situation n = 1 we know that we can use an
approach of the form y(x) = uexp(Ax) with a suitable vector u. Since we have
already found that the Mittag-Leffler function E,(1x") takes the role of exp(Ax) in
the one-dimensional case, it is natural to seek a solution that is a linear combination
of expressions of the form

y(x) = uE,(Ax") (7.13)

with suitable vectors u € CV and scalars A € C that need to be determined. Inserting
(7.13) into the given homogeneous differential equation

Dipy(x) = Ay(x), (7.14)
we obtain, in view of Theorem 4.3,
UAE,(AX") = AuE,(AX").

Since E,(Ax") # 0 (this follows from Theorem 7.5 for A < 0 and directly from the
power series representation of E,, for A > 0; for complex A it can be proved too),
this implies

Au=Au,

i.e. A must be an eigenvalue of the matrix A, and u must be a corresponding eigen-
vector. Now, if all k-fold eigenvalues of A have k eigenvectors, then we know that
the set of all these eigenvectors is linearly independent and hence it forms a basis of
CN. We have thus shown:

Theorem 7.13. Let Ay,...,Ay be the eigenvalues of A and u'V), ... ,.u™) be the
corresponding eigenvectors. Then, the general solution of the differential equation
(7.14) has the form

y(x) = CgM(E)En(lgxn)

=

with certain constants ¢y € C. The unique solution of this differential equation sub-
Ject to the initial condition y(0) = yq is characterized by the linear system

yo= @M. u™)(er,..en)T.

The linear system for the computation of the coefficients ¢, of the solution of
the initial value problem is obtained by setting x = O in the general solution. The
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fact that the linear system has a unique solution follows because of the above men-
tioned linear independence of the eigenvectors that form the coefficient matrix of
this system.

Example 7.2. The eigenvalues of

2 -1
= 3)
are 1 (with eigenvector (1,1)T) and —2 (with eigenvector (1,4)T); thus the general
solution for the differential equation D,,y(x) = Ay(x) with0 <n < 1 is

) = 1 (i)E,,(x”) o (i) En(—2¢")

with arbitrary constants ¢; and c;. The unique solution that satisfies the initial
condition y(0) = (4,—3)T is obtained by choosing ¢; = —7/3 and ¢; = 19/3.

Of course, it is well known that there exist matrices that do not have a full set of
eigenvectors, i.e. matrices that have a k-fold eigenvalue with some k > 1 to which
less than k eigenvectors are available. In this case, the theory of Theorem 7.13 is not
applicable, and we must resort to a different representation of the general solution.

Specifically we know from elementary Linear Algebra that, given any square
(real or complex) matrix A, there exists a nonsingular matrix B such that @ =
B~ ' AB has the so-called Jordan form

& 0 - 0

o=| 0 2 0 (7.15)
S
0 0 @

where the Jordan boxes are square matrices of the form

b 1 0 0 - 0
0 A 1 0 - 0
o,—| 0 0 A 1 0 (7.16)
0 0 Ay 1
0 0 Ay

with ry, rows and columns. In particular we have ry +r,+...+r; =N, and the eigen-
values of A can be found in the main diagonal of @ in their respective multiplicities.
We note that all diagonal entries of each Jordan block @, coincide with each other.
Different Jordan blocks may have the same diagonal entries though. (For example,
in the Jordan representation of the N-dimensional unit matrix we have k=N, r, =1
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for all u and Ay, = 1 for all u.) In view of the simple structure of a Jordan block, the
system

Dlipzi(x) = Mz1(x) +22(x),

Dilyz(x) = dpz(x), ie. : :
Doz -1 (x) = A'szk*I (x) +2n (x),

DZoZrk (x) = ;Lkzrk (x)

is easily solved by backward substitution and an application of Theorem 7.2 for

each component of z. Evaluating the integrals arising in Theorem 7.2 explicitly, we
find that the columns of the matrix Z = (z;;);,_; with

{0 ifi>j,
zij(x) = xU=DnDI=iE, (Ax)  else

form ry linearly independent solutions of D’} z(x) = @z(x). Observing that

*

E,(®1x") 0 0
Ey(®x") = ; Bl®) - 0 :
: . 0
0 0 Ey(®u?)

it follows that we may combine the results for the individual Jordan blocks into one
system of linearly independent solutions (and hence a basis for the solution space)
of the full system D’},z(x) = @z(x) in a straightforward way. Let us illustrate this
procedure by the example

=
> =

0
1
A

coococo
cooco
coococo
oocoocoo
—ocoocoo

0
0
0

>

3

Here we have k =3, r; =3, » = 1 and r3 = 2. This gives rise to the solutions being
the columns of the matrix

E,(Mx")  X"El(Ax")  x2ME!(Ax") 0 0 0
0 E,(Ax")  XE!(Ax") 0 0 0
0 0 Ep(Aqx") 0 0 0
0 0 0 Ep(Apx™) 0 0
0 0 0 0 E,(Asx") X"E!(Azx")
0 0 0 0 0 Ep(A3x™)

But now, in view of the relation @ = B~'AB, the solution y of the system (7.14) is
related to the solution z created above in a very simple way: We have A = B®B™!
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and hence (7.14) becomes D'}y = B®B ly, ie. DZOB’ly = @B~ !y, Introducing the
substitution z = B! y or, equivalently, y = Bz, we arrive at the equation Dﬁoz(x) =
@z(x) that we have just solved. Thus, we obtain the desired solution y of (7.14) in
the form

y(x) = Bz(x)

where z(x) has the indicated form. We have thus proved the following result.
Theorem 7.14. For each k-fold eigenvalue A of the matrix A we have k linearly

independent solutions of the homogeneous linear differential equation (7.14) that
can be represented in the form

where the ') (x) are N-dimensional vectors whose component functions 77:]([), Jj=
1,2,...,N, are of the form '
O _ 5 0)
7 (x) = Eocj H xHnDHE, (AX"). (7.17)
IJ:

The combination of these solutions for all eigenvalues leads to N linearly indepen-
dent solutions of the system (7.14), i.e. to a basis of the space of all solutions of this
system.

Note that (") (x) = ¢("9E,(Ax"), and so ¢(') must be an eigenvector of A
associated to the eigenvalue A.

Remark 7.2. In the limit case n — 1, Theorem 7.14 reduces to the well known
classical observation that the k solutions of Dy = Ay that correspond to the k-fold
eigenvalue A of the matrix A have the form y(x) = m,_; (x) exp(Ax) where m;_ is a
vector-valued polynomial of degree at most kK — 1 with suitably chosen coefficients.

Example 7.3. The matrix

1 1 1
A=12 1-1
0-1 1

has the single eigenvalue — 1 with eigenvector (—3,4,2)T and the double eigenvalue
2 with eigenvector (0,1, —1)T but no second eigenvector. Thus the general solution
for the differential equation D’,,y(x) = Ay(x) with 0 < n < 1 takes the form

-3 0
y(x) = ¢ 4 | E(—x")+c2 1 | E (2x")
2 —1

+c3 [POE, (2" + PV E! (227
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with arbitrary constants ¢y, ¢, and c¢3 and suitably chosen vectors ¢0) and 2D,
By inserting this representation into the differential equation, rewriting the Mittag-
Leffler functions in power series form and comparing the coefficients of the resulting
power series on both sides of the resulting equation, we find that 20 = (1,0,1)T
and ¢>V) = (0,1,-1)T.

Remark 7.3. We already know that the vector-valued coefficients of the functions
E,(Ax") in the solution representation are just the eigenvectors of A with respect to
the eigenvalue A. Obviously, these vectors are independent of n. The example above
indicates that the coefficients ¢(“*) that arise in the representation of Theorem 7.14
do not depend on n either. Thus we can compute these coefficients by looking at
the special case n = 1 of the problem and use the values obtained in this way for
n € (0,1) too. The advantage of this approach is that the cumbersome calculation via
the power series representation of the Mittag-Leffler function and the correspond-
ing comparison of coefficients can be completely avoided. Rather, it is sufficient to
invoke the classical theory [30, §4.6] that tells us that the vectors ¢(“#) can be ob-
tained in a simple way as the eigenvectors and suitable multiples of the generalized
eigenvectors of A.

Theorem 7.14 holds for any matrix A with complex coefficients. If the given
problem is real, i.e. if the coefficients of A are real, then one is typically interested
in a real solution, i.e. in a solution with real vectors y(g) and real-valued basis func-
tions instead of the complex-valued functions E,(A¢-) and their derivatives. The
approach via Theorem 7.2 and Remark 7.1 never leads us out of the real numbers
in such a case and thus automatically provides such a real solution, but it involves
the cumbersome computation of Mittag-Leffler functions of matrix arguments. The
method of Theorems 7.13 and 7.14 avoids this complication but it does not always
produce a real solution directly since the eigenvalues and eigenvectors of a real ma-
trix need not be real. However, we may construct a real solution from the solution
provided by Theorem 7.13 in the usual way that is commonly employed for first-
order equations [30, pp. 80—81], namely by considering the real and imaginary parts
of the complex solutions, respectively:

Theorem 7.15. If A is a real matrix and the set of solutions of the system (7.14)
constructed in Theorem 7.14 contains complex functions, then a purely real basis
of the set of solutions can be obtained by the following manipulation: For each k-
fold nonreal eigenvalue A = a+ ib, remove the solution vectors n(g), L=1,...,k
associated to this eigenvalue and those corresponding to the eigenvalue A=a—ib
from the set of solutions constructed in Theorem 7.13, and insert the vectors T
and 79 (¢ =1,...,k) instead, where

(—1
2000 = 3 3 Rec Wat (DE,((a+ib)e") + DB, (a — ib)2")
n=0
(-1 1 Yy
-y Zlmcﬁ o) i (DME,((a+1b)x") — D*E,((a —ib)x")
n=0
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and

0w =3 %Imcﬁﬁv%ﬂ" (D*Ey((a+ib)x") + DMEy((a — ib)¥")
u=0
5 L geolth)
+ 2, 5:Re c; Mt (DM E,((a+ib)x") — DM Ey((a — ib)x").
u=0

We only illustrate Theorem 7.15 by means of an example and leave the proof
as an exercise. Here we merely note that the power series representation of the
Mittag-Leffler functions implies that expressions of the form D*E,(z) + D*E,(Z)
and (D*E,(z) — DME,(z))/i that arise in this theorem are indeed real.

Example 7.4. The eigenvalues of the matrix

-1 0
A= 21—
3.6

— O O

are —1 and 1=+ +/54i with eigenvectors (58,—31,6)T and (0,4+/6i,2)T, respec-
tively. Thus, Theorem 7.13 is applicable, and we derive that the general complex
solution for the differential equation D,,y(x) = Ay(x) with0 < n < 1 is

*

58 0
yx) =c1 [ =31 | Es(—x") +c2 | V6i | En((1+V/54i)x")
6 2

0
tes | =V6i | Ea((1—V54i)x")
2

with arbitrary cy,c2,c3 € C. A solution using real-valued functions can be given as

58
y(x) =c1 | =31 | Eo,(—X")
6

| 0 0
+5 el o] +e| V6 {En((1+\/5_4i)x”)+En((1—\/5_4i)x”)}

2 0

| 0 0
A ECIRG [E,,((H\/%)xﬂ)—En((l—\/%)xﬂ)}

2 0

with arbitrary cy,c2,c3 € R.
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We have thus completed the fundamental theory of homogeneous linear systems
of fractional differential equations with constant coefficients. In particular we have
found methods to compute all their solutions. Hence we are in a position to handle
the corresponding inhomogeneous problem (7.12) in a very simple way by invoking
the variation-by-constants approach described in Theorem 7.2 and Remark 7.1.

7.2 Boundary Value Problems for Linear Equations

Let us briefly leave the area of initial value problems and turn our attention towards

boundary value problems for a short time. We keep, however, our restriction on the

class of differential equations under consideration to the linear equations.
Specifically, we consider the problem

Dioy(x) = f(x)y(x) + g(x), (7.18a)
Uil =¢;  (i=12,...,0) (7.18b)

where
Ujly] = ajoy(0) +a;1y'(0) +bjoy(T) + b1y (T) (7.18¢)

with some o € N, n > 0, given functions f,g € C[0,T| and given parameters a j, b ji
and c; (see also (6.51)). Evidently we shall be looking for a solution on the interval
[0,T]. It is clear that the set of solutions of the corresponding homogeneous problem,
i.e. the special case of (7.18) where g = 0 and c¢; = 0 for all j, is a linear space that
we shall denote by Dyop,. Our first fundamental result then looks as follows. Here
and in the following, we write m = [n] as usual.

Theorem 7.16. Lety,,...,y, be linearly independent solutions of the homogeneous
differential equation associated to (7.18a), and let r be the rank of the matrix

Uil - Uilym]
Mhom = : :

Uslyi] + Uslym]

Then, the solution space Dyon, of the homogeneous boundary value problem has the

property
dim Dy, =m—r.

Proof. The general solution y of the homogeneous differential equation has the form
y =20 04k (04 € R). The homogeneous boundary conditions lead to the system

o
Miom | =0. (7.19)
Oy
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By assumption, the rank of My, is r, and hence the system has m — r linearly
independent solution vectors o/\/) = (Ocl(j), . .,Oc,(,,j))T, j=1,...,m—r. Now con-
sider the functions ¥; = X", a,g'/)yk, j=1,...,m—r.These are m — r solutions of
the homogeneous boundary value problem. To see that they are linearly indepen-

dent, we proceed as follows. Assume that

0= Bi5i=>, ( 06;5”[%’) Vi-
= 1

k=1 \ j=

The linear independence of the y; implies that all the coefficients in the parentheses
must vanish. We can combine these m scalar conditions into one condition in vector
notation,

But we already know that the o) are linearly independent, and thus we conclude
B; =0 forall j. This completes the proof of the linear independence of the functions
Vi,j=1,....m—r.

It remains to show that every solution y of the homogeneous boundary value
problem can be expressed as a linear combination of the functions ¥,...,9,—,. To
this end, let y be such a solution of the homogeneous boundary value problem.
Since it must in particular be a solution of the homogeneous differential equation, it
must have a representation in the form y = Y | ok, and since it also satisfies the
boundary conditions, the coefficients oy have the property (7.19), and we had seen
above that the vector o = (01, ...,04,)T can be written as a linear combination of
the a(j), j=1,2,...,m—r, with coefficients ﬁj, say. But this implies

m m m-—r () m-—r m (') m-—r
yx) =Y o=, Y, o Bivi =Y B; D, o vk = BiF;
k=1 =1 j=1 s R =

which is the required property. a

For the inhomogeneous boundary value problem we can state the following
result.

Theorem 7.17. The general solution of the boundary value problem (7.18) has the
form y = Yhom + Yinhom Where yhom is the general solution of the associated homo-
geneous problem and yinhom is a particular solution of the inhomogeneous problem.

Proof. In view of the linearity of the problem, this statement can be proved by the
usual elementary methods from Linear Algebra. a

Note that we do not claim that a solution of the inhomogeneous problem exists.
It only describes the structure of the set of solutions if a particular solution exists.
The next theorem provides a criterion that allows us to determine whether this is the
case or not.
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Theorem 7.18. Letyy,...,ym be linearly independent solutions of the homogeneous
differential equation associated to (7.18a), and let § be a particular solution of the
inhomogeneous differential equation (7.18a) itself. Moreover denote

Uil - Uibm] e =UIJ]
Minhom :=
Usiil -+ Uslym] co—Usly]

Then, the inhomogeneous boundary value problem (7.18) has a solution if and only
if the matrix Miphom has the same rank as the matrix Myon, introduced in Theorem
7.16.

Proof. Any solution y of the inhomogeneous differential equation (7.18a) can be
expressed in the formy = §+ ;" | oxyx. A solution to the inhomogeneous boundary
value problem (7.18) thus exists if and only if we can find constants ¢y, ..., &, such
that

Cj:Ujb]:UjW]+éakUj[yk] (jZl,Z,...,O').

Clearly, this is the case if and only if

o c1—Ui[f]
Mhom = :
Oy co —Usly]

But it is well known from Linear Algebra that this is equivalent to the requirement
that the coefficient matrix My of this system have the same rank as the extended
matrix obtained by adding the column vector on the right-hand side of the equation
to the matrix, i.e. the matrix Miphom- O

Obviously, the case that the matrix My, iS a square matrix, i.e. the case ¢ = m,
is particularly important. In this situation we can give the following information.

Theorem 7.19. Consider the boundary value problem (7.18) subject to the condi-
tion 6 = m. Let Myom be defined as in Theorem 7.16.

(a) If detMyom # O then the homogeneous boundary value problem associated to
(7.18) only has the trivial solution yhom = 0, and the inhomogeneous problem
(7.18) itself has a unique solution

(b) If detMpom = O then the homogeneous boundary value problem associated to
(7.18) has nontrivial solutions

Proof. Using elementary Linear Algebra, this immediately follows from the pre-
ceding theorem. O
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7.3 Stability of Fractional Differential Equations

We shall now leave the class of boundary value problems and return to focus our
attention on initial value problems. Having gained some insight into the behaviour
of linear equations, we now consider the general case and turn our attention towards
the question for the stability of a given fractional differential equation (or, more
frequently, for a system of fractional differential equations). In the classical case
of integer-order equations, this is a well known and important area of research.
Various notions of stability are commonly discussed; we refer to [30, Chapter 5]
and the references therein for a nicely readable introduction. As indicated in this
reference, stability issues are usually investigated for first-order equations, i.e. for
equations requiring only one initial condition to guarantee the uniqueness of the
solution. We restrict our attention here to a class of problems that is as close to this
case as possible. Thus our object of study in this section is the differential equation

Dyy(x) = f(x,y(x)) withn € (0,1). (7.20)

Here y may be a function mapping to RY for an arbitrary N € N; of course f must
then be defined on a suitable subset of RV*!. In the classical case n = 1 one would
allow arbitrary initial points [30, Chapter 5]; Theorem 6.17 allows us to do the same
in the fractional case.

When talking about stability, one is interested in the behaviour of the solutions
of (7.20) for x — oo. Therefore we will only consider problems whose solutions y
exist on [0,e0). Moreover, a few additional assumptions are required that we will
impose throughout this section. The first of these assumptions is that f is defined on
aset G:=[0,00) x {w € RV : ||w|| < W} with some 0 < W < 0. The norm in this
definition of G may be an arbitrary norm on R". Our second assumption is that f
is continuous on its domain of definition and that it satisfies a Lipschitz condition
there. This asserts that the initial value problem consisting of (7.20) and the initial
condition y(0) = yo has a unique solution on the interval [0,) with some b < o if
llvol] <W. And finally we assume that

f(x,00=0  forallx>0. (7.21)

This condition implies that the function y(x) = 0 is a solution of (7.20). Under these
hypotheses we may formulate our main concepts.

Definition 7.2. (a) The solution y(x) = 0 of the differential equation (7.20), subject
to the assumptions mentioned above, is called stable if, for any € > O there
exists some & > 0 such that the solution of the initial value problem consisting
of the differential equation (7.20) and the initial condition y(0) = yo satisfies
lly(x)|| < € for all x > 0 whenever ||yo]| < 0.

(b) The solution y(x) = 0 of the differential equation (7.20), subject to the assump-
tions mentioned above, is called asymptotically stable if it is stable and there
exists some ¥ > 0 such that limy_... ||y(x)|| = 0 whenever ||yo| < 7.
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In Sect.6.3 we had seen that, under the usual continuity and Lipschitz
assumptions on f, the solution of a fractional differential equation does not change
much over some finite interval if we perturb the initial values by a small magnitude.
The essence of the notion of stability is the extension of this idea to unbounded
intervals: The trivial solution is stable if a small change in the initial value leads to
a small change of the solution over the complete positive half-line. Obviously this
is much stronger than the continuous dependence on the given data discussed in
Sect. 6.3. Asymptotic stability is even stronger since it requires the solution of the
perturbed problem not only to remain close to the original solution but actually to
converge to the latter.

Remark 7.4. In Definition 7.2 we have only discussed properties of the identically
vanishing solution of a fractional differential equation satisfying the condition of
(7.21). We may transfer these concepts and the results below to the behaviour of
arbitrary solutions of equations that may or may not satisfy (7.21) by a procedure
similar to that used in the proof of Theorem 6.15: A solution y of the differential
equation D y(x) = g(x,y(x)) is said to be (asymptotically) stable if and only if
the zero solution of D z(x) = f(x,z(x)) with f(x,z) := g(x,z+y(x)) — g(x,y(x)) is
(asymptotically) stable.

We begin our analysis by looking at a very simple special case, the homogeneous
linear differential equation with constant coefficients (see also [132]).

Theorem 7.20. Consider the N-dimensional fractional differential equation system
D! yy(x) = Ay(x), where A is an arbitrary constant N x N matrix.

(a) The solution y(x) = 0 of the system is asymptotically stable if and only if all
eigenvalues Aj (j =1,2,...,N) of A satisfy |argA;| > nm /2.

(b) The solution y(x) = 0 of the system is stable if and only if the eigenvalues satisfy
|argA;j| > nm /2 and all eigenvalues with |arg Aj| = nm /2 have a geometric mul-
tiplicity that coincides with their algebraic multiplicity (i.e. an eigenvalue that
is an {-fold zero of the characteristic polynomial has ¢ linearly independent
eigenvectors).

Notice that in the limit case n — 1 we recover the well known classical result [30,
p. 94] that the eigenvalues must have negative real parts in case (a) and nonpositive
real parts and a full set of eigenvectors if the real parts are zero for case (b).

Proof. Theorems 7.13 and 7.14 give us the information about the precise form of
all solutions of the differential equation under consideration. The fact that these
solutions behave in the required way then follows from Theorems 4.4 and 4.6. O

This result enables us to investigate the stability properties of the problems dis-
cussed in Examples 7.2, 7.3 and 7.4.

Example 7.5. (a) The solution y = 0 of Example 7.2 is unstable because the coef-
ficient matrix has the eigenvalue A; = 1 that is real and strictly positive (i.e. it
has argA; = 0). This corresponds to the fact that the associated component of
the general solution, viz. the function (1,1)TE,(x"), grows without bound as
X — o0,
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(b) Similarly, the coefficient matrix of Example 7.3 has a real and positive eigen-
value 2, and so we observe instability in this example too.

(c) The coefficient matrix of Example 7.2 has the three eigenvalues A; = —1 (with
argd; = ), A = 14 +/54i (with arg A, = arccos(1//55) ~ 1.4355) and A3 =
A2 = 1 —+/54i (with argA3 = —arg,). Thus we have asymptotic stability if
and only if n < 2|arg Ay|/m = 2arccos(1/v/55) /m ~ 0.9139 and stability (since
all eigenvalues are simple) if and only if n < 2|arg,| /7.

Remark 7.5. From case (c) of this example we conclude that the stability properties
of the zero solution of a fractional differential equation may depend on the order
n of the equation. Specifically, as is clear from Theorem 7.20, in the case of a ho-
mogeneous linear system with constant coefficients we may say that there exists a
threshold value n*, say, such that the system is asymptotically stable if n < n* and
unstable if n > n*. In other words, the stability properties can be improved by reduc-
ing the order n of the differential operator. An analogous statement applies to other
(nonlinear) types of differential equations. This is a common observation in the the-
ory of fractional dynamical systems [119] where systems tend to exhibit chaotic
behaviour if the order of the differential operators is larger than the threshold value
n* and remain stable if the order is less than n*.

In the non-fractional case, i.e. for n = 1, quite deep results are known in the case
of homogeneous linear equations with non-constant coefficients. Most of the proofs
of these results rely on the fact that explicit expressions for the solutions of the
corresponding differential equations are known. In the fractional case, such explicit
expressions do not seem to be available. Therefore a transfer of these results remains
an open problem.

There are, however, some other methods that one can use to obtain results on
the long-term behaviour of solutions of fractional differential equations. A possible
approach is indicated in [115, Theorem 4.6]. Transferred to our setting, the result
reads as follows.

Theorem 7.21. Consider the initial value problem

Digy(x) = f(x,y(x)),  ¥(0) =0 >0,

where 0 < n < 1 and f :[0,00) X [0,y9] — (—o0,0] is continuous and satisfies
a Lipschitz condition with respect to the second variable. Moreover assume that
f(x,0) =0 for all x. Then, the unique solution y of this initial value problem exists
on [0,°) and satisfies

0<y(x) <y forallx>D0.

Proof. We rewrite the initial value problem in the corresponding Volterra form,

&) =30+ %) [ =),
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and define t30)
_ J f{t,y0) forz> yo,

f62) '_{o for z < 0,
thus extending the domain of definition of f to [0,e) X R. Obviously, this extended
function f is still continuous and fulfils a Lipschitz condition with respect to its
second variable. Thus, by Corollary 6.9, the initial value problem with this extended
function f has a unique solution y. We now need to show that this solution actually
satisfies the inequality 0 < y(x) < yp for all x. This then implies that (x,y(x)) is
always in the original (non-extended) domain of definition of f from which we
conclude that y is also the unique solution of the original initial value problem.

To prove the required inequalities we proceed as follows. Our first observation
is that, since y(0) = yo > 0 and y is continuous, there exists some xo > 0 such that
y(x) > 0 for x € [0,x0]. Now assume that y has a change of sign. Then, we may find
some x; and x, such that 0 < x; < x; and

=0 forx=x,

>0 forO0<x<x,
y(X){
<0 forx; <x<x.

Thus, by definition of f and its extension,

<0 forO0<x<x,
=0 forx; <x<x;.

et §

Introducing this observation into the Volterra equation above, we find that

0>y(x)=yo+ ﬁ/oxz (x2 — )" f(t,y()) dt

1 x| ne 1 X2 n—
YO‘FW/O (x2—1) lf(t,y(t))dt—i—m/m (x2a—1) lf(t,y(t))dt
y()jt%n)/oxl (2 — )" f(t,(2)) dt

_yo+ﬁ/x1 (1 =) f (e, y(t)) dt = y(x1) =0

which is the required contradiction that shows that y cannot have a change of sign.
Thus, y(x) > 0 for all x > 0.

Using this observation, we then conclude from the Volterra form of our initial
value problem, using the fact that f(¢,y) < 0 for all r and y by definition, that
y(x) < yo.

Finally, the strict inequality y(x) > O then follows from Corollary 6.16. a

Under additional assumptions we may also say something about the limit of y(x)
as x — oo,
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Theorem 7.22. Assume the hypotheses of Theorem 7.21. Moreover, assume that for
all a > 0 and all continuous functions Y : [0,00) — [a,yo] there holds

im JG[f (Y ()] (x) = —ee.
Then,
lim y(x) =0

X—>o0
if the limit exists.

Proof. In view of Theorem 7.21 it is clear that 0 < y(x) < yg for all x, and hence
limy—.. y(x) > 0 if the limit exists. We shall prove indirectly that the limit must be
zero. To this end let us assume that lim, ... y(x) = A > 0. We may then find an x
such that y(x) > A /2 for all x > xo. Now we define

_ Jy(x)  forx> x,
Y(x) = {y(xo) for x < xo.
Obviously, Y is a continuous function satisfying ¥ (x) > A /2 for all x > 0, and from
the Volterra form of the initial value problem under consideration we see that

y(x) =yo+ 5L (y()Ix) = yo+J51F (5 y() = £ Y ()] (x)
+I6 (Y ())I()-

On the right-hand side of this equation, the first term is a constant and the last
term tends to —eoo as x — oo by assumption. We shall show below that the second
term remains bounded as x grows. Form this observation we then conclude that
y(x) — —oo as x — oo which contradicts the fact that y(x) > 0 that follows from
Theorem 7.21. Thus, our assumption lim,_,.. y(x) > 0 must be false.

To prove the boundedness of the second term in the equation above for x — oo,
we write

B =LY O = s [ = (es@) - f0.Y 0)] s

and observe that the term in brackets vanishes for r > x( by definition of Y. Thus,

Mo lf Cy() = (Y ()] ()]

e /Oxo (x— )" (1, (0)) f(f,Y(t))}dt‘

IN

0 _ \n—1
sup ]\f(t,z)|/0 (x—0)""dt

r (n) t€[0,x0],2€[0,0

2
= — sup ft,2)|(x" = (x —x0)").
T et )

The expression on the right-hand side is easily seen to be a positive and monotoni-
cally decreasing function of x and hence bounded as required. a
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Remark 7.6. A particular situation where the assumptions of Theorem 7.21 are
satisfied is the case of a homogeneous linear fractional differential equation, i.e. the
case f(x,z) = —(x)z, with some nonnegative continuous and bounded function u.
If, in addition, u(x) > uo > 0 for all x > 0 with a suitable constant i, then Theorem
7.22 is applicable too. A sufficient condition for this to hold is that t(x) = yo is a
positive constant.

These observations now place us, as indicated in Sect. 7.1, in a position to prove
Theorem 7.3 without using Laplace transform techniques.

Proof (of Theorem 7.3). The function uy under consideration in Theorem 7.3 is
the unique solution of the homogeneous fractional relaxation equation D7 uo(x) =
—Hup(x) with some pu > 0 subject to the initial condition ug(x) = 1. This corre-
sponds to the case f(7,z) = —uz of Theorems 7.21 and 7.22. It is easily seen that
the assumptions of both these theorems are fulfilled. We thus obtain 0 < ug(x) < 1
for all x € [0,0) by Theorem 7.21 and lim,_... utg(x) = 0 by Theorem 7.22.

From the explicit representation of u in terms of the Mittag-Leffler function
and the power series expansion of the latter we find that uo has infinitely many
continuous derivatives on the open interval (0, ) and that lim,_,o ug(x) = —eo. We
can then differentiate the Volterra form of the initial value problem for x > 0 which
yields

i (x) = ——H 1 M /x(x— "Ll (1) dr.
I(n) I'(n) Jo

This is a Volterra equation for u(,. We have seen above that u((x) < 0 for x € (0,¢)
with some € > 0. With this knowledge we can then handle the Volterra equation for
u, in the same way as we had done with the equation for y in the proof of Theorem
7.21 to show that u(, does not have a change of sign. A repeated application of this
step (differentiation of the Volterra equation and showing that the solution does not
change its sign) then gives the properties of the derivatives of uq stated in part (a) of
Theorem 7.3.

A particular consequence of the results that we have just proved is the fact that u
is a monotonically decreasing function that converges to zero as its argument grows
to . It is therefore worth trying to model the asymptotic behaviour of ug(x) in this
limit case via the approach

up(x) =ex P+o(xP) asx—oo

with certain constants § > 0 and ¢ € R. We may insert this relation into the Volterra
form of the initial value problem to obtain

ex P o) = up(x) =1- Fl:n) '/Ox(x—t)"fluo(t)dt

—i- FC(‘Z) /O'x(x_t)"*lrﬂ dt—|—'/0x(x—t)”710(fﬂ)dt
cn_ TI(1=P)
T  Twm+i—p)

=1- +o(x"P).
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Since we have no term of order x° on the left-hand side, we must not have such a
term on the right-hand side either. Thus the constant 1 and the next highest term on
the right-hand side, i.e. the term involving x*~#, must cancel each other. This yields

1

ﬂ:n and C:m

which proves part (b) of the theorem. O

7.4 Singular Equations

The problems considered so far have all been regular in the sense that the function f
on the right-hand side of the differential equation (6.1a) has been at least continuous
(and, in most cases, even differentiable a certain number of times). In some appli-
cations however one encounters equations where this is not the case. Therefore we
will now conclude this chapter with a section devoted to some results concerning
such singular problems. We will not provide a completely general analysis; rather
we will restrict our attention to some particularly important special cases which will
nevertheless demonstrate a rich variety of phenomena that may be encountered in
the investigation of singular fractional differential equations.

An important and frequently used result in the theory of equations without
singularities was the equivalence between the initial value problem (6.1) and the
corresponding Volterra integral equation formulation (6.2) that we had established
in Lemma 6.2. Our first observation in the context of this section is that in the
presence of singularities we may lose this equivalence. This can be seen from the
following example.

Example 7.6. For 1 < n < 2, consider the integral equation

/X(x B LI (7.22)
0

Dijoy(x) = y(0)=1, y(0)=0. (7.23)

yx) =17

An explicit calculation shows that (7.22) is solved by the functions

r'(1—n/2)
I'(14+n/2)

y(x)=1=+ X2,

Thus we observe that the integral equation formulation has more than one contin-
uous solution. However we also see that neither of these solutions is differentiable
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at x = 0, and therefore these solutions do not satisfy the second initial condition.
We have thus found functions that solve the integral equation (7.22) but not the
corresponding initial value problem (7.23).

A different prototypical example of a singular fractional differential equation that
has important applications in practice has been introduced by Joulin [99] who uses it
to model the propagation of a flame in the context of a thermo-diffusive model with
high activation energies using a gaseous mixture with simple chemistry A — B. In
these circumstances, he shows that the radius of the flame at time x is given by y(x),
where the function y is the solution of the initial value problem

V@)D y(x) = y(x)Iny(x) + Eq(x),  y(0)=0. (7.24)

Here the function g describes a time-dependent point source energy, and therefore
it is assumed to be nonnegative, continuous and integrable on R, and E represents
the intensity of this heat source such that E - ||g||, (0 .) is the total amount of energy
introduced into the system. It is sometimes assumed that g is normalized such that
14|, (0,) = 1; we found it convenient not to impose this requirement. For our pur-

poses it will be useful to state the differential equation in an explicit form, i.e. we

solve it for Di(/)zy and obtain the initial value problem in the representation

Di(/fy(x) = f(x,y(x)) with f(x,w):= lnw—I—E@, y(0)=0, (7.25)
which is equivalent to the original form (7.24). It is immediately evident that the
function f is not continuous in any neighbourhood of the initial point (0,0).

The model described by (7.24) which can be justified in a mathematically rigor-
ous way [110] has some rather natural important questions associated with it. Apart
from the most obvious one for an (exact or approximate) solution for a specific
choice of the parameters E and ¢, one is often strongly interested in the qualitative
behaviour of the solution. Analytically, it is possible to prove the following result
that indicates that we have to deal with a bifurcation phenomenon [8, Theorem 0.2]:

Theorem 7.23. Assume that there exists some xo > 0 such that g(x) > 0 for x €
(0,x9) and q(x) = 0 else. Then, the initial value problem (7.24) has a unique con-
tinuous solution y. Moreover, there exists a critical value Eyic(q) such that

o IfE > Eit(q) theny is defined on [0,0) and limy_,. y(x) = oo

o IfE = Ei(q) theny is defined on [0,0) and limy_,.. y(x) = 1

o If E < E4it(q) then there exists some finite xmax > Xo such that y is defined on
[0, Xmax] and limy_,, . y(x) =0

The proof of this theorem may be found in [8]. It is based on the observation
that the solution of the fractional initial value problem can be written as the solu-
tion of a parabolic partial differential equation that has the classical form for such
equations and that, in particular, does not contain any fractional derivatives. The
required properties then follow from the standard theory of parabolic partial differ-
ential equations.
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Apart from the properties described in Theorem 7.23 above, a number of other
results on analytical aspects of (7.25) are of interest.

The first observation deals with the asymptotic behaviour of the solution y of our
problem (7.25) as x — 0. It is taken from [8, Proposition 1.2].

Theorem 7.24. Assume that q(x) > 0 for x > 0 and that q(x) = qoxP (1 +0(1)) as
x — 0 with some B € [0,1/2). Then, as x — 0, the solution y of the initial value
problem (7.24) behaves as

y(x) = ppx HPR(1 4 0(1))

r(%_g) 1/2

pPg = qu—r 5 B
4 2

where

The simplest special case of this result, § = 0, already reveals that the asymptotic
behaviour of the solution is significantly different from the behaviour that we would
expect from the solution of a nonsingular equation as described by Theorems 6.38
and 6.39. Notice that this result is cited in [7, Proposition 2.1] with a factor \/ﬁ
accidentally omitted. The significance of the condition f < 1/2 in Theorem 7.24 is
explained by the following result taken from [8, Proposition 1.4].

Theorem 7.25. Assume that q(x) = qoxP (1 +0(1)) as x — 0 with some B > 1/2.
Then, as x — 0, the solution y of the initial value problem (7.24) behaves as

y(x) = %x1/2|lnx| (14o0(1)).

So the asymptotic behaviour of the exact solution near the origin changes as the
parameter f3 crosses the value 1/2.

Similar results can be derived in the case that the support of g is unbounded [8,
Theorem 0.1]. More information on related questions may be found in [161]. From
the point of view of applications however the situation discussed in Theorem 7.23 is
by far the most relevant. Stated explicitly, it says that the flame will quench in finite
time if the energy added to the system is smaller than the critical level E;, and it
will burn persistently if the energy is above E.;. For safety considerations it is there-
fore very important to find out the value of E;; (or at least lower bounds for it) if one
is interested in keeping the fire under control. On the other hand, sometimes one is
interested in constructing a permanently burning flame, and then one needs to know
E.i; (or at least upper bounds for it) in order to find an efficient process that uses as
little energy as possible. Thus it is certainly justified to investigate the initial value
problem (7.24) thoroughly, using both analytical and numerical approaches. This is
even more emphasized by the observation [110, p. 570] that Joulin’s ideas can be
carried over to a much larger class of experiments, and so one should expect that a
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successful procedure for (7.24) will also be able to handle models from this large
class too. Such a study of numerical methods for this problem has been described,
e.g., in [54]. From the analytical side however, the knowledge at the moment seems
to be very limited.

Exercises

Exercise 7.1. Let ug(x) = E,(—x") for 1 < n < 2 be the function investigated in
Theorems 7.6 and 7.7. Compute this function numerically and plot the resulting
graph of the function for

ne {1.001,1.01,1.1,1.5,1.9,1.99,1.999}

on a sufficiently large interval. Based on the numerical results, determine the number
of zeros of these functions and give approximate values for the largest and smallest
ZEeros.

Hint: Efficient algorithms for the numerical computation of Mittag-Leffler functions
are described in [79] and [175].

Exercise 7.2. Give a proof for Theorem 7.15.

Exercise 7.3. Give a proof for Theorem 7.24 under the assumption that g(x) =
cj(x)xﬁ where the function § is analytic in a neighbourhood of the origin and sat-
isfies G(0) = qo.

Hint: Assume that the solution y of (7.25) can be written as a generalized power
series, viz. y(x) = 2isoc jxlf . Insert this into the differential equation and compare
left- and right-hand side to determine the values of ¢; and A;, and prove that the
series converges.

Exercise 7.4. Give a proof for Theorem 7.25 under the assumption that g(x) =
cj(x)xﬁ where the function § is analytic in a neighbourhood of the origin and sat-
isfies G(0) = qo.

Hint: Proceed as in Exercise 7.3, except that now the assumption on y reads y(x) =
2;":0 c jxlf' Inx.



Chapter 8
Multi-Term Caputo Fractional
Differential Equations

Up to this point, we have only considered so-called single-term equations, i.e.
equations where only one differential operator is involved. In certain cases though
we need to solve equations containing more than one differential operator. A classi-
cal example is the so-called Bagley—Torvik equation

AD2y(x) + BD2)y(x) + Cy(x) = f(x)

where A, B and C are certain constants and f is a given function. This equation
arises, for example, in the modelling of the motion of a rigid plate immersed in a
Newtonian fluid. It was originally proposed in [184] and is thoroughly discussed,
e.g., in [153, §8.3.2] and, from a numerical point of view, in [44]. Another example
for an application of equations with more than one fractional derivative is the Basset
equation

D'y(x) +bDly(x) + cy(x) = f(x),  y(0) =yo,

where 0 < n < 1. This equation is most frequently, but not exclusively, used with n =
1 /2. Tt describes the forces that occur when a spherical object sinks in a (relatively
less dense) incompressible viscous fluid; see, e.g., [14, 15,125].

A most general type of equations that includes the examples mentioned above
would be

8(x,y(x), Digy(x), Digy(x), ... . Dify(x)) =0

with 0 <nj; <ny <--- < ng and a certain function g. An equation of this type will
be called a multi-term (or, more precisely, k-term) fractional differential equation.
Since for such a general equation almost no results seem to be known, we restrict our
attention to certain special cases (for the most part we will look at explicit equations,
i.e. equations that can be solved for the highest order derivative D'{y(x)) and we
investigate the most fundamental properties.

We first introduce a concept that will be useful throughout the investigation of
multi-term equations and that is applicable to the fully general class of multi-term
equations mentioned above, so there is no need to specialize on a subset of these
equations yet.

K. Diethelm, The Analysis of Fractional Differential Equations, 167
Lecture Notes in Mathematics 2004, DOI 10.1007/978-3-642-14574-2_8,
(© Springer-Verlag Berlin Heidelberg 2010
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Definition 8.1. The fractional differential equation

g(x,y(x),Dihy(x), D3 y(x), ... . Dify(x)) =0

with 0 < ny <mnp < --- < n and a certain function g is called commensurate if
the numbers ny,ny, ..., n; are commensurate, i.e. if the quotients /ny are rational
numbers for all u,v € {1,2,...k}.

Remark 8.1. Some authors (see, e.g., [144]) use this terminology in a different
sense; they apply it to systems of fractional differential equations of the form

D:’(‘)yk(x):fk(x,yl(x),...,yN(x)), k=1,2,....N

and say that such a system is commensurate if n; = ny = ... = ny. We refrain from
this use of the notion and stick to our Definition 8.1 because the latter is more in
keeping with the traditional use of the concept that is common in number theory.

The Bagley—Torvik equation is an example for a commensurate fractional differ-

ential equation in our sense; a counterexample is

Dlyy(x) +D}g"y(x) = 0.
Whether the Basset equation is commensurate or not depends on the precise value
of n: The equation is commensurate if and only if # is a rational number.

Commensuracy is important because it allows us to follow an approach that is
well known from the theory of integer-order differential equations: We may trans-
form the given equation into a system of differential equations involving only one
differential operator. In this way we can invoke the theory of one-term equations as
described in Chap. 6 in order to investigate questions of existence and uniqueness or
to derive other properties of the solutions. Moreover we can use numerical methods
for one-term equations as described, e.g., in the survey article [39] to approximate
the solutions.

It is of course true that the assumption of commensuracy significantly restricts
the class of differential equations that may be considered, but we can say that many
equations derived in physical or engineering applications do have this property.
Apart from the Bagley—Torvik equation, we refer to Koeller’s model of viscoelastic
materials (e.g., copolymers) described in [107, egs. (3.9) and (3.10)]. Specifically
we draw the reader’s attention to the physical motivation of the commensuracy
assumption given by Bagley and Calico in the second section of their paper [9].
Incidentally, Rossikhin and Shitikova [164] have recently pointed out that Koeller’s
equation is just a special case of a more general model for viscoelastic behaviour
introduced in a formally different but equivalent way by Rabotnov [157].

To make the considerations slightly simpler, from now on we introduce the hy-
pothesis mentioned above on the given differential equation: We assume that it can
be solved explicitly for the highest order derivative, i.e. that the differential equation
may be rewritten in the form

Dly(x) = f(x,y(x), Dy (x), D3y (x),... D} " y(x))
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with a suitable function f. Our approach is essentially based on the following
equivalence theorem taken from [45] that we shall extend later. The key statement
of this theorem (and Theorem 8.2 below) is that the situation with commensurate
multi-term fractional differential equations subject to appropriately chosen initial
values is essentially the same as for differential equations of higher integer order:
Such initial value problems may be rewritten in the form of a single-order system of
equations.

Theorem 8.1. Consider the equation
Dify(x) = f(x,y(x), Dy (x), Digy(x), ..., Dig 'y (x)) (8.1a)
subject to the initial conditions
WO =y, =01 ] -1 (8.1b)
whereng >ny_1>...>n1>0,n;—n;_ <1forall j=2,3,...,kand0 <n; <1.
Assume thatn; € Q for all j =1,2,...,k, define M to be the least common multiple

of the denominators of ny,ny,...,n; and set v:= 1/M and N := Mny. Then this
initial value problem is equivalent to the system of equations

Dlpyo(x) = y1(x),
Dy (x) = y2(x),
(8.2a)
Dioyn-2(x) = yn—1(x),
D*Onyl (-x) = f(xvy()(x)vynl/y(x)a cee 7ynk,1/y(x))7
together with the initial conditions
yj(O) = {yoj lf]/M € Ny, (8.2b)
0 else,

in the following sense.

1. WheneverY := (yo,...,yn_1)T withyo € CI"™1(0,b] for some b > 0 is the solution
of the system (8.2), the function y := yy solves the multi-term equation initial
value problem (8.1).

2. Whenever y € CI" [0,B] is a solution of the multi-term initial value problem
(8.1), the vector function Y := (yo,...yn—1)T := (3, Doy, Digy,...,Dggfl)yy)T
solves the multidimensional initial value problem (8.2).

Proof. In the case nj € N for all j we have M = 1 and y = 1, and therefore we re-
cover a standard result from the theory of ordinary differential equations (of integer
order). Thus, from now on we assume that at least one of the n; is not an integer. As
a consequence we have M > 2 and hence 0 < y < 1/2.
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In order to prove the first claim, we have to assume that (yo,...,yy_1)" is a

solution of the system, and we define y := yg. Then, by a repeated application of
Lemma 3.13 (which is legal since ¥y < 1) in combination with the system (8.2a)
we have

DIyy(x) = Dlyyo(x) =y (x),
D2y(x) = DIyDIy(x) = DIy (x) =y (),
D3y(x) = DIyDZy(x) = Dlyya(x) = y3(x),
: (8.3)
Dy y(x) = DIy "y(x) = Dlgyy-2(x) =
Dly(x) = D1yDYGTy(x) = Dlgyy -1 (x)
= f630(%) s Yn, /y(X) -5 Vi /y(X))
= f(x,yo(x),DZ(')y(x),...,DZ’(‘)"y(x)).

yN-1(%),

By definition, Ny = Mny /M = ny, and hence the left-hand side of the last equation is
simply D:’(‘)y(x). Thus the function y satisfies the differential equation (8.1a). More-
over it is evident from the equation system (8.3) that, for £ = 0,1,...,[n;] — 1 we
have

y0(0) = DLy (0) = yy(0) = yo/r(0) =3,

and so the function y also satisfies the initial conditions (8.1b).
For the second claim we have to assume that y satisfies the multi-term equation
(8.1a) and the initial conditions (8.1b). The equation system (8.3) is valid in this case

too, and therefore it follows that the vector-valued function Y indeed satisfies (8.2a)

and the initial conditions y;(0) = y(()j /™) \whenever J/M € Ny. Finally, an application

of Lemma 3.11 reveals that y;(0) = 0 in the other cases. O

In many practical applications one has n; < 1. A close inspection of the proof
reveals that we can relax the rationality condition of Theorem 8.1 in such a case. We
can then state the following modification.

Theorem 8.2. Consider the equation (8.1a) subject to the initial conditions (8.1b)
as in Theorem 8.1. Let now 1 > ny > n_1 > ... > ny > 0, and assume the equa-
tion to be commensurate. Define 0 :=nj/ny for j=1,... .k let M be the least
common multiple of the denominators of the values ny,...,n; and set y := n1/1l71
and N := 1\7Ink/n1. Then this initial value problem is equivalent to the system of
equations (8.2a) together with the initial conditions (8.2b) in the same sense as in
Theorem 8.1.

Remark 8.2. In the case of Theorem 8.2, due to the restriction n; < 1 the initial
conditions (8.2b) of the system can be simplified to

0) ...
yf(0>—{yé’ if j =0,
' 0 else.
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Proof. The proof is identical to the proof of the previous theorem. In that result we
had to impose the rationality assumption only because we needed to make sure that
v is a unit fraction (i.e. 1/7 is an integer). The reason for this was that we had to
combine the given initial values (corresponding to integer order derivatives) with the
system (8.2a) in such a way that we had equations corresponding to integer order
derivatives too. In the present case this is not necessary because the only given initial
condition is related to the function y itself. O

As an immediate consequences of this result, we can deduce an existence
theorem and a uniqueness theorem.

Theorem 8.3. Assume the hypotheses of Theorem 8.1 or Theorem 8.2. Moreover let
K> 01" >0, and G:= [0,1"] x [y — K3 + K] x TI5_, Tj where T; = [~K,K]

ifnj¢ Noand T; = é"j) — K,y(()nj> + K] else. If f : G — R is continuous, then the
multi-term initial value problem (8.1) has a solution on the interval [0,h] with some
h>0.

Proof. By the equivalence statement of Theorem 8.1 or 8.2, respectively, we may
reduce the existence question for the multi-term equation to the existence question
for the vector-valued equation (8.2a) with initial conditions (8.2b). It is then easily
seen that for this equation we may use the existence result from Theorem 6.1 (see
also Remark 6.1) to deduce that a solution exists on the interval [0, &) with a suitable
h>0. O

Theorem 8.4. Assume the hypotheses of Theorem 8.1 or Theorem 8.2. Moreover
define the set G as in Theorem 8.3. If f : G — R is continuous and satisfies a Lip-
schitz condition with respect to all variables except for the first, then there exists
some h > 0 such that the multi-term initial value problem (8.1) has a unique solution
on the interval [0, h).

Proof. As in the proof of Theorem 8.3, we use the equivalence statement of
Theorems 8.1 or 8.2, respectively, to reduce the uniqueness question for the multi-
term equation to the same question for the vector-valued equation (8.2a) subject to
the initial conditions (8.2b). This time we invoke the uniqueness result of the Picard—
Lindelof Theorem 6.5 (see also Remark 6.1) to deduce that the problem (8.2) indeed
has a unique solution. a

Our next goal is to derive some Gronwall-type results. Specifically we show that,
under small variations in the orders 7; in the multi-term differential equation (8.1a)
but subject to the assumption that all other given data remain unchanged, we can
give a uniform bound on the change in the solution on any closed bounded inter-
val [0,h]. We state and prove the result for an equation with two terms, but the
generalisation to multi-term equations is straightforward. Note that a closely re-
lated discussion of similar results that apply to integral equations may be found, for
example, in [20].
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Lemma 8.5 (First Gronwall inequality for two-term equations). Let ny > 0 and
ny,7i1 € (0,ny) be chosen so that the equations

D2y(x) = f(x,y(x),Dlhy(x)) (8.4a)

subject to the initial conditions

¥(0) = 50,5 (0) = ¥,y "D (0) = i1V (8.4b)

and )
D'3z(x) = f(x,z(x), Diz(x)) (8.52)

subject to the same initial conditions

2(0) =y0,2(0) = p, ..z 7D(0) =y Y (8.5b)

(where f satisfies a Lipschitz condition in its second and third arguments on a suit-
able domain) have unique continuous solutions y,z : [0,h] — R. We assume further
that |ny | = |7 ]. Then there exist constants K| and K, such that

ly(x) = z(x)| < Ki|ny — 7ty |Ey, (K22 (8.6)

Sorall x € [0,h].

Remark 8.3. Note that if ny,7,n, are all rational then the equations (8.4) and (8.5)
may be rewritten as systems of equations as described in Theorem 8.1, and both
equations have unique continuous solutions in view of Theorem 8.4.

Proof. The essential steps of the proof are very similar to those encountered in the
theorems in Sect. 6.3: We write the solutions y and z in the form of the equivalent
Volterra integral equations

[np]—1

y) = y,—f!'xf'+$ /(;x(x—t)"rlf(t,y(t),DZ(')y(t))dt (8.7)

j=0 J

and
[np]—1

)= 3 Bt s [T s D)a 68

j=0 J!

and we fix & > 0. Subtracting we obtain the relation

y(x) - 2(x) = ﬁ

=y (200500, D(e) = £0.5(0). DIy 0)))
i b G0 (). Dy e) = f0.20). D7) )
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Now, with m € N chosen so that m — 1 < ny,7i; < m, and bearing in mind that y is the
unique solution to (8.4) on [0,4] we can estimate (using the Lipschitz condition on
f and the definition of the Caputo derivative) the first term on the right-hand side:

|y Jo e 02 (50, D259(0)) = £ (0,50, D24y (1)) ) ] < Kyl 7|

uniformly for x € [0,4]. Moreover we can use the Lipschitz conditions on f in the
second term on the right-hand side to give

|y Jo e 002 (0, (0), DRy(0)~ £0,2(1) DRb(r)) ) dir | < Koy = 2l ()

by evaluating the integral representations of the fractional derivatives of y and z. If
we put §(x) = y(x) — z(x) it follows that

18(x)| < Ki|ny — iy | 4 KaJi? 8] (x). (8.9)
Equation (8.9) now allows us to conclude by means of Lemma 6.19 that
16(x)| < Kiny — iy | Eny (K2h™)

uniformly for x € [0,4] and the proof is complete. a

An analogous statement is true if we vary the order of the other differential
operator.

Lemma 8.6 (Second Gronwall inequality for two-term equations). Let n; >0
and ny, iy € (ny,0) be chosen such that [iiy] = [ny| and so that the equations (8.4)
and

Dz(x) = f(x,2(x), Dlyz(x)) (8.102)

subject to the same initial conditions
2(0) =50,2(0) = ...,z (0) =y 217 (8.10b)

(where f satisfies a Lipschitz condition in its second and third arguments on a suit-
able domain) have unique continuous solutions y,z : [0,h] — R. Then

sup [y(x) —z(x)| = O(ny — 7). (8.11)
x€[0,h]

Proof. The proof is essentially the same as the proof of Theorem 6.22; we omit the
details. ad

We use the conclusions of Lemmas 8.5 and 8.6 several times. First we derive an
existence and uniqueness theorem for more general multi-term nonlinear equations
(with non-commensurate multiple derivatives). As before, we give a proof for the
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two-term equation; the result can be easily generalised for equations with more
terms.

Theorem 8.7. Let the bounded function f : [0,h] x R> — R satisfy a uniform
Lipschitz condition in its second and third arguments and be continuous in its first
argument. It follows that the equation

Dy (x) = f(x,y(x),Diy(x)) (8.12)
where ny > ny > 0, subject to the initial conditions
Dy(0) =y, k=0,1,....[m] — 1,

has a unique continuous solution on [0, h].

Proof. Case 1: nj,ny € Q. We observe that the result is already established when n;
and n; are rational because of Theorem 8.4.

Case 2: np € Q, n ¢ Q. We construct a sequence (n1,j)7 of rational numbers
whose limit is n;. Without loss of generality, we may assume that all members of
the sequence are contained in the interval (|n;],|n; +1]). Clearly by case 1 the
equation (8.12) with n; replaced in turn by each n; ;, subject to the given initial
conditions, has a unique continuous solution ym on [0, 4] whose Caputo derivative
of order n; is also continuous. We now use equation (8.9) together with the fact
that n; j —ny — 0 as j — oo to conclude that the sequence of solutions converges
uniformly on [0, 4] to a continuous function y with D2y also being continuous. It
remains to prove that this function y is the solution of (8.12).

To this end, let us define r;(z) := HDZ(Z)Z—f(',z(~),DZ(l)’jz(')) ll2.[0,s) for any z such
that D2z is continuous. By definition, we immediately obtain r;(yl) = 0 for all ;.
Since ym — yuniformly as j — oo and r is continuous on the space we consider, we
find that

PG =ri(0) =0 s j— e,

Therefore y is a solution of the given initial value problem.

Because of the Lipschitz condition on f, we can prove the uniqueness of the
solution by the usual Picard iteration techniques, i.e. we proceed as in the proof of
Theorem 6.5.

Case 3: ny ¢ Q. Here we use a sequence (15 ;) of rational numbers satisfying
ny <nyj< [ny] for all j and lim;j_.. ny,j = ny. For each j we can use either case
1 or case 2 (depending on whether or not n; € Q) to provide a unique solution to
the perturbed equation obtained by replacing ny by n» ; subject to the unmodified
initial conditions. Then we proceed as in case 2 (but applying Lemma 8.6 instead of
Lemma 8.5) to show that the corresponding sequence of solutions converges to the
unique solution of the original problem. a

Later in this section, we will give an alternative proof of this result, cf.
Remark 8.5.
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We can now use the Gronwall Lemmas to prove the structural stability of the
initial value problem (8.1) even under small perturbations in the orders of the
derivatives.

Theorem 8.8. Let y be the solution of
DIy (x) = f(x,y(x), Digy(x), Dy (x), ... . D' y(x))
with initial conditions
y(j)(O):yéj), J=0,1,... [m]—1
and let 7 be the solution of
Dle(x) = f(.2(x). Diel@). DIgelx). ... DY 2(x)
with initial conditions
0=y, j=0,1,...,[m] -1

where |nj —ii;| < € for all j=1,2,....k. Then there exists some h > 0 such that
both equations have a unique continuous solution on the interval [0,h), and

[y —2zllr.jon = O(€), €—0.

Proof. The theorem follows from the observation that the difference y —z is a
Lipschitz function of n; —7i;, j = 1,2,...,k, because of the Gronwall-type Lemmas
8.5 and 8.6. O

Remark 8.4. 1t follows, by the application of Theorem 8.8, that the solution of any
non-commensurate multi-order fractional differential equation may be arbitrarily
closely approximated over a finite interval [0, 2] by solutions of equations of rational
order (which may in turn be solved by conversion to a system of equations of low
order).

Up to this point, our main approach for handling multi-term equations was based
on rewriting them in the form of a single-term equation for a vector-valued function.
This latter equation has a formally very simple and appealing structure, and the
entire process is quite natural, but the approach has two disadvantages. Firstly, it
only works exactly in the case of commensurate equations (if n; < 1), or, even
more restrictively, in the case of equations with rational orders (if n; > 1). In all
other cases we cannot replace the given multi-term equation by a corresponding
single-order system exactly; we must be content with an approximation. The second
potential problem is not a major obstacle from the analytical point of view but it can
have very unpleasant effects when one tries to employ it for the numerical solution
of multi-term equations as discussed, e.g., in [35,36]: Depending on the exact values
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of the orders n; of the differential operators, the parameter y in Theorem 8.1 or 8.2
may be very small. This means that the dimension of the resulting system, which is
proportional to 1/, may be extremely large. In view of these potential difficulties
we shall now look at a different approach for handling multi-term equations that
will also provide us with an alternative proof of the general existence and unique
result stated in Theorem 8.7 above.

This second approach (which is described, e.g., in [39]) is based on an alternative
way of setting up a mathematical model involving more than one fractional deriva-
tive. Specifically, we may use a system of fractional differential equations where
each equation has an order that may or may not coincide with the orders of the other
equations. To put it more formally, this leads to a model of the type

D'y (x) = fi(x,y1(x),...,yk(x)),

(8.13)
D¥ye(x) = file,yi(x),- - k().

As we shall see it is sufficient for our purposes to assume that 0 < n; < 1 for all j.
This implies that the initial conditions for the differential equation system (8.13a)
have the form

yi0)=yjo  (j=12,....k). (8.13b)

A system of this class will be called a multi-order fractional differential system.
Multi-order fractional differential systems seem to be investigated less frequently
than multi-term equations, but we will now describe some close connections be-
tween the two concepts, and thus the former deserve some attention at least in view
of the fact that they can be very useful tools for the analytical and numerical treat-
ment of the latter.

Once again, we want to rewrite the given multi-term fractional differential equa-
tion in the form of a system of single-term equations. In contrast to the method
described above this system will now be a multi-order system. To this end it will
be useful to assume that all the integers that are contained in the interval (0,ny)
are also members of the finite sequence (n j)/j‘.:l. In other words, it is impossi-
ble for two consecutive elements of the finite sequence (n;) to lie on opposite
sides of an integer number. It is obvious that such an assumption does not lead
to any loss of generality. Then, given the equation (8.1a), we may write f3; := nj,
Bji=n;j—nj 1 (j=2,3,....k),y1 :=yand y; ;== D'y, j =2,3,... k. Note that
under our assumptions on the n; it is clear that 0 < f; < 1 for all j. Then we can
conclude the following equivalence result:

Theorem 8.9. Subject to the conditions above, the multi-term equation (8.1a) with
initial conditions (8.1b) is equivalent to the system
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DYy (x) = (),

DPy;(x) = y3(),
: (8.14a)

DEk Y- (x) = yi(x),
DEk)’k(x) = f X, )1 (x)7y2(x)7 7yk(x))
with the initial conditions

yéo) ifj=1,

Y0 =930 yrn —reN, (8.14b)
0 else

in the following sense:

1. Whenever the function y € C (] [0,X] is a solution of the multi-term equation
(8.1a) with initial conditions (8.1D), the vector-valued function Y := (yy,... ,yk)T

with ©
(- Jylx fj=1
Yj (x):= {D:jly(x) ifj>2, (8.15)

is a solution of the multi-order fractional differential system (8.14a) with initial
conditions (8.14D).

2. Whenever the vector-valued function Y := (yy,...,yx)" is a solution of the multi-
order fractional differential system (8.14a) with initial conditions (8.14b), the
function'y := yy is a solution of the multi-term equation (8.1a) with initial condi-
tions (8.1b).

Proof. The proof proceeds along exactly the same steps as the proof of
Theorem 8.1. a

Example 8.1. Rewrite the initial value problem

D33y(x) = f(x,y(x),D%'y(x),D'y(x), D} ?y(x), DL y(x),
DL7y(x),D*y(x),D3?y(x), D% (x),D*y(x)),  (8.16)

W =y, —j=0123
in the form indicated in Theorem 8.9.

In this case, the approach of Theorem 8.9 gives us the system

DYy (x) = ya(x), DYy, (x) = y3(x),
DY2y3(x) = ya(x), D3 y4(x) = ys(x),
DY?ys(x) = ys(x), D3 yg(x) = y7(x),
DY?y7(x) = yg(x), D?yg(x) = yo(x),
D¥y(x) = yio(x),  D2?yi0(x) = f(xy1(x),y2(x),. .., y10(x))
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with initial conditions

(1)

»0) =3, y0) =Y,
y1(0) =y, y10(0) = »§,
y;(0) =0 for j € {2,4,5,6,8,9}.

We additionally note the exact correspondence between the component functions y;
of the solution of the multi-order system on the one hand and the fractional deriva-
tives of the solution y of the multi-term equation on the other hand, viz.

yi =, y» = D%y, y3 = Dly,
ya = D%y, ys=D!%y, ys=D.7y,
y1=D%,  yg =D, yo =D,
yi0 = D%.

(8.17)

Edwards et al. [59] have developed an alternative approach for the conversion
of multi-term equations to multi-order systems. To describe this method we as-
sume, for the sake of simplicity, that the highest order differential operator is not
an integer-order derivative. Otherwise some small formal modifications in the no-
tation are necessary, but the basic concept and the main results remain unchanged.
The fundamental idea is best explained by looking at the problem from Example
8.1 again. We have two goals in mind. The first one is to retain the structure of the
system (8.17) (in particular, the dimension of the system and the structure of the
initial conditions). On the other hand we want to combine the components y; in a
different way such that the number of non-integer order derivatives is minimized.
This leads us to the system

DYy (x) = y2 (), D'y (x) = y3(x),
D92y3(x) = ya(x), D% y3(x) = ys(x),
DO7y3(x) = yg(x), D'y3(x) = y7(x),
DY?y7(x) = ys(x),  DYOy7(x) = yo(x),
D'y;(x) = yio(x),  D%yio(x) = f(x,y1(x),y2(x),...,y10(x))-

The approach via Theorem 8.9 created ten differential equations of strictly frac-
tional orders whereas we now have seven strictly fractional and three first-order
equations. This feature seems to be attractive from the point of view of computation
cost when such systems are solved numerically: A first-order equation is cheaper
to solve than a fractional-order equation because the operators involved in the latter
are non-local. However, as indicated by Ford and Connolly [66], the structure of the
system may be so inconvenient that the advantage gained by this locality can be lost
completely.
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For a general formal description of this method it is advantageous to express the
multi-term equation in the form

k+6 i &. 5()
D, y(x) = f(x, Dy (x), D> y(x),..., D0 y(x),
1+6
Dly()c)7Di+51'ly(x),...,D*+ 1’fly()c)7..., (8.18a)
k+0y ¢, —
DMy(x)...,D, (),

where 0 < §;1 < ;2 <--- < j, <1forall j. The corresponding initial conditions
are then _
v =y, j=01,. .k (8.18b)

In order to achieve our goal, we define

u—1 k
s(U,0):=c+pu+1+ Y ¢; and N:=slkb)—1=k+ Y (;.
Jj=0 j=0

Notice that NV is the total number of differential operators of strictly positive order in
(8.18a). Thus, in our terminology, (8.18a) is an N-term equation. Using this notation,
we come to the following statement.

Theorem 8.10. The multi-term initial value problem (8.18) is equivalent to the
N-dimensional system

Su.c ~
D yy(u,0)(x) (o)), u=0,1,....k, o=1,2,...,04,

=Js
Dyy(0)(%) = Ysur10) (), H=0,1,.. k=1, (8.19)
S
Dy 00 (%) = Fx,y1(x),y2(5), -, yn (%))
where Oy :={y if 0 < <k and Oy := {; — 1, with the initial conditions

v;(0) = {Oék) if there exists k such that j = s(k,0), (8.19b)

else
in the following sense:

1. Whenever the function y € C*10,X] is a solution of the multi-term equa-
tion (8.18a) with initial conditions (8.18b), the vector-valued function Y :=

()’1»---7)’N)T with

DH*y(x) foro =0,

Vs(u,0)(* ::{ w8y N w=0,1,....k, (8.20)
s(k.0) D, "°y(x) foro=1,2,...,04,

is a solution of the multi-order system (8.19a) with initial conditions (8.19b).

2. Whenever the vector-valued function Y = (y,...,yn)?T is a solution of the multi-
order system (8.19a) with initial conditions (8.19b), the function y :=y; is a
solution of the multi-term equation (8.18a) with initial conditions (8.18D).
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This result has been stated without proof for a subset of the class of equations
described in (8.18a) in [59]. It is evident that the method used in the proof of
Theorem 8.1 above, i.e. a repeated application of our Lemma 3.13, can once again
be used to give a formal proof of Theorem 8.10. We leave the details to the reader.

A useful application of the concepts developed above can be found, as noted by
Ford et al. [67], in the context of single-order fractional differential equations whose
order is greater than 1. Indeed, given an initial value problem of the form

Diy(x) = flxy(®), N ©O) =y (k=0,1,...,[n]-1),  @®2D)

with some non-integer n > 1, we may interpret the right-hand side of the differential
equation formally as a function of x and DXy(x), k = 0,1,...,[n] — 1, that actu-
ally does not depend on D¥y(x), k = 1,2,..., [n] — 1. Then, using our techniques
developed in Theorem 8.9 we may rewrite the given problem in the equivalent form

D'y (x) = ya(x)
=)3

D'y (x) = y3(x),
: (8.22a)
D yiu-1(x) =y (%),
Dl "y (x) = f 31 ()
with initial conditions
w0 =y (k=1,2,....[n]), (8.22b)

i.e. as multi-order system with orders less than or equal to 1. Incidentally we could
have applied Theorem 8.10 instead of Theorem 8.9 as well; in this special case
both approaches lead to the same system. The system (8.22) is a somewhat easier
object for numerical work as some algorithms tend to behave much worse when
applied to equations of higher order. In addition, this concept may be considered an
extension of the well known classical technique for the numerical solution of initial
value problems of higher integer order which consists of rewriting the problem in
the form of a first-order system and solving this system numerically with the help
of an algorithm for first-order initial value problems.

We have not addressed the questions of existence and uniqueness of solutions
for general multi-order systems (8.13a) with the corresponding initial conditions
(8.13b) yet. For systems of the special form (8.14a) or (8.19a) we may use a
reduction to multi-term equations by means of Theorem 8.9 or Theorem 8.10, re-
spectively. However neither of these approaches covers the general case (8.13a). In
order to prove an existence and uniqueness result for the latter we propose to use
a completely different method of proof. Doing so, it is indeed possible to show the
following result that actually covers a class of equations that is more general than
that given in (8.13).
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Theorem 8.11. Letn; > 0 for j=1,2,...,k and consider the initial value problem
given by the multi-order fractional differential system

DYy;(x) = fj(xy1(x),... (%), j=12,....k, (8.23a)
with initial conditions
WOy =y, e=01..[n]-1, j=12,. .k (8.23b)

Assume that the functions fj : [0,X] x RF =R, j=1,2,....k are continuous and
satisfy Lipschitz conditions with respect to all their arguments except for the first.
Then the initial value problem has a uniquely determined continuous solution.

Proof. A componentwise application of Lemma 6.2 shows that the initial value
problem (8.23) is equivalent to the Volterra equation system

11 L
W= 3 R s [ @, ), 620

=0

Jj=1,2,...,k. We then define n := min;n; and rewrite (8.24) in the form

N T e
yjlx) = ; y§3€—+ﬂ/0 (=) ity (@), - yi()) de

for j=1,2,...,k where

J?j(tv)’17~~~7Yk) = ) (x7t>nj7nf]'(taylv"'7yk)'

Introducing the vector notation ¥ := (y,...,y.)T, F := (fi1,..., /)T, and a corre-
sponding expression for the initial values, we can combine these k scalar equations
into one vector equation, viz.

max;[n;]—1 o 1 " _
_ (/)_ - _ \n—1
Y(x) = gg) Y, €!+F(n)/o(x V(Y (1)) di

In view of our assumptions on the f; and the fact that n; > n for all j, we conclude
that all the functions fj are continuous and satisfy Lipschitz conditions with respect
toyi,..., Yk Thus, F is continuous and satisfies a Lipschitz condition with respect to
Y, and in view of some standard results from the theory of Volterra integral equations
[115, Theorem 4.8] (see also [115, Section 3.5]) we can conclude the existence and
uniqueness of a continuous solution ¥ = (y1,..., yk)T. a
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Remark 8.5. Evidently, the combination of Theorems 8.11 and 8.9 gives us a sec-
ond method to prove the general existence and uniqueness result for multi-term
equations, viz. Theorem 8.7.

We have thus presented three different ways to construct a system of single-
term fractional differential equations from a given multi-term equation. The first
approach, described in Theorem 8.1, leads to a system whose constituent equations
all have the same order. While this feature may look appealing, its disadvantages
are that the dimension of the system may be very large and that it is applicable
only if the orders of the differential operators satisfy certain number-theoretic con-
ditions. The second approach is contained in Theorem 8.9. In general, it will lead
to a multi-order system of differential equations, i.e. a system whose equations may
contain differential operators of different orders, but typically none of these orders
will be integers. This concept is always applicable, and it tends to produce much
smaller systems than the first approach. Finally, the third approach (see Theorem
8.10) is very similar to the second one, but it replaces fractional-order differential
equations by first-order equations wherever possible. It is always applicable too, and
it produces systems whose dimensions are the same as those created by the second
approach.

A detailed comparison of these three methods has been provided by Ford and
Connolly [66] whose main goal was to find out which of these schemes was most
suitable for being combined with numerical algorithms for (single- or multi-order)
fractional differential systems in an attempt to create an efficient strategy for the
numerical solution of multi-term equations. Their main result was that the refor-
mulation of the given multi-term equation in the form indicated in Theorem 8.10
usually turned out to give the weakest performance, whereas the two other ap-
proaches were much more efficient. Whether the application of Theorem 8.1 is to be
preferred over Theorem 8.9 or vice versa depends on the precise nature of the given
multi-term equation, particularly on the distribution of the orders of the differential
operators involved. We refer to Appendix C.2 for a further discussion of this topic.

For linear equations, it is possible to derive explicit expressions for the solution.
The two-parameter Mittag-Leffler functions turn out to be very useful tools in this
context. We shall require the following fundamental result concerning the Laplace
transform of certain functions closely related to these Mittag-Leffler functions:

Lemma 8.12. Consider the two-parameter Mittag-Leffler function E,, n, for some
ni,ny > 0. Let j € Ng, a € R and
ze(x) = xj”‘+"271E,(,{?,,2 (Fax™).

>

Then, for s > |a

ny—ny

jls
(Snl :F a)]+1 :
We leave the proof as an exercise to the reader and proceed by using these results
in order to look at one particularly important case explicitly.

Lz4(s) =
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Example 8.2. Solve the Bagley—Torvik equation

D%y(x) + 2Dy (x) + 2y(x) = sinx

with initial conditions y(0) = y'(0) = 0.

As a first approach, we recall that, according to Theorem 8.1, the equation may be
transformed into a four-dimensional system of equations of order 1/2. The precise
form of the system is

/2

D,y yo(x) = y1(x),

DIyi(x) = ya(x),

DYya(x) = y3(x), (8.25)
162% (x) = =2y (x) — 2y3(x) + sinx,

combined with the initial conditions y;(0) = 0 for j =0,1,2,3. We may then adapt
the statement of Theorem 7.2 to this multidimensional setting, i.e. we have to take
into consideration that the parameter A appearing there is now a matrix,

0 1.0 0 00 —1 —1/2
o o1 o] 4 (10 0 o
A=l 0o 1 |# hemee A7=1y 1 o o

20 0 -2 00 1 0

Since we have homogeneous initial conditions we thus derive that the solution of
the system is

yogxg 0
I R IC N Y 0
re= [0 =2 1/0 Wy | g |
y3(x) sin(x — 1)
where il
d d Jy
u(x) = _EI/Z =— Z T(+/2)

is a matrix-valued function. By construction, l’l commutes with u(¢) (for any 1),
and thus

0 sin(x —r)

Y(x):/oxu(t)}fl 8 dt:fi/oxu(t) 0|
sin(x — 1) 0
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Because we were originally interested in the solution of the given Bagley—Torvik
equation, we only need to look at the first component (with index 0) of the vector Y’;

we find | e
() = — /ull(t)sin(x—t)dt
2 Jo

where u;(¢) is the top left component of the matrix u(z).

Since the equation is a linear equation with constant coefficients, we may alter-
natively use the Laplace transform method. Applying Laplace transforms to both
sides of the equation we find

1
$.2y(s) + 252 Ly(s) +2Ly(s) = Lsin(s) =
Thus,
1
f = )
y(s) (2+ 1)(S2_|_2s3/2_|_2)
and we find x
y(x) :/ z(x—1t)sinzdt
0
where 3/2
1 125~ 1 11
£ = 2
Z(S) S2+2S3/2+2 2S1/2+21+2s 3/2 2y1+'}/

1212

with y:= 2573/2 / (sl/ 2+ 2). For sufficiently large s (and for the purpose of Laplace
transform theory it is sufficient to consider these values only) we have |y| < 1, and
therefore we may expand .Z’z(s) using the well known geometric series. This yields

& k,yk k ok+1_S Sk
) g 2 (s1/2 4 2)ktT
oo Yook 5 (k+l)/2

- /ZE)(_ ) (s1/2 4 2)k+1

A term-by-term inverse Laplace transform is possible here and gives, in view of
Lemma 8.12,
- 2k
— k2 2k+1 (k) 1/2
2(x) = k§o(—1) T E g (- 261).

Combining these equations we find the final result,

oo 2k X '
Y(X)ZZ(—I)I{H/O (x— )2k+1E§/)22+3k/2( 2(x—1)"/?)sinr dr.

The reader is encouraged to give an explicit proof that this solution is identical to
the solution obtained by the first approach.
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Yet another possibility to find the solution of the Bagley—Torvik equation is
provided by an application of Theorem 7.13 to the homogeneous equation associ-
ated to (8.25), followed by the use of the variation-of-constants method as indicated
in Remark 7.1 to find a particular solution of the inhomogeneous problem. We leave
the details as an exercise.

Additional special cases of linear multi-term equations are discussed by
Nkamnang [140, §3.5]; the resulting formulas are typically highly complicated
and we do not repeat them here. More results may be found, e.g., in the paper of
Luchko and Gorenflo [123], and in Podlubny’s book [153, Chapters 4 and 5].

Let us close this chapter with a brief outlook: Looking at a general linear multi-
term equation,

k
Z, *oy =g(x)

with some given functions oy, ¢,...,0; and g and 0 = ng < n; < ... < ng, we see
that we can rewrite such an equation as

" Dy () du ) = g0

where (1 is a step function with jumps of unit height at the points n;. If we allow
U to be a more general measure, then this immediately leads us to the so-called
distributed order differential equations. First steps on this topic, concerning both
analytic solution methods and the mathematical modelling of physical problems
with those equations, have been described by Bagley and Torvik [10, 11]; a frame-
work for a numerical approach can be found in the papers [42, 46]. However, the
discussion of this topic is beyond the scope of this book.

Exercises

Exercise 8.1. Give a proof of Lemma 8.6.

Exercise 8.2. Give a proof of Theorem 8.10.

Exercise 8.3. Give a proof of Lemma 8.12.

Exercise 8.4. Show that the two solutions given for Example 8.2 are identical.

Exercise 8.5. Compute the solution of the system (8.25) with homogeneous initial
conditions using the method of Theorem 7.13 and the variation-of-constants method
and verify that its first component is the solution of the initial value problem of
Example 8.2.

Exercise 8.6. Determine the solution of the Bagley—Torvik initial value problem

D2oy(x) + D) y(x) + 29(x) = f(x),  ¥(0) =¥ (0) =0,
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with
@ f(x) = {3 et
(b) () =1.

Exercise 8.7. Consider the initial value problem

DSy (x) = % exp(0)y (W)D%5y (x) + exp(~2x) — [Dly(x)?

for 0 < x < 1, equipped with the initial conditions y(0) = 1 and y'(0) = —1.

(a) Prove that this problem has a unique solution.

(b) Verify that the solution is given by y(x) = exp(—x).

(c) Rewrite the equation in the form of an equivalent system according to Theorem
8.1. Choose the parameters such that the dimension of the system is as small as
possible.

(d) Calculate the first four elements of the Picard iteration sequence for this system
and compare them with the exact solution.
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Appendix A
List of Symbols

In this appendix, we collect a list of all the symbols that have been used in this book.
If necessary, cross-references are also given.

Functions

I ll= Chebyshev norm; || £l = sup,< ;| (¥)]
I-llp Ly norm (1< p <o) [|f]p = (J7 | f(x)[7dx)'/P
-]  Floor function, |x| = max{z € Z:z < x}
[-] Ceiling function, [x] = min{z € Z: z > x}
()  Binomial coefficient, (}) =n(n—1)(n—2)---(n—k+ 1) /k!
forn e Rand k € Ny
By|[f] Nth Bernstein polynomial for the function f,
By[f](t) = T (D)¥(1 = )N * £ (k/N) (see Appendix D.5)
B Euler’s Beta function, B(x,y) = I'(x)["(y)/T(x+Y)
(cf. Appendix D.1)

I'  Euler’s Gamma function, I'(x) = [;"#* le " dr
(cf. Definition 1.2)
v Digamma function, y(x) = I''(x) /T (x)
E, Mittag-Leffler function of order n,
En(x) = X7_ox/ /T (jn+ 1) (cf. Definition 4.1)
Ey, n, two-parameter Mittag-Leffler function,
Eny ny(X) = X7_0x! /T (jn1 4 na) (cf. Definition 4.2)

1F1 Kummer’s confluent hypergeometric function [2, Chapter 13],

o T) & T'latk) 4 3
1F1(a,b,z)—F(a)lgz)r(b+k)k!z (a€R, —b ¢ Np)

189
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oF Gauss’ hypergeometric function [2, Chapter 15],

e e pre+h
o) = Fla+k(b+k
F(a)F(b)kg‘o T (c+k)k! K (a,b€R, —c ¢ Ny)

0,0  Landau symbols

Tj[f;a] Taylor polynomial of degree j for the function f
centered at the point a

Sets

A" A"[a,b] Set of functions with absolutely continuous derivative of
order n — 1 (cf. Definition 1.5)
C,Cla,b]  Set of continuous functions (cf. Definition 1.3)
C*, C¥[a,b] Set of functions with continuous kth derivative
(cf. Definition 1.3)
H*, H*[a,b] Cf. Definition 1.4
Hy, Hy[a,b] Holder space (cf. Definition 1.3)
]

L,, L,ja,b] Lebesgue space (cf. Definition 1.3)

N ={1,2,3,...}, the set of natural numbers

No =Nu{0}

R The set of real numbers

Ry = {x € R: x> 0}, the set of strictly positive real numbers
Z ={0,41,42,43...}, the set of integer numbers
Operators

A; Finite difference of order n; cf. (2.11)

D Differential operator, Df (x) = f’(x) (cf. Definition 1.1)

D" n € N: n-fold iterate of the differential operator D (cf. Definition 1.1)

D} n € R, : Riemann-Liouville fractional differential operator (cf. Definition 2.2)
52 n € R, : Griinwald—Letnikov fractional differential operator (cf. Definition 2.3)
D" Cf. Definition 3.1

D!, n € R, : Caputo fractional differential operator (cf. Definition 3.2)
2" n € R,: Gel’fond-Leont’ev operator (cf. Definition 3.3)

I Identity operator

Ja Integral operator, J, f(x) = [ f(¢)dt (cf. Definition 1.1)
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JI n € N: n-fold iterate of the integral operator J, (cf. Definition 1.1)
n € Ry \ N: Riemann-Liouville fractional integral operator (cf. Definition 2.1)
n = 0: identity operator (cf. Definition 2.1)

JZ’ n € R : Griinwald-Letnikov fractional integral operator
(cf. Definition 2.4)

% Laplace transform operator (cf. Appendix D.3)

® Modulus of continuity of the function g : [a,b] — R,
o(g:h) == sup{|g(y1) —g(y2)| : y1,y2 € [a, b], [y1 —y2| < i}

Other Symbols
~ cljij<:>3A,B>03j0€NVj2joiA§|aj/bj|SB
Remarks

1. The power series for both types of Mittag-Leffler functions converge in the entire
complex plane (cf. Theorem 4.1).

2. The power series for Kummer’s confluent hypergeometric function converges in
the entire complex plane.

3. For the Gauss hypergeometric function, the power series converges for all com-
plex z with |z] < 1 and may be extended analytically into the entire complex plane
with a branch cut along the positive real axis from +1 to +eo. (In the formulas
in Appendix B, we need to evaluate this function for z < 0, so the branch cut for
z > 1 gives no problems.)






Appendix B
A Table of Caputo Derivatives

For the convenience of the reader, we provide this appendix where we give some
Caputo-type derivatives of certain important functions. We do not strive for com-
pleteness in any sense, but we do want to give at least the derivatives of the classical
examples.

Throughout this appendix, n will always denote the order of the Caputo-type
differential operator under consideration. We shall only consider the case n > 0 and
n ¢ N, and we use the notation m := [n] to denote the smallest integer greater than
(or equal to) n. Recall that for n € N, the Caputo differential operator coincides with
the usual differential operator of integer order, and for n < 0, the Caputo differential
operator of negative order can be interpreted as the Riemann-Liouville differential
operator of the same order. Tables of the latter are given in various places in the
literature (cf., e.g., Podlubny [153] or Samko et al. [167]); we are not going to repeat
those results here.

Various special functions will arise in this connection; for the precise definitions
we refer to Appendix A. By i = v/—1 we denote the imaginary unit.

1. Let f(x) = x/. Here we have to distinguish some cases:

0 if jeNgand j <m,
r(j+1)
I'(j+1—n)

X"

(Dof)(x) = if jeNpand j >m

orj¢Nandj>m—1.
2. Let f(x) = (x+c)/ for arbitrary ¢ > 0 and j € R. Then

C(j+1) cfmlynn
I'(j+1—-m)I'm—n—+1)

(Diof)(x) = oFi(1,m— jsm—n+1;—x/c).

3. Let f(x) = exp(jx) for some j € R. Then

(Do f)(x) = j"X" "Et mny1(jx).

193
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4. Let f(x) = x/Inx for some j > m — 1. Then

n x 7}0'7rzn171 _1\m—k+1 J m! F(J_m+1)
D)) =S a1 ()
r(j+1)

5. Let f(x) = sin jx for some j € R. Here again we have two cases:

T
%[—fl(l;m—n—i—l;ijx)
+1Fi (I;m—n+1;—ijx)] (meven),
P
2F(m—n+1)
+HiFi(Iim—n+1;—ijx)] (modd).

(Do f)(x) =

[1F1(1;m—n+ 1;ijx)

6. Finally we consider f(x) = cos jx with some j € R. As in the previous example,
we obtain two cases:

(=1 m/2 m—n .
W[lﬂ(l;m—n-i-l;ux)

+1F(1;m—n+1;—ijx)] (meven),
jmi(_1>(m71)/2xm7n

2I'(m—n+1)

(Dl f)(x) =

[1F1(1;m—n+ l;ijx)

—1Fi(l;m—n+1;—ijx)] (m odd).



Appendix C
Numerical Solution of Fractional Differential
Equations

For most fractional differential equations we cannot provide methods to compute the
exact solutions analytically. Therefore it is necessary to revert to numerical methods.
In order to give the reader a tool that can be applied to a very wide class of equations,
we now present a method that is well understood and that has proven to be efficient
in many practical applications [50, 51, 65, 182, 183]. We begin by discussing this
problem for single-term equations and later extend our idea to multi-term problems.

C.1 An Algorithm for Single-Term Equations

The method can be called indirect because, rather than discretizing the differential
equation
Dioy(x) = f(x,y(x))

with appropriate initial conditions
Dy(0) =y, k=0,1,...,[n] -1,

directly, it requires some preliminary analytical manipulation, namely an applica-
tion of Lemma 6.2 in order to convert the initial value problem for the differential
equation into an equivalent Volterra integral equation,

m—1 _k

9 = 3, 50O+ s [ = s @

k=0

where m = [n]. We shall therefore now look at a method for the numerical solution
of (C.1).

The algorithm that we shall consider can be interpreted as a fractional variant
of the classical second-order Adams—Bashforth—-Moulton method. It has been in-
troduced and briefly discussed in [50]; more information is given in [51]. Some
additional results for a specific initial value problem are contained in [44], a detailed
mathematical analysis is provided in [49], and additional practical remarks can be
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found in [48]. Numerical experiments and comparisons with other methods are
reported in [52, 65, 182, 183]. Here we shall give an even more detailed analysis
under quite general assumptions.

Remark C.1. Before starting the investigations, we need to give a note of caution.
It is common to construct methods for fractional differential equations by taking
methods for classical (typically first-order) equations and then generalizing the
concepts in an appropriate way. The resulting formulas are then usually given the
same name as the underlying classical algorithm, possibly extended by the adjective
“fractional”. However, many classical numerical schemes can be extended in more
than one way. This may lead to the problem that, in two different items of literature,
two different algorithms are denoted in identical ways. Of course, this is a poten-
tial source for confusion, and the reader must be very careful in this respect. For
example, the fractional Adams—Moulton rules of Galeone and Garrappa [70] do not
coincide with the methods of the same name that we shall develop below.

Classical Formulation

In order to motivate the construction of the method, we shall first briefly recall
the idea behind the classical Adams—Bashforth—-Moulton algorithm for first-order
equations. So, for a start, we focus our attention on the well-known initial-value
problem for the first-order differential equation

Dy(x) = f(xvy(x))v (C.22)

y(0) = yo. (C.2b)

We assume the function f to be such that a unique solution exists on some interval
[0,T], say. Following [88, §IIL.1], we suggest to use the predictor-corrector tech-
nique of Adams where, for the sake of simplicity, we assume that we are working
on a uniform grid {t; = jh: j =0,1,...,N} with some integer N and h =7 /N. In
some applications it may be more efficient to use a non-uniform grid, and we will
develop the numerical approximation formulas in this generalized sense. However,
for the subsequent analysis of the properties of the scheme we will then restrict
ourselves to the equispaced case.

The basic idea is, assuming that we have already calculated approximations y; ~
y(tj) (j =1,2,...,k), that we try to obtain the approximation y;;; by means of the

equation
Tkt1

V) =y + [ flzy(z)dz (C3)
T
This equation follows upon integration of (C.2a) on the interval [f;,#;11]. Of course,
we know neither of the expressions on the right-hand side of (C.3) exactly, but we
do have an approximation for y(#), namely y, that we can use instead. The integral
is then replaced by the two-point trapezoidal quadrature formula
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[ steraz 25 st + 4000, 4

thus giving an equation for the unknown approximation yy |, it being

Te+1 — Ik

2 (f (o y(t) + f (1,5t 1))), (C.5)

Vi1 =Y+

where again we have to replace y(#) and y(#.1) by their approximations y; and
Yk+1, respectively. This yields the equation for the implicit one-step Adams—Moulton
method, which is

Tet1 — Ik

> (f(te,yie) + f(tes15Yr41))- (C.6)

Yi+1 =Y+

The problem with this equation is that the unknown quantity y;; appears on both
sides, and due to the nonlinear nature of the function f, we cannot solve for y;;
directly in general. Therefore, we may use (C.6) in an iterative process, inserting a
preliminary approximation for y; in the right-hand side in order to determine a
better approximation that we can then use.

The preliminary approximation yf 1- the so-called predictor, is obtained in a very
similar way, only replacing the trapezoidal quadrature formula by the rectangle rule

b
[ s@)dzx (b= ajsla) 7
Ja
giving the explicit (forward Euler or one-step Adams—Bashforth) method

Yeut = Vi + Af (1, vi)- (C.8)

It is well known [88, p. 372] that the process defined by (C.8) and

h
Yert = Vit 3 (f(ts ) + f(tks1,Y041)) (C.9)
known as the one-step Adams—Bashforth—Moulton technique, is convergent of order
2,1.e.
t;) —yj| = O(h?). C.10

jmax|y(t;) —yjl = O(k) (C.10)
Moreover, this method behaves satisfactorily from the point of view of its numeri-
cal stability [89, Chap. IV]. It is said to be of the PECE (Predict, Evaluate, Correct,
Evaluate) type because, in a concrete implementation, we would start by calculating
the predictor in (C.8), then we evaluate f(fx;1 ,yE +1), use this to calculate the cor-
rector in (C.9), and finally evaluate f(fy41,yx+1)- This result is stored for future use
in the next integration step.
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Fractional Formulation

Having introduced this concept, we now try to carry over the essential ideas to the
fractional-order problem with some unavoidable modifications. The key is to de-
rive an equation similar to (C.3). Fortunately, such an equation is available, namely
(C.1). This equation looks somewhat different from (C.3), because the range of inte-
gration now starts at 0 instead of #. This is a consequence of the non-local structure
of the fractional-order differential operators. This however does not cause major
problems in our attempts to generalize the Adams method. What we do is simply
use the product trapezoidal quadrature formula to replace the integral, i.e. we use
the nodes #; (j =0,1,...,k+ 1) and interpret the function (4 — -)”’1 as a weight
function for the integral. In other words, we apply the approximation

Tk+1 a1 Tk+1 el ~
/o (t+1—2) 8(Z)d2“/0 (k11— 2)"" 8rr1(2)dz, (C.11)

where gy, is the piecewise linear interpolant for g with nodes and knots chosen at
thet;, j=0,1,2,... . k+1.

It is clear by construction that the required weighted trapezoidal quadrature for-
mula can be represented as a weighted sum of function values of the integrand g,
taken at the points ¢;. Specifically, we find that we can write the integral on the
right-hand side of (C.11) as

et 1 | k+1
/0 (i1 —2)" ' Grr1(2)dz = aji18(t) (C.12a)
j=0
where
Tit1 el
Ajjr1 = /0 (i1 —2)"  @jur1(2)dz (C.12b)
and

(z=tj1)/(tj—tj-1) iftj 1 <z<yj,
Pi+1(2) =9 (tj1 —2)/(tj1 — 1)) ift; <z<tji1, (C.12¢)
0 else.

This is clear because the functions ¢; i satisfy

0 ifj ,
¢j,k+l(tu):{1 if;iﬁ,

and that they are continuous and piecewise linear with breakpoints at the nodes 7,
so that they must be integrated exactly by our formula.

An easy explicit calculation yields that, for an arbitrary choice of the ¢;, (C.12b)
and (C.12c) produce

(k1 —00)" M+ 1 Inty + 11— 4]
fnn(n+1)

ag k+1 = , (C.13a)
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(tre1 = 1-1)" " 4 (tpn — 1) 011 — 1) 11 — tis1]

a; =
r (tj—tj-D)n(n+1)
+(fk+1—tj+1)n — (i1 —17)"[n(t; —tj01) —tjp1 + tig] (C.13b)
(tiz1—tj)n(n+1) ’
if 1 <j<k, and
(tep1 — )"
Ay 1 k+1 n(n 1) (C.13¢0)

In the case of equispaced nodes (¢; = jh with some fixed /), these relations reduce to

h" n+1 n LA
n(n—l—l)(k (k—n)(k+1)") if j =0,

n

. n+1 A\n+1
i1 = n(n—l—l)((k JH2T A (k=) (C.14)
—2(k—j+1)"t1) if1<j<k,

hn
Y if j=k+1.

This then gives us our corrector formula (i.e. the fractional variant of the one-step
Adams—Moulton method), which is

1
Vi1 = Z kH /)4 T (Z ajii1f(t,y;)+ a1 k+lf(tk+layk+1)> . (C.15)

The remaining problem is the determination of the predictor formula that we
require to calculate the value yg +1- The idea we use to generalize the one-step
Adams-Bashforth method is the same as the one described above for the Adams—
Moulton technique: We replace the integral on the right-hand side of (C.1) by the
product rectangle rule

Tt 1 - k
[ =2 @ ax X sl (C16)
=0
where now
T+ _ tep1 — 1) = (tep1 — tj)"
bj,k+1:/ (tes1 —2)" 1dz:( i) n( b= te)" (C.17)
lj

This expression for weights can be derived in a way similar to the method used in
the derivation of (C.13). However, here we are dealing with a piecewise constant
approximation and not a piecewise linear one, and hence we have to replace the
“hat-shaped” functions ¢ ; by functions being of constant value 1 on [t;,#;1] and 0
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on the remaining parts of the interval [0,#.,1]. Again, in the equispaced case, we
have the simpler expression

n

bjr1=—((k+1—j)"—(k—j)"). (C.18)

n

Thus, the predictor yi 41 1s determined by the fractional Adams—Bashforth method

p milt/{H () 1 i
Virl = 2, Yo = 2L bt f(t,y5)- (C.19)
k+1 i J‘ 0 F(n) = J.k+ ARG

Our basic algorithm, the fractional Adams—Bashforth—Moulton method, is therefore
completely described now by (C.19) and (C.15) with the weights a; ;.1 and b; ;41
being defined according to (C.13) and (C.17), respectively.

Error Analysis

For the error analysis of this algorithm, we restrict our attention to the case of an
equispaced grid, i.e. from now on we assume thatt; = jh = jT /N with some N € N.
Essentially we follow the structure of [49] and begin by stating some auxiliary
results.

What we need for our purposes is some information on the errors of the quadra-
ture formulas that we have used in the derivation of the predictor and the corrector,
respectively. We first give a statement on the product rectangle rule that we have
used for the predictor.

Theorem C.1. (a) Let z € C'[0,T]. Then,

k

Ti+1
‘/o (e — )" 'z(r)dr — > bjri1z(ty)

1
< — |1 |ty P
Jj=0 n

(b) Let z(t) =t” for some p € (0,1). Then,

< C’llie n+p71h

Tk+1 k
-1
‘/0 (trrr —1)" "z(t)dt — zz)bj,kﬂz(tj) Pl
j=

where C,lf;, is a constant that depends only on n and p.

Proof. By construction of the product rectangle formula, we find in both cases that
the quadrature error has the representation
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Tkt1 1 k
JRRCRESEOLEWNRED

j=0

k  r(j+D)h
= Z/_j (ter — )" (z(t) — 2(t7)) dr. (C.20)
j=0"Jh

To prove statement (a), we apply the Mean Value Theorem of Differential Cal-
culus to the second factor of the integrand on the right-hand side of (C.20) and
derive

Tit1 n—1 K
/0 (l‘k+1 —t) Z(t)dt — 2 bj,k+lz(tj)
=

J

ko r(+Dh

SR Y R A L L

j=07Jh

I+n k
I3 (e 1= = = - (- )

—o\l+n
B “ /H pltn (k+1)1+n B i "
el I+n ].:()J

, h1+n rk+1 . k "
= ||Z o tdt— j .
21— [ Py

Here the term in parentheses is simply the remainder of the standard rectangle
quadrature formula, applied to the function ¢, and taken over the interval [0,k + 1].
Since the integrand is monotonic, we may apply some standard results from quadra-
ture theory [19, Thm. 97] to find that this term is bounded by the total variation of
the integrand, viz. the quantity (k+ 1)". Thus,

h1+n
n

i1 n—1 J / n
[ == Y bjacrzley) < Ik 1)
=0

J

Similarly, to prove (b), we use the monotonicity of z in (C.20) and derive

Tit 1 ne1 k
/0 (kg1 — )" '2(r)de = Y bjaraz(t))
. 20

k (j+1)h -
< Y=l [ =0
=0 Jh

hn+p k
= 2 G+ =) (ke + 1= )" = (k= j)")

n

Jj=0
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hn+p

IN

k—1
((k+ )" =K'+ (k+1)P — k" + pn Y, j”l(k—j+q)"l>
j=1

IN

hn+p k—1
— | nlk+ )"+ pk 4 pn 3 P k= )"
j=1

by additional applications of the Mean Value Theorem. Here ¢ = 0 if n < 1,
and g = 1 otherwise. In either case a brief asymptotic analysis using the Euler—
MacLaurin formula [188, Thm. 3.7] yields that the term in parentheses is bounded
from above by CRS (k+1)7+"~! where C, is a constant depending on n and p but
not on k. O

Next we come to a corresponding result for the product trapezoidal formula that
we have used for the corrector. The proof of this theorem is very similar to the proof
of Theorem C.1; we therefore omit the details.

Theorem C.2. (a) If z € C?[0,T] then there is a constant C}* depending only on n
such that

k+1

Tkt 1
f) =0 )0 Fagaez)

j=0

<N |t 1P

(b) Let z € C'[0,T] and assume that 7' fulfils a Lipschitz condition of order | for
some W € (0,1). Then, there exist positive constants B u (depending only on n
and 1) and M(z, 1) (depending only on z and 1) such that

et n—1 sy Tr n 1+u
/ (e —0)"'2()dr = Y ajuriz(ty)| < By M(z, w)it, .
Jj=0
(c) Let z(t) =17 for some p € (0,2) and p := min(2, p+ 1). Then,
flett n—1 o Tr +p Prp
/ (ki1 —1)""'2(0)dr = Y ajrnrz(ty)| < Gy h
Jj=0

where C,Tfp is a constant that depends only on n and p.

Remark C.2. Notice that in part (c) of Theorem C.2 it may happen that n < 1 and
p < 1. This implies p = p+ 1. Thus, the exponent of #,; on the right-hand side
of the inequality is equal to n — 1 which is negative. At first sight this may seem
counter-intuitive because it means that the overall integration error becomes larger
if the size of the interval of integration becomes smaller. The explanation for this
phenomenon is that by making #;,; smaller we do not only shorten the length of
the integration interval (which should lead to a smaller error) but we also change
the weight function in a way that makes the integral more difficult, and this second
feature leads to an increase in the error.
A similar observation can be made in Theorem C.1 (b).
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We now present the main results concerning the error of our Adams scheme. It
is useful to distinguish a number of cases. Specifically, we shall see that the precise
behaviour of the error differs depending on whether n < 1 or n > 1. Moreover, the
smoothness properties of the given function f and the unknown solution y play
an important role. In view of the results of Sect. 6.4, we find that smoothness of
one of these functions will imply non-smoothness of the other unless some special
conditions are fulfilled. Therefore we shall also investigate the error under those two
different smoothness assumptions.

Based on the error estimates above we shall first present a general convergence
result for the Adams—Bashforth—-Moulton method. In the theorems below we shall
specialize this result to particularly important special cases.

Lemma C.3. Assume that the solution y of the initial value problem is such that

Tk+1 k
/0 (tes1 —1)" ' Dloy(e)dt = Y b1 Doy (t)| < Cﬂ,fﬂrlhal
. )

and
k+1

Y. ajrDioy(t))| < Cat?  h®
i=0

Tk+1 a1
[ =0 Dy a1 -
with some 1,7 > 0 and 81,8, > 0. Then, for some suitably chosen T > 0, we have

tj)—yj|=O(hn?
Oglj?lsXle(J) yjl = O(h?)

where g =min{d; +n,6} and N =|T/h].

Proof. We will show that, for sufficiently small 4,
y(t;) —yjl < Cht (€21

forall j € {0,1,...,N}, where C is a suitable constant. The proof will be based on
mathematical induction. In view of the given initial condition, the induction basis
(j = 0) is presupposed. Now assume that (C.21) is true for j =0, 1,...,k for some
k < N — 1. We must then prove that the inequality also holds for j = k4 1. To do
this, we first look at the error of the predictor yi +1- By construction of the predictor
we find that

1
I'(n)

[y(tk+1) *y£+1| =

Tt 1 k
/0 (k1 =) F(Ey(0) dt = bt £(25,37)
=0

J

1

a8} nel k ,
= T /0 (1 = )" Dligy(r) dt = 3, bj k1 Dligy (1))

j=0

o

ol

k
b1l f(t:5(t5) — f(t5,5)]
=0
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ainlyy 8 13
< +—— ) b LCh?

I'(n) I'(n) j=0 Hex

C\Tn 5 CLT" 4 (€.22)
— I'(n) Cn+1) ’

Here we have used the Lipschitz property of f, the assumption on the error of
the rectangle formula, and the facts that, by construction of the quadrature formula
underlying the predictor, b; x4 > 0 for all j and k and

& liet1 n—1 1 n 1 n
2 bjki1= (g1 =)' dt = =1t | < =T".
) 0 n n

On the basis of the bound (C.22) for the predictor error we begin the analysis of
the corrector error. We recall the relation (C.14) which we shall use in particular for
j=k-+1 and find, arguing in a similar way to above, that

[Y(tk1) = Yir1l

- % [ = peso)a
k

=Y aj 1 f(t7,Y)) = @t f (G, Vorr)
J=0

i1 n—1pnn & 7n
[ =07 Dy = 3, aja Dyt
j=0

I(n)

k

4 % s lf07507) 1)

1
+ () Yt L (trs 1, (k1) = f (1, Vg1

ol cL & L (CT"% s  CLT™

< K X . I h

ST 1 R Btk e (r<n> Tt 1) )
C, T CLT" C|LT" CL2T" n) e

“\I'(n) T'(n+1) T'MIr+2) T'r+1)C(n+2)

in view of the nonnegativity of ; and 9 and the relations & < g and 6; +n < q.
By choosing T sufficiently small, we can make sure that the second summand in the
parentheses is bounded by C/2. Having fixed this value for 7', we can then make
the sum of the remaining expressions in the parentheses smaller than C/2 too (for
sufficiently small /) simply by choosing C sufficiently large. It is then obvious that
the entire upper bound does not exceed Ch9. a

As a first application of this Lemma we assume that the given data is such that the
solution y itself is sufficiently differentiable. As mentioned above, the result depends
on whethern > 1 orn < 1.
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Theorem C.4. Let 0 < n and assume D"y € C*[0,T] for some suitable T. Then,

t:)—v:| =
olgngb)( ,/) YJ|

on*) ifn>1,
O™ ifn< 1.

Before we come to the proof, we note one particular point: The order of conver-
gence depends on n, and it is a non-decreasing function of n. This is due to the fact
that we discretize the integral operator in (C.1) which behaves more smoothly (and
hence can be approximated with a higher accuracy) as n increases. In contrast, so-
called direct methods like the backward differentiation method of [34] use a different
approach; as the name suggests they directly discretize the differential operator in
the given initial value problem. The smoothness properties of such operators (and
thus the ease with which they may be approximated) deteriorate as n increases, and
so we find that the convergence order of the method from [34] is a non-increasing
function of n; in particular no convergence is achieved there for n > 2. It is a distinc-
tive advantage of the Adams scheme presented here that it converges for all n > 0.

Remark C.3. We formally recover the error bound (C.10) if we set n = 1.

Proof (of Theorem C.4). In view of Theorems C.1 and C.2, we may apply
Lemma C.3 with y; =% =n >0, 6 = 1 and &, = 2. Thus, defining

, 2 ifn>1,
q_m‘n{1+”’2}_{1+n ifn<1

we find an O(h?) error bound. O

Note that in a certain sense the theorem above deals with the “optimal” situation:
The function that we approximate in our process is f(-,y(-)) = D,y. In order to
obtain very good error bounds, we need to make sure that the quadrature errors for
this function are (asymptotically) as small as possible. A sufficient condition for
this to hold is, as is well known from quadrature theory [19], that this function is in
C? on the interval of integration. This is precisely the setting discussed in Theorem
C.4. So this theorem shows us what kind of performance the Adams method can
give under optimal circumstances, and it also states sufficient conditions for such
results to hold.

An objection against the use of this Adams—Bashforth—-Moulton scheme may be
the very slow rate of convergence if 7 is close to 0. However, a careful inspection of
the proof of the error bound reveals a fact that is well known in the error analysis for
methods of this structure for first-order equations (cf., e.g., [179]): The application
of the corrector formula improves the accuracy of its input (the predictor) by a factor
of 7" until an order of O(h?) (i.e. a saturation) is reached. Thus we may replace the
plain PECE structure by a P(EC)*E method, i.e. by introducing additional corrector
iterations.

Remark C.4. An interesting observation here is that by choosing a larger number of
corrector iterations, we essentially leave the computational complexity unchanged:
A corrector iteration is of the form
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[n]—1 t" W
4 +1_(r -1
yEJ]rl = 2 ’ yé)+r(n+2)f(tl+1’y£+l])
W

+F(}’l n 2 z ay, /+1f trv)’r)

cf. (C.15). Here yﬂl denotes the approximation after ¢ corrector steps, y[].ojrl = y[; 1
] ' '

is the predictor, and y; 1 1=y i+ .is thf: final approximation after u corrector steps
that we actually use. We can rewrite this as

n

h -1
y[,+1 Bj+1+ mf(fjﬂvyl[;g ])

where
! tirt ()
ﬁj+1 = ’gb Ty() + =7 F( +2 2 arﬁrlf trayr)
is independent of ¢. Thus the total arithmetic complexity of the corrector part of the
(j+1)st step (taking us from; to 7, 1) is O(j) for the calculation of 1 plus O(u)
for the u corrector steps, which (since U is constant) is asymptotically the same as
the complexity in the case u = 1.

For the error of the scheme outlined in Remark C.4 we find, as indicated above,
by a repeated application of the considerations of the proof of Theorem C.4 (see
[36] for details):

Theorem C.5. Under the assumptions of Theorem C.4, the approximation obtained
by the P(EC)*E method described above satisfies

| = q
Oglagile(tj) yjl = O(h?)

where ¢ = min{2,1+ un}.

For the moment we leave the topic of general P(EC)*E methods in favour of
a more detailed investigation of its special case g = 1, i.e. the original Adams—
Bashforth—-Moulton method introduced in (C.19) and (C.15). In this context we
note an apparent disadvantage in the formulation of the hypotheses of the theo-
rems above: They are stated in terms of the solution y (or, more precisely, its Caputo
derivative of order n), which is unknown in general. Even though it is sometimes
possible to determine the smoothness properties of D',y from the given data, there
still is some need for a corresponding error theory for the Adams method under
assumptions formulated directly in terms of the given data, i.e. in terms of the
function f. Such results will be the derived later in this section.
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Before we come to those results however, we want to give some more information
under assumptions similar to those of Theorem C.4. Specifically we want to state
the conjecture that the error of our scheme, taken at a fixed abscissa, possesses
an asymptotic expansion in powers of the step size & under additional smoothness
conditions on DYy. If this were true (as, e.g., numerical results in Example C.1
below indicate), we could construct a Richardson extrapolation algorithm based on
the Adams method in a way similar to the construction in [53] which is based on
the scheme of [34]. The use of this extrapolation procedure then would permit us to
obtain more accurate numerical approximations for the desired solution.

Conjecture C.1. Let n > 0 and assume that D",y € C*[0,T] for some k > 3 and
some suitable T. Then,

ki ok _
YT)=yrm=2, cih® + > di "+ o(h")
-l o1

where ki, ky and k3 are certain constants depending only on k and satisfying kz >
max (2ky,ky +n).

Notice that the asymptotic expansion begins with an 4 term and continues with
h'*" for 1 < n < 3, whereas it begins with 4! *", followed by A2, for 0 < n < 1.

Example C.1. Consider the equation

. 40320 o, .T(5+n/2) ,
Dipy(x) = mxg —3m4 /2+4F(n+1)

#(3er ) b

for x € [0, 1] with homogeneous initial conditions (y(0) = 0, y'(0) = 0; the latter
only in the case n > 1).

The exact solution of this initial value problem is
8 A+n/2 9
y(x) =x° —3x —|—an,

and hence

40320 5+4n/2

Doy (x) = —r(9_n)x87" 3—5 fn% a2y 4F(n—|— 1),

ie. D}y € C?[0,1] if n < 4, and thus the conditions of Theorem C.4 are fulfilled.
Moreover, assuming that Conjecture C.1 holds, the application of Richardson ex-
trapolation is also justified. We display some of the results in Tables C.1 and C.2
where, e.g., the notation —5.53(—3) stands for —5.53 - 1073, In each case, the left-
most column shows the step size used, the following column gives the error of our
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Table C.1 Errors for Example C.1 withn =1.25, taken at x = 1

Error of
Step size Adams scheme Extrapolated values
1/10 —5.53(-3)
1/20 —1.59(-3) —2.80(—4)
1/40 —4.33(—4) —4.60(—5) 1.63(-5)
1/80 —1.14(—4) —8.17(—6) 1.90(—6) 2.13(=7)
1/160 —2.97(-5) —1.54(—6) 2.24(-17) 2.71(-38) 1.47(-8)
1/320 —17.66(—6) —3.04(-7) 2.56(—8) 2.28(-9) 6.24(—10)
1/640 —1.96(—6) —6.16(—8) 2.85(—-9) 1.73(—10) 3.25(—11)
EOC 1.97 2.30 3.17 3.72 4.26

Table C.2 Errors for Example C.1 with n = 0.25, taken at x = 1

Error of
Step size Adams scheme Extrapolated values
1/10 2.50(—1)
1/20 1.81(-2) —1.50(—1)
1/40 3.61(-3) —6.91(-3) 4.09(-2)
1/80 1.45(-3) —1.10(—4) 2.16(-3) —8.15(-3)
1/160 6.58(—4) 8.19(-5) 1.46(—4) —3.89(—4) 1.28(—4)
1/320 2.97(—4) 3.49(-5) 1.92(-5) —1.45(-5) 1.05(-5)
1/640 1.31(—4) 1.12(-5) 3.37(—6) —8.50(—7) 6.01(—8)
EOC 1.18 1.63 2.51 4.09 7.44

scheme at x = 1, and the columns after that give the extrapolated values. The bottom
line (marked “EOC”) states the experimentally determined order of convergence for
each of the columns on the right of the table. According to our theoretical considera-
tions, these values shouldbe 1+n,2,2+n,3+n,4,4+n, ... inthecase 0 <n < 1
and 2, 1+n,2+n,4,3+n,4+n, ... for 1 <n < 2. The numerical data in the
following tables show that these values are reproduced approximately at least for
n > 1 (see Table C.1). In the case 0 < n < 1, displayed in Table C.2, the situation
seems to be less obvious. Apparently, we need to use much smaller values for &
than in the case n > 1 before we can see that the asymptotic behaviour really sets
in. This would normally correspond to the situation that the coefficients of the lead-
ing terms are small in magnitude compared to the coefficients of the higher-order
terms.

Our belief in the truth of Conjecture C.1 is not only supported by the numer-
ical results but also by the results of de Hoog and Weiss [32, §5] who show that
asymptotic expansions of this form hold if we use the fractional Adams—Moulton
method (i.e. if we solve the corrector equation exactly) and that a similar expan-
sion can be derived for the fractional Adams—Bashforth method (using the predictor
as the final approximation rather than correcting once with the Adams—Moulton
formula). For the moment however, we leave the question of the influence of the
corrector step (that combines the two approaches) on this expansion open.
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Rather, we turn our attention to another related problem. In the previous theorems
we had formulated our hypotheses in the form of smoothness assumptions on D’y.
Now we want to replace this by similar assumptions on y itself. In view of Theorem
3.15 we must be aware of the fact that smoothness of y in general implies non-
smoothness of D',y (the function that we have to approximate), so some difficulties
are likely. Fortunately Theorem 3.15 also informs us about the precise nature of the
singularities in the derivatives of D’}y. We can exploit this information to obtain the
following results.

Theorem C.6. Let n > 1 and assume that y € C'*"1[0,T] for some suitable T.
Then,
1;) —y;| = O(h+Im=my,
omax, [y(j) —y;l = O( )
Proof. By Theorem 3.15 we find that D”y(x) = ex"1 =" 4 g(x) where g € C'[0,T]
and g’ fulfils a Lipschitz condition of order [n] — n. Thus, according to
Theorems C.1 and C.2 we can apply Lemma C.3 with y =0, pb =n—1 >0,
6y =1 and & = 1+ [n] —n. Because of n > 1 we then find that &, +n =
1+n>2> &, and hence min{8; +n,8} = &. So the overall error bound
is O(h%). 0

Notice that a reformulation of Theorem C.6 yields that, if 1 < n = k; + kp with
ki € Nand 0 < k; < 1, then the error is O(h*~*2). Thus the fractional part of n plays
the decisive role for the order of the error. In particular, we find slow convergence
if the fractional part of n is large. Consequently, under these assumptions we cannot
expect the convergence order to be a monotone function of n any more. Nevertheless
we can prove that the method converges for all n > 0:

Theorem C.7. Let 0 < n < 1 and assume that y € C*[0,T)] for some suitable T.
Then, for 1 < j < N we have

- R if0<n<1/2
N v < ! , .
(1)) =yl <€t~ x {h“ F12<nl (C.23)

where C is a constant independent of j and h.
We obtain two immediate consequences.

Corollary C.8. Under the assumptions of Theorem C.7, we have

N _Jom™ ifo<n<1/2,
Oglj?ng’(tj) yj|—{0(h) if1/2<n<1.

Moreover, for every € € (0,T) we have

N Jommy ifo<n<1/2,
max, 1) y’|_{0(h2") if1/2<n<1.
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Proof (of Theorem C.7). The first steps of the proof are as in the proof of
Theorem C.6. The key difference is that now 9» < 0 (note that we still have
Y% =n—1,butnow n < 1). Thus we cannot apply Lemma C.3. Instead we modify its
proof so that it fits to our requirements: We keep the inductive structure and remem-
ber that our claim is now (C.23) rather than (C.21). With this change in the induction
hypothesis we proceed much as in the proof of Lemma C.3. However, because of
this new hypothesis, we now have to estimate terms of the form Z/j‘.;} b j7k+1t}/2 and
Zl;;ﬁjjkﬂt}?. By the Mean Value Theorem we have 0 < by < h"(k — )t
and 0 < ajjpyy < ch(k— j)"~!for 1 < j < k—1 (where the constant c is indepen-
dent of j and k), respectively, so that the problem reduces to finding a bound for
Sy 1= le‘.;} j%(k— j)"~'. Under our assumptions, both the exponents > and n — 1
are in the interval (—1,0), and then it is easily seen that Sy = O(k">*"). Using this
relation we can complete the proof of Theorem C.7 by following along the lines of
the rest of the proof of Lemma C.3. a

We conclude the discussion of error bounds with a result where we formulate the
hypotheses in terms of the given data and not in terms of the unknown solution. We
give a result in the case n > 1 and later discuss properties of the numerical scheme
whenn < 1.

Theorem C.9. Let n > 1. Then, if f € C*(G),

Vvl = O
omax [y(tj) —y;| = O(h%).

Proof (of Theorem C.9). We begin by discussing the case n > 2. Then, according to
Theorem 6.25, we find that y € C?[0, T]. Thus, in view of the smoothness assumption
on f and the chain rule, D"y := f(-,y(-)) € C*[0,T] too, and the claim follows by
virtue of Theorem C.4.

For the case 1 < n < 2, we want to apply Lemma C.3 and hence we have to
determine the constants ¥;,7, 8; and &, in its hypotheses. In order to do so we need
more precise information about the behaviour of y. This information can be found
in Theorem 6.38 which asserts that y(x) = cx" + y(x) with some ¢ € R and some
v € C?[0,T]. This implies, in particular, thaty € C'[0, T]. As in the case n > 2 above
we can then deduce D)y € C 1[0, 7] too, and by Theorem C.1(a), we find that we
may choose 7, = n and 8; = 1. Moreover, using again the fact that y(x) = cx” + y/(x)
with some ¢ € R and some y € C2[0,T] and applying Theorem C.2(a) and (c), we
determine the correct values for the remaining quantities as » = min{n,2n —2} =
2n—2 >0 and & = 2. The claim then follows from Lemma C.3. O

In the case n < 1 the situation seems to be less clear. According to the theorems
presented at the end of Sect. 6.4, smoothness conditions on f imply that the exact
solution is of the form

\% V
y(t) _ l[/(l)+ 2 Cvtvn—|— z dvt1+vn
v=1 v=1
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where v is twice differentiable. The first sum consists of terms which are not differ-
entiable, and the second sum is of terms that are differentiable once but not twice.
As remarked by Lubich [120] it seems unlikely that numerical schemes will be
rapidly convergent over any interval that contains the origin. Indeed we can prove
that the error y(;) — y| of the approximation after just one step behaves as O(h>") if
f € C*(G). Simple numerical experiments indicate that this result cannot be im-
proved. However this error introduced in the initial phase is transient and from
numerical results reported in [49, Table 4.5] we believe the following conjecture
to be true.

Conjecture C.2. Let 0 < n < 1. Then, if f € C3(G), for every € > 0 we have

max [y(t;) —yj| = O(h'™").
ti€le,T]

C.2 Numerical Schemes for Multi-Term Equations

We now come to the extension of the numerical methods discussed in the previous
section to multi-term equations. The most important theoretical properties of these
multi-term equations have been discussed in Chap. 8. As in that chapter we restrict
our attention to equations of the form

D%y(x) = f(x,y(x),Dliy(x),D2y(x), ..., D& y(x)) (C.24a)
(where 0 < n; < mnp < ... <ny) with a suitable function f and initial conditions
YO) =y, j=01,.. ] -1 (C.24b)

For initial value problems of this type we shall discuss the various approaches in-
troduced in Chap. 8 and find out their respective advantages and disadvantages.

Conversion to Single-Order Systems

Our first attempt consists in a direct application of the result of Theorem 8.1 or 8.2
(depending on whether n; > 1 or not) to the given initial value problem. In this way
we transform the given initial value problem into a system of equations of the form
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Dloyo(x) = i (x),
Dy (x) = y2(x),
: (C.252)
DY jyn—2(x) = yn-1(x),
DZOnyl (-x) = f(xvy()(x)vynl/y(x)a cee 7ynk,1/y(x))7
together with the initial conditions
Y e
v(0) = {yO it jy € No, (C.25b)
0 else,

with the precise choice of the new parameters y and N being according to Theorems
8.1 or 8.2, as appropriate. We have thus formally obtained an equation of the type

DI Y(x)=F(x,Y(x)), Y(0)=Y, (C.26)

with certain vector-valued functions F' (known) and Y (unknown) and an initial
condition vector Yy, i.e. a single-term equation of order y with vector-valued data.
Thus we may apply any numerical method for such single-term equations and cal-
culate an approximate solution for this system; for the sake of simplicity we shall
restrict ourselves to the Adams—Bashforth—Moulton scheme developed above. The
first component of the (numerical) solution vector (with index 0) is then the required
approximate solution for the original equation. We illustrate the procedure by a sim-
ple example taken from [44].

Example C.2. Solve the Bagley—Torvik equation

Ay (x) + BDy(x) + Cy(x) = C(x+ 1)

(where A #£ 0 and B, C € R) with initial conditions

with the approach described above.

It is easily verified that the exact solution of this problem is
y(x) =x+1

independent of the choice of the coefficients A, B, and C. Thus, the resulting
system is

yo(x) y1(x)
D'/2 y1(x) _ l y2(x)
0 a(x) A y3(x) ’
y3(x) —By3(x) —Cyo(x) +C(x+ 1)
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yo(0
y1(0
¥2(0
y3(0
We have solved this problem on the interval [0,5] with the Adams—Bashforth—
Moulton scheme. The numerical results at x = 5 were as shown in Table C.3.

These data indicate that the convergence behaviour is O(h3/ 2). To understand
how this relates to the error estimates of Sect.C.1, we must recall that we now
construct an approximate solution for the entire system and not just for its first com-
ponent. Thus we see that, as a by-product of the method, we do not only obtain
information on y but also on its fractional derivatives of order 7,27,...,(N —1)y.
Depending on the task at hand this information can be anything between highly use-
ful and absolutely unnecessary. In any case the error estimate is dominated by the
worst error estimate of the four components. Since the exact solution for the system
is (x+1,x'/2/I"(3/2),1,0)T we see that the second, third and fourth components of
the exact solution have smooth derivatives of order 1/2; thus they may be approxi-
mated with order O(h3/ 2) according to Theorem C.4. The first component is smooth
itself; it allows an application of Corollary C.8 that gives an O(h) error estimate on
the full interval [0,7] and an O(h3/?) estimate on each interval of the form [e, 7]
with € > 0. Since the latter case covers the problem considered in Table C.3, we
have agreement between theoretical and numerical results.

In order to explain the weaknesses of this concept, we look at a second example,
already considered in [45] and [35].

) 1
)l [0
)| 1
) 0

Example C.3. Solve the nonlinear three-term equation

E _
D,{b455y(x)=—x0~1—1-545( x)exy(x)Di’gﬁy(x)jLe*z’C—[Dioy(x)]Z (C.27)
E1.445(—x)

for 0 < x < 1, equipped with the initial conditions y(0) = 1 and y'(0) = —1, with
the same algorithm.

The exact solution of this problem is y(x) = exp(—x). When applying our idea to
this equation, we first need to calculate the order y of the new system as described
in Theorem 8.1. In our case the result is y = 1/200, and hence the dimension of the
resulting system is N = 1.455/y = 291 — a rather large number. In a first attempt
we have tried to solve the system with the Adams—Bashforth—-Moulton scheme as

Table C.3 Bagley—Torvik equation solved with Adams method

Estimated order

Step size ~ Numerical solution  Error of convergence
0.5 6.15131473519232 —0.15131473519232

0.25 6.04684102179946  —0.04684102179946  1.69

0.125 6.01602947553912  —0.01602947553912  1.55

0.0625 6.00562770408881  —0.00562770408881  1.51
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Table C.4 Numerical results

: Step size  Maximal error  Run time
for Example C.3 (system with

N =291, y = 0.005) using 1/200  0.3904 101.2's
the standard PECE-type 1/400 02193 368.4's
Adams algorithm 1/800 0.1164 1358.0 s
1/1,600  0.0600 5017.4's
e
— -
0.2 0.4 0.6 0.8 1
—_— / :
e
-0.1t _ y
o /
L7 /
-0.2 7 /
s
%
v
-0.3} p

Fig. C.1 Approximation errors for Example C.3 with A = 1/100 (solid line), h = 1/200 (dashed
line), h = 1/400 (dot—dashed line), h = 1/800 (dotted line), h = 1/1,600 (dashed and triple-dotted
line)

above. The resulting errors are reported in Table C.4 and Fig. C.1. For the purpose of
comparison with later methods we have also included information about the run time
of the algorithm on a standard 500 MHz Pentium PC in double precision arithmetic.

It is clearly seen that the results for # = 1/100 and # = 1,/200 are totally unac-
ceptable. There is a simple explanation for this phenomenon which becomes evident
when one takes a look at the numerical solution of the initial value problem and not
at the approximation error: In each case the first 99 steps of the algorithm do not
change the first component of the approximate solution. In other words we get stuck
at the initial value instead of following the exact solution. The reason for this be-
haviour can be found in the structure of the function F on the right-hand side of the
system (C.26) and of its initial condition: The first component (index 0) is yg, the
component with index 200 (= 1/7) is y;, (# 0), and all the components in between
vanish. The interaction of the Adams—Bashforth—-Moulton method with the func-
tion F now implies that the non-zero component is propagated by one row in each
predictor step and another row in each corrector step, so in the first 99 steps only
a total of 198 zeros are added to the initial value of the leading component of the
numerical solution. The last (199th) zero is then used in the predictor of the 100th
step, and the corrector of step 100 is actually the first operation where a non-zero
entry reaches the first component of the solution. Thus we always have an initial
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interval of 2/y— 1 steps where the numerical solution is constant before it can start
to make progress towards the exact solution. Notice that in our Bagley—Torvik ex-
ample above we had y=1/2, and so (since here 2/y— 1 = 3) the effect is negligible.
This means that, if one wants to keep the structure of the algorithm and the uniform
step size, then the only way to reduce this effect is a drastic reduction of the step
size h, essentially by the rule 2 = O(y). A look at Fig. C.1 confirms this observation.

Let us briefly summarize what we have achieved so far: The approach described
above has the advantage of producing a system of equations with a very simple
structure. As a consequence of this structure, numerical schemes for this system
can be implemented on a parallel computer architecture in a rather efficient way.
However we have also seen some disadvantages:

(a) The method only works in the case of commensurate multi-term equations
(if nx < 1) or under the even more restrictive assumption that all the n; are
rational (if n; > 1)

(b) The dimension of the system can be very large (depending on the precise
values of the parameters of the original equation); this can lead to very long
run times on sequential machines

(c) The structure of the initial conditions of the new system can be problematic
for some types of numerical algorithms; in particular we may be forced to use
excessively small step sizes

In order to overcome these problems (at least partially), we propose two possible
strategies. The first one, taken from [45], is a slight refinement of the idea used so
far that works in two stages. We recall that the problem is mainly due to the large
dimension of the system, and this in turn is a consequence of the size of the great-
est common divisor of the orders of the differential operators in the given system.
Therefore we introduce a stage of preliminary manipulations before actually starting
the numerical algorithm.

This first stage consists of replacing the given initial value problem (C.24) by a
new differential equation

D5(x) = £(x,5(x), DI7(x), D5 (x), .., DI 1 5(x)) (C.28)

with identical initial conditions (C.24b). We thus perturb the orders of the differen-
tial operators, but all other parameters of the given problem (the function f on the
right-hand side and the initial conditions) remain unchanged.

The essence of this idea is that, according to Theorem 8.8, the exact solution § of
this new initial value problem and the exact solution y of the original problem differ
only by

y—iw=0<_ max |n,-—ﬁ,-|). (C.29)
J=12,k

Here by || - ||.. we denote the Chebyshev norm taken over a suitable finite interval
[0,T], say, where both problems have a solution.

In order to exploit the capabilities of this approach, we need to choose the new
parameters 7y, . .., 7 in such a way that they have the following three properties:
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(@ ..., €Q
(b) The least common multiple of the denominators of 7iy, ..., is small
() max;|nj—iij| is small

Here condition (a) asserts that a conversion of (C.28) to a single-term system (as
described in Chap. 8) is possible. Specifically, since only the new values 7i; enter
the later stages of the scheme, such a conversion is always possible, without any
restrictions on the original values n;. The purpose of condition (b) is to keep the
dimension N of this system small (remember that in Theorem 8.1 we had seen that
essentially N = Mn; where M is the least common multiple mentioned in condition
(b)), which — according to our initial idea — was the main point of the concept. Con-
dition (c) finally makes sure that the error introduced by this perturbation remains
small, cf. (C.29).

It must be noted of course that there is a conflict between conditions (b) and
(c): In many cases it will be possible to improve the approximation required in (c)
at the price of increasing the least common multiple mentioned in (b). A proper
compromise must be found in this case. It seems to be impossible however to state
a generally valid strategy for the solution of this conflict; a good compromise will
likely depend on the specific parameters of the equation under consideration.

This completes the first stage of the algorithm. At the end of this stage we have
found a new initial value problem that consists of the perturbed differential equation
(C.28) together with the original (unperturbed) initial conditions (C.24b).

The second stage of the algorithm is then the stage where the initial value prob-
lem that was constructed in stage 1 will be solved numerically. In practice we will
first use the approach described at the beginning of this section: We convert the new
initial value problem into a single-term system, and then we will solve this system
numerically (for example by means of the Adams method).

Example C.4. Construct an approximate solution for the problem from Example
C.3 by the two-stage strategy outlined above.

As a first attempt to solve the problem with our refined method, we approximate
(C.27) by

E —
DIP5(x) = —x0! %E_gexi(x)Dgosf(x) +e 2 D!y, (C.30)

convert (C.30) to a three-dimensional system of order Y = 0.5, and solve this system
numerically with the Adams method in its standard form using various step sizes.
The results are described in Table C.5.

Table C.5 Numerical results
of first approximation (N = 3,
y=05)

Step size Maximal error Run time
1/10 0.136 0.07 s
1/20 0.124 0.18 s
1/40 0.118 0.56s
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Fig. C.2 Exact solution and
first approximation (N = 3,
y=0.5, step size h =0.1) 0.

We can see that there is almost no improvement when we change the step size
from 1/20 to 1/40. This indicates that the error of the Adams scheme (i.e. the error
introduced in the second stage) is already very small compared to the error of the
first stage (i.e. the error introduced by perturbing the differential equation). There-
fore there is no need to look for an improved scheme for the solution of this simple
system. Note in particular (see Fig. C.2) that even the crudest of these three approx-
imations (the dashed line) gives a qualitatively correct picture of the exact solution
(the solid line). Certainly this cannot be said to be true for our plain and simple first
approach discussed above.

In order to obtain a better approximation with our method we must now reduce
the error of stage 1, i.e. we need to introduce smaller perturbations in the orders of
the differential operators. We thus try to approximate the given equation (C.27) not
by (C.30) but by

E _
0 1.545(—x) 5

Dl 5) = = g V@D () e ~ Dy (€31

and proceed as above. Consequently we find that we have to solve a 29-dimensional
system of order 0.05 numerically. This task is (in particular due to the nature of
the initial conditions) much more difficult than the previous one, and therefore we
need to put more effort into the numerical scheme. For the moment we interpret this
requirement as a demand for a smaller step size; an alternative will be considered
later. The results are given in Table C.6.

For the purpose of comparison with the previous example we have included the
case of a step size of 1/40. As can be seen by comparing Tables C.5 and C.6, the
error is much larger now than it was before. The reason is the problem that we
mentioned above: Since the dimension of the system has been increased, the nu-
merical solution needs more time to get away from the initial value. An even more
obvious picture of the situation appears when we look at the graphical data provided
in Fig. C.3. Here again the solid line is the exact solution, the other lines correspond
to the numerical solutions (dashed line: & = 1/40; dash-dotted line: h = 1/100;
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Table C.6 Numerical results

—ed Step size Maximal error Run time
of second approximation

(N =29, 7= 0.05) 1/40  0.2015 09s
1/100  0.0861 555
1/200  0.0440 2155
1/400  0.0222 82.4s

Fig. C.3 Exact solution
and second approximation
(N =29, y=10.05, various
step sizes)

dotted line: & = 1/200). We thus have to say that the graph for 4 = 1/40 does nort
give a qualitatively correct picture of the true solution.

As pointed out above, we will sometimes be forced to choose the parameters in
such a way that the dimension of the system is larger than desirable. In this context
the present 29-dimensional system may be considered to be such a case. That means
that also the number of zeros in the initial condition of the resulting system is larger
than one would like it to be, which forces us to use a very small step size.

This is where our second strategy mentioned above comes into play as a possible
alternative. Specifically, it may be useful to replace the plain PECE structure by a
P(EC)E method (i.e. by introducing additional corrector iterations) as described
in Theorem C.5. This allows for a quicker propagation of the non-zero elements,
and it may be possible to avoid the use of excessively small step sizes. We shall
provide a numerical example now. This flexibility in the number of corrector steps
is actually one of the main reasons why we suggest the Adams scheme and not,
e.g., the method of [34]. Recall that, as derived in Remark C.4, by (for example)
doubling the number of corrector iterations, we essentially leave the computational
complexity unchanged.

If we would use the other option and reduce the step size by a factor of two,
then the run time would increase by a factor of four because the complexity of the
algorithm is O(h~2). Both approaches would reduce the size of the initial interval
where the numerical solution gets stuck at the initial value by a factor of 1/2.

The data obtained by our P(EC)"E approach are given in Table C.7. Note that
the data of Table C.6 correspond to this method with u = 1.

It is clearly seen that there is a significant advantage in this approach: By choos-
ing 4 = 10 and & = 1/40 for example, we obtain an absolute error that is about 25%
smaller than in the case u = 1 and A = 1/200, and at the same time the run time is
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Table C.7 Numerical results of second approximation
(N =29, y=0.05) as in (C.31) with P(EC)"E algorithm

Number p of
corrector iterations  Step size Maximal error Run time
10 1/40 0.03175 49s
10 1/100 0.01174 28.6s
20 1/40 0.00989 93s
20 1/100 0.00379 55.0s
0.02
—~
0.2 0
pd
-0.02 4
Vv
-0.04

Fig. C.4 Errors for second approximation (N = 29, y = 0.05) as in (C.31) with various combina-
tions of step size and number of corrector steps

75% shorter. The reason is the following. In the case u = 1 the numerical solution
gets stuck at the initial value for a rather long interval. At the end of this interval the
true solution has moved away significantly from the initial value, and here the error
attains its maximum. Over the remainder of the interval [0, 1] the numerical solution
then has to creep towards the exact solution, and the error gets smaller. If we choose
a larger value for u, we make the problematic initial interval smaller, and therefore
we also diminish the error attained over this interval. This is apparent from Fig. C.4
where we have compared the absolute errors for 4 = 1, A = 1/200 (solid line) and
1 =10, i = 1/40 (dashed line).

In this example one can of course now apply the idea of using many corrector
steps also to the given equation (C.27) itself. This is equivalent to skipping stage
1 of our two-stage process. It is clear that the run times of the plain PECE scheme
(see Table C.4) are not competitive. Therefore we once again revert to the P(EC)*E
structure with larger values for u and larger step sizes as before. Some results are
stated in Table C.8.

Comparing Tables C.4 and C.8 we once again find a significant run time ad-
vantage in the P(EC)*E method as compared to the PECE method without losing
accuracy, but even the approximations obtained by the faster P(EC)*E approach are
less accurate and more time consuming than the results presented in Table C.7 where
we had used a simpler differential equation system.
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Table C.8 Numerical results for unperturbed equation
(N =291, y=0.005), with P(EC)"E algorithm

Number p of

corrector iterations Step size Maximal error Run time
10 1/100 0.16473 117.3 s
10 1/200 0.08607 446.8 s
20 1/100 0.08607 222.8s
20 1/200 0.04400 811.0's

Based on our theoretical considerations here and in Sect. C.1 and on heuristical
arguments coming from the numerical results, we now give a complete description
of a possible algorithm for the approximate solution of the initial value problem
(C.24). The algorithm will follow the basic ideas outlined above. The fundamental
concept is that we assume a bound on the complexity to be given (expressed in
terms of the least common multiple of the denominators of the orders 7i;) and that
we try to achieve a high accuracy in the solution without exceeding the complexity
limit.

Specifically, we assume that the user specifies a parameter M € N which we
interpret as an upper bound for the least common multiple of the denominators of
fiy,..., 7. Since the dimension N of the system that we shall construct in stage 2 of
the algorithm is given by N = M7, =~ Mny, this data gives us an upper bound on the
dimension and hence an upper bound on the arithmetic complexity.

We begin by constructing the perturbations required for the first stage. This is
very simple; for j = 1,2,...,k we only have to set ii; := oj/M where o; € N is
chosen to be the natural number closest to Mn; (i.e. aj = | Mn;+0.5]). In this way
we make sure that, for every single j, the quantity |i; — n;| is minimized under
the condition that the least common multiple of the denominators of 7iy,..., 7 is
bounded by M. This essentially completes the first stage.

The second stage begins by rewriting the perturbed equations as a system of or-
der y = 1/M and dimension N as described in Theorem 8.1. This system is solved
by the P(EC)"E scheme indicated above. To avoid the problems caused by the large
number of zeros in the new initial condition, we choose the parameter (l in a way
that depends on the number of zeros (i.e. on M); specifically we set u := M as
suggested in [36]. Note that it follows from our considerations that it is neither nec-
essary nor helpful to introduce additional flexibility by choosing different values
for the parameter u in each step. The choice that we propose here is sufficient to
avoid the problems caused by the (possibly) large number of zeros in the initial
condition. Choosing  larger than this would not give a better order of accuracy,
so there is no point in doing that (cf. the considerations on (C.32) below). Choos-
ing u smaller (permanently or temporarily) would mean that the problem cannot
be avoided totally, so one would have to assume a deterioration of the approxi-
mation quality, but on the other hand it would not lead to a significantly faster
algorithm because the arithmetic complexity of the entire scheme is (asymptotically)
independent of u.
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Another advantage of the P(EC)"E scheme with the choice of u indicated above
can be explained by a look at Theorem C.5: The algorithm converges to the true
solution of the perturbed equation with an error of

_max _|y(t;) = yu(t;)| = O(h”) ~ where  p=min(2,1+yu).  (C32)
J=0,1,...,

Since here we have t = M = 1/7y by construction, this means that in the proposed
scheme we actually have p = 2 in every case, so we find slightly better convergence
behaviour than in the simple PECE approach; indeed this is the maximum order
than one can possibly obtain by an algorithm that uses the approximation method
underlying our scheme.

This approach is particularly useful when one is looking for a computationally
inexpensive but still reasonably accurate approximation. In many applications this
will be what is desired because often one needs to solve a great number of such
initial value problems whose solutions are then required as input data for other prob-
lems. Additionally, high accuracy is frequently impossible to obtain anyway because
the given data (in particular the orders n; of the differential operators) are something
like material constants known only up to a certain (usually moderate) precision.

Conversion to Multi-Order Systems

An alternative approach has been suggested in [59]. Two variants are possible; we
begin with the one that is simpler to describe and discuss the other one later.

The basic idea is to use a completely different transformation of the given initial
value problem into the form of a system of fractional differential equations. Essen-
tially this amounts to replacing the path that uses Theorem 8.1 or 8.2 that we had
used above by the transformation to a multi-order system according to Theorem 8.9
or Theorem 8.10. We begin with the former and, as above, assume that the original
initial value problem is given in the form

Dy(x) = £ y(x), Dy (x). Diy(x)..... Dl y(@)  (C.33w)

(where 0 < n; < np < ... <ng) with a suitable function f and initial conditions
YO) =y, j=0,1,... [m] -1 (C.33b)

However we now assume (without loss of generality) that additionally we have
{1,2,...,[ne] = 1} C {ny,n2,...,ni}. (C.34)
This implies n; —n;_; <1 for all j. Consider now the differences d; :=n; —n;_;

for j = 1,2,3,...,k, where we have defined ny := 0. We then introduce the new
functions

1 .
yoi=y,  yj:=Dyi1 (j=1,2,....k),
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such that
d .
yi = Dilyo =Dy "yo =D}y,
d .
2 = Digy1 = Dig "' Dlgy = D'y,

d, g —Ng—1 ~k—
Ve = Digyir =D "Dy = Dlgy.
For the derivation of these identities one can proceed as in the proof of Lemma
3.13; the key point is that — due to our assumption (C.34) — we never jump
across an integer when moving from n;_; to n;. Thus we may rewrite (C.33a) in
the form

i

Dilyo = y1,
d

Dgy1 = y2,

DY yia = v,
DZ’({))’kfl = f(-xay()(-x)ayl (x)7y2(x)7' .. 7yk71(x))' (C353)

We have found the required system of differential equations; the corresponding ini-
tial values obviously have to be

) .
¥j(0) = {Oon’ lflnf € No, (C.35b)
clse

in view of the fact that y; = D:{)y, Lemma 3.11 and the given initial values (C.33b).
A comparison of this multidimensional initial value problem with its counterpart
(C.25) constructed above reveals a number of substantial differences even though
formally they are equivalent in the sense that the first components of the solutions
of the two problems coincide:

(a) The dimension of the new system is k (a small number in typical applications),
independent of the values of the n;; we had seen above (see, e.g., Example C.3)
that the other approach could give rise to systems of very large dimension even
if k was small.

(b) The number of zeros in the initial condition (C.33b) relates to the number of
zeros in its counterpart (C.25b) in the same way as the dimensions.

(c) The structure of the left-hand side of the new system (C.35a) is much more
complicated than it was in the old system (C.25a).

(d) The formal structures of the right-hand sides of the two system do not differ
from each other at all.
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It turns out that, in view of the considerations with respect to the approach using
single-order systems, the first two points mentioned above indicate the capability of
the new approach to avoid the potentially serious problems encountered in the first
approach. On the other hand, the third item reveals that we have to pay a certain price
for this improvement: Instead of requiring an approximation for only one differential
operator we now need to work with operators of order dy,d>,...,d;. These orders
may or may not coincide with each other.

Example C.5. We rewrite the equations from Examples C.2 and C.3 as systems of
equations according to the ideas outlined above.

For the Bagley—Torvik equation

AY'(x) = —BD ) y(x) — Cy(x) + C(x+1),  »(0)=y'(0)=1,

from Example C.2, we have
3
n1:1, I’LQZE and n3:2,

such that { 1
d1=1, dzzz and d3=§.

The resulting system thus is three-dimensional and reads

Dioyo(x) = y1(x),
DYPyi(x) = ya (),

with initial conditions
y()(O) = yl(O) =1 and yz(O) =0.

A comparison with Example C.2 shows that the differences for this simple example
are small: The dimension is reduced by one, and two different fractional derivatives
appear on the left-hand side of the system.

In the other example, the equation was

Ej545(—x)
D1y (x) = —x" =L exp(x)y(x) D> y(x)
Ej.445(—x)

+exp(—2x) — [Dioy(x)]?,
with initial conditions y(0) = 1 and y'(0) = —1. Here the new approach uses the

parameters
n =0.555 m=1 and n3=1.455,
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such that
dy =0.555, dy,=0445 and d;=0.455.

Once again we obtain a three-dimensional system; this time it has the form

D% yo(x) = y1(x),
DYy (x) = ya(x),
DY) =~V EL Y 0 (e () - exp(—20) — [32(0)

E}445(—x)

with initial conditions
yo(0)=1, »(0)=0 and y,(0)=-1.

Now the difference to the single-order system approach is enormous: The dimension
of the system is reduced from 291 to 3, but of course we now have to work with three
different differential operators.

Before we come to the question for a suitable numerical scheme for systems
of this structure, let us briefly introduce a small modification of the idea pre-
sented so far that may lead to a slightly more efficient scheme. This is motivated
by the observation from the two examples above that integer order differential
operators that are local by nature are decomposed into two (or more) non-local frac-

tional differential operators: In the Bagley—Torvik example we have y’ = Di(/)zyz =

DiézDiézyl = DiézDiézDioyo, and so in any approximation method the possibil-
ity to save time by making use of the locality is lost. A similar decomposition
y2 =y = D%y = DY D033y, is used in the other example. It would thus

be preferable to use the alternative systems

Dioyo(x) = y1(x),
DYyi(x) = ya(),

with initial conditions
y()(O) = yl(O) =1 and yz(O) =0

for the Bagley—Torvik problem and

DY yo(x) = y1(x),
Dloyo(x) = y2(x),
DY) =~V EL D) 0 (e () - exp(—20) — [32(0)?

E}445(—x)
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with initial conditions
y0(0)=1, y(0)=0 and y(0)=-1

for the other example. In this way we simplify the structure somewhat because
some of the fractional differential operators on the left-hand side can be replaced
by integer-order operators. This modification is equivalent to using Theorem 8.10
instead of Theorem 8.9 in our multi-order system approach.

For the numerical solution of these systems of equations one can then use a
numerical scheme for scalar fractional differential equations for each component
separately. Of course one needs to take into account that the individual equations
now will typically not be of the same order, so numerical methods for different
orders must be used. In general, there do not seem to be any advantages in using
differently constructed methods for the individual equations; rather one would usu-
ally prefer to use just one class of numerical schemes and merely change the orders
of the algorithms as prescribed by the orders of the differential operators on the
left-hand side of the system.

In either of the two multi-order system approaches, Edwards et al. [59] have
investigated the use of the formula of [34] for the numerical solution of the resulting
system of equations; later results [65] indicate that our Adams—Bashforth-Moulton
method is likely to be more efficient. As far as the error is concerned, it turns out that
the behaviour of the entire scheme is dominated by the component with the worst
behaviour.

A comparison with the single-order system approach shows that the multi-order
system approach is always applicable (there are no number-theoretic restrictions on

the orders ny,...,n), and it will in many cases lead to a system with a consider-
ably smaller dimension. However the structure of the left-hand side becomes more
complicated.

The numerical experiments of Ford and Connolly [66] indicate that the conver-
sion to a multi-order system via Theorem 8.10 tends to be the computationally
least efficient of the approaches presented here. They found the conversion to a
multi-order system via Theorem 8.9 and the approach using the transformation
to single-order systems by means of Theorem 8.1 or 8.2 to be usually preferable.
Which of these ideas works best seems to depend on the particular problem under
consideration, so a generally valid advice cannot be given.

Exercise

Exercise C.1. Give an explicit proof of Theorem C.2.






Appendix D
Useful Results from Analysis

In this chapter we collect some information on some concepts from Analysis that is
useful in the remainder of the text.

D.1 Euler’s Gamma Function

We begin with the Gamma function.
We recall the definition

F(x):/ rleldr
JO

for x > 0. Elementary considerations from the theory of improper integrals reveal
that the integral exists. Moreover, upon setting x = 1 we easily see

il Z
r(1) :/0 e'dr=1lim [ e'dr=lim[—e'|j=1lim(l—e%)=1. (D.1)

z—00 J( Z—00 Z—00

Additionally we may, for arbitrary x > 0, manipulate the integral in the definition
of the Gamma function by means of a partial integration. This yields

I'x+1)

oo "z
/ tfe'dt= lim e tdt
0 z—00,y—0+ ¥

Z
= lim <[—ettx]§_§ +x/ et dt)
Z"w,y*’O‘f’ y
= x/ rle7'dr = xI"(x).
0
‘We have thus shown

Theorem D.1 (Functional Equation for I'). Ifx > 0 then xI'(x) =T (x+1).

Now we may prove the all important relation between the Gamma function and
the factorial:

227
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Proof (of Theorem 1.3). The proof uses mathematical induction. The induction basis
(n=1)reads I'(1) = 0! = 1 which is true in view of (D.1). For the induction step,
we use the functional equation and the induction hypothesis:

I'(n+1)=nl'(n) =n(n—1)!=n!

as desired. O

There is one other important application of the functional equation of the Gamma
function. We solve it for I"(x); it then reads

I'x) = M (D.2)
X
if x > 0. Now the expression on the right-hand side is meaningful not only if x > 0
but also in the case —1 < x < 0. Therefore we may use it as a definition for the left-
hand side, i.e. for I'(x), in that case (which is not covered by the original definition
because the defining integral is divergent for x < 0). Having done this extension, the
Gamma function is also defined for —1 < x < 0, and we may return to (D.2) with x
in that range. This allows us to extend the definition to —2 < x < —1. Proceeding in
this manner, we find a definition for the Gamma function that can be applied for all
x € R with the exception of those for which —x € N.
As a consequence of these considerations, we find another important identity
involving the Gamma function:

Theorem D.2. Letn ¢ 7 and k € Ny. Then,
(=D =k (k+1-n)=T(-n)[(n+1).

Another useful identity in this context is
Theorem D.3 (Reflection Formula for I'). Let 0 < x < 1. Then,

[

rx)r{-x)= prm—

It is also possible to find an alternative representation, due to Gauss, for the
Gamma function. This representation actually holds for the extension indicated
above. However, in practical calculations one frequently observes that the integral
representation is easier to handle.

Theorem D.4 (Gauss’ Product Formula for I'). Let x € R, —x ¢ Ny. Then,

X

) nln
T = e+ 2 e

The asymptotic behaviour of I'(x) as x — o is sometimes important; it can be
described by the following result [2, Chapter 6].
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Theorem D.5 (Stirling’s Formula). For x — oo we have
X\ X
Mx+1)= (g) V2rx(1+0(1)).

One last result that we shall mention explicitly is the following integral identity.
We leave the proof as an exercise.

Theorem D.6. Let o, 3 € R. Then

1o 1y, F(@)I(B)
/()t 1(1—l)ﬁ 1d[—m,

and hence

Yo X — B— — B— F(G)F(ﬂ)
/ot Yoo —r)P~tdr =x*F 1—F(a+ﬁ)

The integral in the first equation of Theorem D.6 is known as Euler’s integral of
the first kind or Euler’s Beta function B, B3).

More information on the Gamma function may be found, e.g., in the classi-
cal work of Artin [6] or in the usual reference works on special functions like
[2, Chapter 6] or [62, Chapter I].

D.2 Fixed Point Theorems

The proofs of various existence and uniqueness theorems throughout this text have
been based on classical theorems asserting existence or uniqueness of fixed points
of certain operators.

The first of these theorems is the following generalization of Banach’s fixed point
theorem that we take from [189].

Theorem D.7 (Weissinger’s Fixed Point Theorem). Assume (U,d) to be a non-
empty complete metric space, and let oj > 0 for every j € No and such that ¥ aj
converges. Furthermore, let the mapping A : U — U satisfy the inequality

d(Alu,Av) < ad(u,v) (D.3)

for every j € N and every u,v € U. Then, A has a uniquely determined fixed
point u*. Moreover, for any uy € U, the sequence (A uo);": | converges to this fixed
point u*.

An immediate consequence is

Corollary D.8 (Banach’s Fixed Point Theorem). Assume (U,d) to be a non-
empty complete metric space, let 0 < o < 1, and let the mapping A : U — U satisfy
the inequality
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d(Au,Av) < ad(u,v) (D.4)

for every u,v € U. Then, A has a uniquely determined fixed point u*. Furthermore,
Sor any uy € U, the sequence (A’ uo);": | converges to this fixed point u*.

Moreover we also used a slightly different result that asserts only the existence
but not the uniqueness of a fixed point. Here we may work with weaker assumptions
on the operator in question. A proof may be found, e.g., in [29].

Theorem D.9 (Schauder’s Fixed Point Theorem). Let (E,d) be a complete
metric space, let U be a closed convex subset of E, and let A : U — U be a mapping
such that the set {Au :u € U} is relatively compact in E. Then A has at least one
fixed point.

In this context we recall a definition:

Definition D.1. Let (E,d) be a metric space and F C E. The set F is called rela-
tively compact in E if the closure of F is a compact subset of E.

A helpful classical result from Analysis in connection with such sets is as follows.
The proof can be found in many standard textbooks, e.g. in [30, p. 30].

Theorem D.10 (Arzela-Ascoli). Let F C Cla,b] for some a < b, and assume the
sets to be equipped with the Chebyshev norm. Then, F is relatively compact in
Cla,b] if F is equicontinuous (i.e. for every € > 0 there exists some & > 0 such
that for all f € F and all x,x* € [a,b] with |x —x*| < 8 we have |f(x) — f(x*)| < &)
and uniformly bounded (i.e. there exists a constant C > 0 such that || f||., < C for
every f € F).

D.3 The Laplace Transform

The Laplace transform method is an extremely useful tool for the analysis of linear
(fractional or classical) initial value problems. In particular, it allows us to replace
a differential equation by an algebraic equation. We take the fundamental definition
from the classical book of Doetsch [56] where the interested reader may find a
comprehensive treatment of the Laplace transform.

Definition D.2. Let f : [0,00) — R be given. The function F defined by

Fs)i=2f(s)i= /0 " fx)e T dx

is called the Laplace transform of f whenever the integral exists.

It is rather simple to calculate the Laplace transform of some elementary
functions.
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Example D.1. (a) For f(x) = exp(ax) with a € R we have L f(s) = 1/(s —a)
whenever s > a.

(b) For f(x) =k with k > —1 we find £ f(s) = ['(k+1)/s"! whenever s > 0.
(c) For f(x) = sinwx with ® > 0 we have .Z f(s) = 0/ (s> + ®?), again for s > 0.

We cite the most important rules for Laplace transforms.

Theorem D.11. Assume the functions fi, f» and f3 to be given on [0,%0) and to be
such that their Laplace transforms exist for all s > sy with some suitable sy € R.
Then we have the following rules.

(a) If fz =aif1 +ayrfr with arbitrary real constants a; and a; then
ZLf3(s) = a1 Z fi(s) +arZ fa(s)

(linearity of the Laplace transform).
(b) If f3 is the convolution of fi and f>, i.e. if

s = [ CA-np@)dr,

then
ZLf(s)=ZLfi(s)- ZLfas)

(the convolution theorem). In other words: The convolution in the original
domain corresponds to the usual product in the Laplace domain.
(c) If f3(x) =[5 f1(¢)dt then we have for s > max{0,so}

$f3 (S) = %ffl (S)

(the integration theorem).
(d) Letm e N. If f3 =D"™f] is the mth derivative of f| then

L1 =2 - 354 0)
k=1

(the differentiation theorem).
(e) Leta>0and f3(x) = fi(ax). Then

()= - L fi(s/a).
(f) LetacRand f3(x) =e *fi(x). Then

ZLfi(s) =L fi(s+a).
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(g) Letm e Nand f3(x) =x"fi(x). Then

$f3(s) = (—l)md—mgfl(s).

ds™

(h) Let f3(x) = fi(x)/x. Then
.,sff3(s)=/°°ff1(o)dc.

(i) Leta€eRand
0 forx<a,

flx) = {fl(x—a) forx>a.

Then
Zf(s) =e “Lfi(s).

Part (d), the differentiation theorem, is of particular interest to us. Specifically
this result needed to be generalized to m ¢ N with a suitable definition of the differ-
ential operator. We have dealt with this question in Theorem 7.1.

Of course it is not sufficient to have the Laplace transform; for practical work
the inverse transform is required too. There are various ways to express this inverse;
one possibility is contained in the following result. We refer to the standard books
on Laplace transforms for details on the “suitable assumptions”.

Theorem D.12. Under suitable assumptions on f we have

Fl) = = / T exp(sx).2F(s) ds.

27 Jesiee

Under certain conditions, the long-term behaviour of functions may also be ex-
pressed with the help of Laplace transforms, see [27, 76, 158] and the references
cited therein:

Theorem D.13 (Final Value Theorem). Assume that £ f does not have any sin-
gularities in the closed right half-plane {s € C : Res > 0}, except for possibly a
simple pole at the origin. Then,

lim f(x) = lim sZf(s).

X—00 s—0+
Remark D.1. The condition on the singularities of .Z f is essential here: If .Z f has
a pole with positive real part, then f(x) is unbounded as x — oo, and if .Zf has a

pole on the imaginary axis (but not at the origin) then f has persistent oscillations,
s0 limy_... f(x) does not exist either.
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D.4 Hadamard’s Finite-Part Integral

The integral ff (x —a) M f(x)dx is divergent for y > 1 whenever f(a) # 0. Nev-
ertheless it is sometimes useful to assign a finite value to such integrals. This has
been observed by Hadamard [86] in connection with solution methods for certain
partial differential equations, and he introduced the following idea for the solution
of this problem, known as the finite-part integral. We shall mainly require this con-
cept for 4 ¢ N, and therefore we will restrict our attention to these values of y. The
consideration of integer values requires some small modifications.

The Hadamard finite-part of the integral (that we will, for the sake of simplicity,
denote by the same symbol as the standard integral) is, roughly speaking, defined
by a Taylor expansion of f at x = @ where the resulting singular integrals are
defined by

1

/a‘b(x—a)”dx:m(b—a)l” (u>1). (D.5)

Essentially this means that we first replace the integral jah (x—a) " dx by the ex-
pression [ : ' ¢(x—a) Hdx for € > 0. This is a convergent integral; its value is simply
(1—u)~'[(b—a)'~* — &' ~#]. Then we let € — 0. Of course the limit does not exist
for u > 1, and so Hadamard suggested simply to ignore the unbounded contribution
limg ,oe'™#/(1 — u) and to assign the value of the remaining (finite) expression
(1 —u)~'(b—a)' " — hence the name “finite-part integral”.

A precise way to define the finite-part integral is (for u ¢ N)

b 1] =1 £(k) PRV AN T}
. Y (a)(b—a)
— s dx := D.6
JACEDRE S T (D.6a)
b
—I—L (x—a)f”Rw,l(x,a)dx.
Here,
Ry(x.a)i= - [ =) )y D b)
pla

is the remainder of the pth degree Taylor polynomial of f with expansion point a. It
is well known that a sufficient condition for the existence of the integral (D.6a)
is that f € C*[a,b] with 4 —1 < s € N. This is due to the fact that then the
remainder term of the Taylor expansion has a zero at a whose order is so high
that the singularity in the other factor in the last integral in (D.6a) is almost be-
ing cancelled; the remaining singularity is weak and integrable in the improper
sense.
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An alternative representation that is helpful for us can be taken from [61, eq.
(A17)]:

Theorem D.14. Let u > 1 but 4 ¢ N and m := [u — 1]. For f € C"|[a,b] we have

1 (b —a)fHt!

F(l—u)/a(b X)) Z T(k— u+2)f(k)(“>+JZ”7”“f(’”)(b)-

We mention here the most important properties of the finite-part integral:

e In contrast to the classical Riemann or Lebesgue integral, the finite-part integral
is not a positive functional, i.e. the inequality

[0t < [o-a sl ar

is not true in general.

e The finite-part integral is a consistent extension of the concept of regular inte-
grals, i.e. whenever the integral [, ab (x—a)™* f(x) dx exists in the classical sense,
then it also exists in the finite-part sense, and the two integrals have the same
value.

e The finite-part integral is additive with respect to the union of integration inter-
vals and invariant with respect to translation.

e The finite-part integral is linear.

e The usual change-of-variables rule remains valid if u ¢ N.

A very useful result on these integrals is as follows.

Theorem D.15. Let f € C[a,b] for some k € Ny, and let p < k. Then, for a < x < b,

dx/f x—1)"Pdr = —p/f —1)"Ptar.

We leave the proof as an exercise to the reader.

D.5S Approximation Theory

A well-known concept from approximation theory that we had to use in the proof
of Theorem 2.25 was the Bernstein polynomial. A classical reference is the book of
Lorentz [117]. The definition is

mino=¥ (})ra-0r (1)
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where f :[0,1] — R. The fundamental result that we require is a convergence
theorem:

Theorem D.16. Ler f € C'[0,1] for some ¢ € Ny. Then, for all p € {0,1,2,....0},
the sequence (DM By|[f])y_, converges uniformly towards D" f.

A proof may be found in [117, §1.8].

Exercises

Exercise D.1. Give a proof for Theorem D.6.

Exercise D.2. Give a proof for Theorem D.2.

Exercise D.3. Prove the relations stated in Example D.1.

Exercise D.4. Evaluate the finite-part integral [01 x Hdx for pu > 1.

Exercise D.5. Give a proof for Theorem D.15.
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