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Abstract

In this project, we are interested to study random fractional differ-
ential equations. They are defined as fractional differential equations
involving second order random /stochastic elements for that we use the
ideas of the fractional calculus to a mean-square setting.

We introduce a new class of problems for random fractional differential
equations. The existence and uniqueness of random solutions is first
obtained by means of appropriate fixed point theorems. New concepts
on the sequential continuous and fractional derivative dependence are
introduced. Some examples are discussed to illustrate our main re-
sults.

Then, a class of random differential equations of Airy type is intro-
duced. The existence and uniqueness criterion for stochastic process
solutions for the introduced class is discussed. New concepts and no-
tions on ([—differential dependence are also introduced and some re-
lated results are proved. Several illustrative examples are given at the
end.

Keywords: Fractional differential equations, random differential equa-
tions, stochastic processes, existence of solution, mean square Caputo
derivative, mean square calculus.



Résumé

Dans ce projet, nous sommes intéressés a étudier les équations différentielles
fractionnaires aléatoires. Elles sont définies ici comme des équations
différentielles fractionnaires impliquant des éléments aléatoires et / ou
stochastiques de second ordre pour lesquels nous utilisons des idées du
calcul fractionnaire dans un cadre de "mean square”.

Nous introduisons une classe de problemes liés aux équations différentielles
fractionnaires aléatoires. L’existence et I'unicité des solutions est obtenue
au moyen d’un théoréeme de point fixe. Nouveaux concepts sur la
dépendance séquentielle continue et la dépendance aux dérivées frac-
tionnaires sont introduits. Quelques exemples sont discutés pour illus-
trer nos principaux résultats.

Ensuite, une classe d’équations différentielles aléatoires de type Airy
est introduite. Le critere d’existence et d’unicité des solutions de pro-
cessus stochastiques pour la classe introduite est discuté. De nou-
veaux concepts et des notions sur la dépendance [S—differential sont
également introduits et certains résultats sont prouvés. Des exemples
illustratifs sont aussi discutés; ils nous permettent d’assurer que la
classes de fonctions avec lesquelles nous travaillons n’est pas vide.

Mots-clés: Equations différentielles fractionnaires, équations différentielles
aléatoires, processus stochastiques, existence de solution, dérivée de
Caputo au sense "mean square”, calcul au sens "mean square”.
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FDEs : Fractional Differential Equations
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Introduction

The concept of fractional calculus is originated from a question that
was asked by Marquis de L’Hopital (1661 — 1704) to Gottfreid Wil-
helm Leibniz (1646 — 1716), in the years 1695, which was looking for
the significance of Leibniz’s notation d"y/dx" for the derivative of or-
der n € N* := {0,1,...} when n = 1/2 (What if n = 1/27). In his
reply, date 30 September 1695, Leibniz wrote to L’Hopital as follows:
7... This is an apparent paradox from which, one day, useful conse-
quences will be drawn...”

The fractional calculus has progressively become a useful technique in
mathematical modeling. It has developed a strong interest due to its
appearance in diverse applications such as economics, optimal control,
physics, engineering . [9, 15, 42, 46].

In particular, this discipline involves the notion and methods of solving
of differential equations involving fractional derivatives of the unknown
function called fractional differential equations (FDEs). FDEs have at-
tracted a lot of interest in the fields of mathematics and applications:
engineering, environmental science, physics, and economics. A recent
and notable research on FDEs is found in [11, 12, 23, 26, 32].

The nature is the database of the knowledge we can have about the pa-
rameters that characterize a dynamic system in engineering or natural
sciences. A deterministic dynamical system is specific. Unfortunately,
most of the data available for describing and evaluating dynamic sys-
tem attributes is not precise, unclear, or ambiguous. To put it another

13
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way, evaluating the parameters of a dynamical system has an uncer-
tainty. When our knowledge of the parameters on a dynamic system
is probabilistic, the use of random or stochastic differential equations
is a frequent strategy in mathematical modeling of such system.

Just a small amount of graduate-level literature exists on random dif-
ferential equations (RDEs), and there is only one book about them
despites their importance in scientific and engineering applications; it
is a book by the author Helga Bunke [5] from 1972 and another one by
Dobies Bobrowski [4] from 1987 completely committed to the theory of
RDEs. They were presented as excellent models in several disciplines
of science and engineering since random coefficients and uncertainties
were taken into account, [18, 33, 44], as a result developing a fractional
calculus that includes the uncertainty of real life is crucial.

The study of random fractional differential equations (RFDEs) become
a popular research topic in recent years,[6, 43]. RFDEs are defined here
as FDEs involving second order random elements.

Our interest in this dissertation comes from the fact that many scien-
tific phenomena have been represented using FDEs.

Numerous random phenomena in nature that directly interest us can
be mathematically represented in terms of limiting sums, derivatives,
integrals, and differential/ integral equations. Thus, the development
of a calculus related to stochastic processes is the next stage in our
discussion.

We shall develop a calculus relevant to this approach, namely, the
calculus in mean square or mean square calculus. The mean square
calculus is important for several practical reasons. First of all, its
significance comes from the use of uncomplicated and well-developed
techniques . Secondly, the method for building mean square calculus
and applying it to physical issues is largely the same as the calculus
of ordinary (deterministic) functions. Engineers and scientists with a
strong foundation in the analysis of ordinary functions will thus find
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it simpler to understand. Furthermore, the mean square calculus is
interesting since it is characterized in terms of moments, which are our
main concerns.

Presently, there is little work on mean square fractional calculus, see
[14, 16]. This amount of work will serve as the basis for our investiga-
tion into the mean square fractional calculus.

Organization of the Thesis

In this thesis, we study two new types of RFDEs using the theory
of mean square fractional calculus. We are interested to the question
of existence and uniqueness of random solution in a suitable Banach
space. Additionally, we present new concepts on continuous and frac-
tional derivative dependence.

This thesis is structured as follows :

Chapter 1 : Primary knowledge

The first chapter is dedicated to the basic concepts on random pro-
cesses and mean square fractional calculus that the reader needs in the
upcoming sections. For a clear understanding, we introduce some no-
tions on probability theory. We cite also part of essential analysis. We
end this chapter with a presentation of fundamental definitions and
theorems of functional analysis.

Chapter 2 : Sequential Random Fractional Differential Equations:
New Existence and New Data Dependence Results

This chapter is devoted to study a new class of RDEs with sequential
fractional derivative in the sense of mean square. We present our re-
sults [49] which consist in studying the existence and the uniqueness of
second order stochastic solution of the considered problem in a Banach
space using fixed point theory. In the same context, new results on the
continuous dependence and fractional derivative dependence are intro-
duced. Some examples are also constructed to illustrate our results.
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Chapter 3 : A Sequential Random Airy Type Problem of Fractional
Order: Existence, Uniqueness and $— Differential Dependence

This chapter is the subject of the main results of our contribution [50]
which relates to studying a new class of random Airy type problem
with n sequential mean square fractional derivative. We introduce
the existence and uniqueness criteria by applying the Banach mapping
principle. Then, we treat the questions of the continuous/differential
dependence of the solutions with respect to the random data of the
considered problem. Thus, we give some demonstrative examples to
illustrate the obtained results.

Conclusion and Perspectives : This last part serves as a reminder
of the numerous contributions provided to this thesis as well as the
perspectives taken into consideration.

For the convenience of readers interested in additional research on these
and other closely connected issues, a substantial Bibliography is pro-
vided at the end of this thesis.



Chapter 1

Preliminaries

In this chapter, we present the basic knowledge of probability theory.
Then, we introduce some notions of random processes. After that, we
move on to presenting the mean square fractional calculus. At the
end, we give some important definitions and theorems of functional
analysis.

1.1 Notions of Probability

The probability theory is a mathematical subfield. It has been created
in 17" century. It was focused on analysis of random phenomena. For
example, Communication systems [20]. Let’s define the fundamental
terms for probability that will required.

Definition 1.1.1. [36] Before rolling a die you do not know the result.
This is an example of a random experiment. In particular, a random
experiment is a process by which we observe something uncertain.
There are certain terms associated with random experiments that are
given as follows:

Outcome: A result of a random experiment.

Sample space: The set of all possible outcomes.

Event: A subset of the sample space.

17
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Definition 1.1.2. [19] An ordered triple (2, F, P) is called a proba-
bility space if

e () is a sample space;

e F is a o—algebra of measurable subsets (events) of ) ;

e P is a probability measure on F, that is, P satisfies the following Kol-
mMogoTrov arioms :

— for any A € F there exists a number P(A) > 0 called the probability
of the event A;

— the probability measure is normalized, i.e., P(Q) = 1;

— if events Ay, As, ... satisfy AiNA; = @ for all i # j,

(U2, 4;) ZP

Random Variables

In this paragraph we define random variables and some related con-
cepts such as probability mass function, expected value and variance.

Definition 1.1.3. [19] A random variable X is a deterministic func-
tion that assigns a real number to each outcome in the sample space,
i.e., a mapping from the sample space €2 to the set of real numbers

X:Q—=R.

The sample space ) is the domain of the random variable and the set of
all values taken on by the random variable is the range of the random
variable.

There are fundamentally two distinct types of random variables, dis-
crete random variables and continuous random variables. If the range
of random variable assumes values from a countable set, it is then a
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discrete random vartable. If the range can take infinitely many reals
values, it 1s then a continuous random variable.

Cumulative Distribution Function

Definition 1.1.4. [19] The cumulative distribution function (cdf) of a
random variable X expresses the complete probability model of a ran-
dom experiment as the following mathematical function:

Fx(z) = P(X <ux).

Probability Mass Function

Definition 1.1.5. [19] The probability mass function (pmf) of a dis-
crete random variable X expresses the complete probability model of a
random experiment as the following mathematical function :

f(z) = P(X =2x).
The pmf must satisfy the following important properties :
e f(z)>0.

to(x):L

Probability Density Function

Definition 1.1.6. [19] The probability density function ( pdf) of a
continuous random variable X, expresses the complete probability model
of a random experiment as the following mathematical function:

o f(z) >0
o [ fla)dx =1
o Pla< X <b) = ["f(z)da
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Expected Value

Definition 1.1.7. [19] The expected value of a random variable X,
denoted by E[X] is defined as follows:
fj;o xf(x)dx if X continuous

E[X] = Z xf(x) if X discrete

xT

Variance

Definition 1.1.8. [19] The variance of a random variable X can be

expressed as follows :

o[X]* = BE[(X - E[X])"] = E[X"] - [E[X]]".

Moments

Definition 1.1.9. [19] The expected values of all the powers of a ran-
dom variable, known as the moment of the random variable, can com-
pletely specify the distribution of the random variable. For the random

variable X, assuming n s a positive integer, the nth moment , denoted
by E[X"], is defined as follows:

fj;o 2" f(x)dx if X continuous
EIX"] = Z 2" f(x) if X discrete

1.2 Random Processes

Suppose to every outcome (sample point) w in the sample space €2 of
a random experiment, according to some rule, a function of time ¢ is
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assigned. The set or collection of all such functions that result from
a random experiment, denoted by X (¢;w), is a random process or a
stochastic process. [19]

The function X (¢;w) versus ¢, for w fixed, is a deterministic function
and is called a realization, sample path, or sample function of the ran-
dom process. For a given w = wj;, a specific function of time ¢, i.e.
X(t,w;), is thus produced, and denoted by xz(t). For a specific time
t = tr , X(ty;w;) is a random variable, and is called a time sample.
For a specific w; and a specific tg, X (t;;w;) is simply a nonrandom
constant. It is common to suppress w, and simply let X (¢) denote a
random process.|[19]

The notion of a random process is an extension of the random vari-
able concept. The difference is that in random processes, the mapping
is done onto functions of time rather than onto constants (real num-
bers). The basic connection between the concept of a random process
and the concept of a random variable is that at any time instant (for
each choice of observation instant) the random process defines a ran-
dom variable. However, the distributions at various times could be
potentially different.[19]

Generally speaking, a stochastic or random process (in this thesis both
terms will be used in an equivalent sense) is a family of random vari-
ables defined on a common probability space, indexed by the elements
of an ordered set J, which is called the parameter set. Most often, J
is taken to be an interval of time and the random variable indexed by
an element ¢ € J is said to describe the state of the process at time
t.[45] Random processes considered here are specified by the following
definition:

Definition 1.2.1. [/5] A random process is a family of random vari-
ables {X(t),t € J}, defined on a common probability space {2, F, P},
where the parameter set J is a subset of the real line R.
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Random Processes as Random Functions

Consider a random process {X(t),t € J}. This random process is
resulted from a random experiment, e.g., Observing the stock prices
of a company over a period of time. Remember that any random
experiment is defined on a sample space ). After observing the values

of X(t), we obtain a function of time such as the one showed in Figure
2.1[36].

Stock Price S(t)

0.2 0.4 0.6 0.8 1
time t

Figure 1.1: A possible realization of values of a stock observed as function of time. Here, S(t) is an
example of a random process.

The function shown in this figure is just one of the many possible

outcomes of this random experiment. We call each of these possible
functions of X (¢) a sample function or sample path. It is also called a
realization of X (t).
From this point of view, a random process can be thought of as a ran-
dom function of time. You are familiar with the concept of functions.
The difference here is that {X(¢),t € J} will be equal to one of many
possible sample functions after we are done with our random experi-
ment. In engineering applications, random processes are often referred
to as random signals.[36]

Definition 1.2.2. [36] A random process is a random function of time.
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Tools for Random Processes

As with random variables, we can mathematically describe a random
process in terms of a cumulative distribution function, probability den-
sity function, or probability mass function.

Probability Function/Cumulative Function

Definition 1.2.3. [36] Consider the random process {X(t),t € J}.
For any ty € J, X (ty) is a random variable, so we can write its cdf

Fx()(x) = P(X(ty) < x).
If t1,ty € J, then we can find the joint cdf of X (t1) and X (t9) by
Fx ), x(t) (21, 72) = P(X(t1) < 21, X(t2) < @9).
More generally for ti,ts,...,t, € J we can write

FX(tl) X(tn)(xh s >xn) — P(X(tl) S L1y ,X(tn) < .I'n)

.....

Similarly, we can write joint pdf or pmf depending on whether X (t)
is continuous-valued (the X (t;)’s are continuous random variables) or
discrete-valued (the X (t;)’s are discrete random variables).

Mean and Correlation Functions

Definition 1.2.4. (Mean Function of a Random Process).[19, 36] For
a random process {X (t),t € J}, the mean function ux(t) : J — R, is
defined as

px(t) = BX O] = | afxo@.

In the next paragraph, we will introduce the essential of the theory
of Lo spaces. To do this, we refer to [41].
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1.3 L,—Spaces

Let us consider the properties of a class of real random variables
X1, Xs, ..., whose second moments, F[X?], E[X2],..., are finite. They
are called second order random variables. We have

E[XY]* < E[X?E[Y?.
E[(X +Y)? < cc.
E[(cX)% = ¢E[X?],Vc € R.

Hence, the class of all second order random variables on a probability
space constitues a linear vector space if all equivalent random variables
are identified. Two random variables X and Y are called equivalent if
P(X #Y) = 0. Let us use the notation

< X,Y >= E[XY].

The relation < X,Y > satisfies the properties of the inner product

o < X,)Y>=FEXY]=EYX]|=<Y,X >.
o <cX,Y >=FE[cXY]|=cEXY]=c< XY >.

o < X+ Y W>=FE(X+Y)W|=FEXW|+EYW]=<X,W >
+ <Y W>.

o < X,X >= E[XX] = E[X? > 0.
o < X, X >= E[X? = 0if and only if X = 0.

Define
| X2 = v/ E[X?].

It follows directly that || X ||o possesses the norm properties :

o || X2 > 0;||X|l2 =0 if and only if X = 0.
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o [laX(ly = |af|| X2, o € R.
e Cauchy inequality: || X + Y2 < || X2+ Y2
Define the distance between X,Y by
AX,Y) = |1X =Y.
The distance d(X,Y") possesses the usual distance properties :

e d(X,Y) > 0;d(X,Y) = 0 if and only if X = Ywith probability
one.

o d(X.Y) =d(Y,X)
o d(X,Y) < d(X,W)+d(W,Y)

The linear vector space of second order random variables with the inner
product, the norm , and the distance defined above is called a Lo space.

Theorem 1.3.1. Ly spaces are complete in the sense that any Cauchy
sequence in Lo has a unique limit in Lo. That is , let the sequence { X, }
be defined on the set of natural numbers. There is a unique element
X € Ly such that

|1 X, — X|l2 = 0 as n — oo
of and only if
d(Xn, Xm) = [| X=Xl = 0 as n,m — oo in any manner whatever.

Proof. For proof, see Loeve[l,p.161] [30] O

We thus see that Ly spaces are complete normed linear spaces (Ba-
nach spaces) and complete inner product spaces (Hilbert spaces).
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Second Order Stochastic Processes

Definition 1.3.2. [/1] Consider a stochastic process with index set
J C R for which X(t1),...,X(t,) are elements of Ly space for ev-
ery set ti,...,t,. Such a stochastic process is called a second order
stochastic process and is characterized by

IX@Olz = EIX ()X (1)t € J.

Mean Square Convergence

Definition 1.3.3. [/ 1] A sequence of random variables { X, } converges
in mean square to a random variable X as n — oo if

lim || X, — X||» = 0.
n—o0

Other commonly used names are convergence in quadratic mean and
second order convergence.

Theorem 1.3.4. [/1] Let {X,,} be a sequence of second order random
variables. If
X, — X

mean square

then
lim F[X,] — E[X].

n—oo

In words, "lim” and "expectation” commute.

Remark 1. [/5] For this kind of convergence, it is not necessary that
the values X, (w) converge to X (w). We shall call this kind of conver-
gence, "convergence in quadratic mean ’
square” .

" or "convergence in the mean

Proposition 1.3.1. [/5] If X,, such that E[X?] < oo converges in the
mean square, it may have at most one limit.
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Proof. [45] Suppose that
X,—Uand X, —»V,
in mean square, where U,V € Lo; then for alln =1,2,...,
U=V < || Xn=Ull2+ || X, = V]2 = 0 as n = 0.
Hence, |U — V||2 = 0, which implies that U = V. O

Quadratic Mean Continuity

[45] Let {X(t),t € J} be an Ly stochastic process with J C R an
interval.

Definition 1.3.5. A second order process {X(t),t € J} is said to be
Lo continuous (or continuous in quadratic mean) at a point ty € J if
and only if

X(t) — X(to) as t — 1o,

mean square

that is
1X() = X (1)l = EI(X(t) = X(t))%] = 0 as t = £

1.4 Mean Square Calculus

In this section, we will present the definitions of the Riemann-Liouville
(R-L) fractional integral and the Caputo fractional derivatives in the
sens of mean square. Also, some of their properties are introduced.
We start this section by the introducing the definition of the well-
known Gamma function of Euler..

Definition 1.4.1. /23, 35] We call Gamma function the following in-
tegration

['(s) = /0+00 t5 L exp (—t)dt
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where s € R .
Some of the properties of this function [23, 35]:
o ['(s+1)=sI(s),(s>0).
el'(n+1)=nland I'(1) =1, (n € N).

The importance of this function is that it is effective for modeling phe-
nomena containing continuous change.

There are different definitions and notations of fractional derivative
and fractional integral in the deterministic theory of fractional calcu-
lus. And the choice of any of these definitions will depend on many
factors, such as the function concerned. In our situation, the function
in question is a random function of order two. Therefore, we need to
define another type of fractional integral and derivative that fits this
type of functions which is called mean square R-L fractional integral
and mean square Caputo fractional derivative.

Mean square fractional integral and derivative

We present in the following definition the mean square R-L fractional
integral.

Definition 1.4.2. [37] Let X (t),t € J, be a second order stochastic
process and let B > 0. The mean square Riemann-Liouville (R-L) frac-
tional integral to order B of X (t) is given by

I°X(t) = /t %X(s)ds,t € la,b] C J. (1.1)

Below, we give the definition of the mean square fractional derivative
in the sense of Caputo.

Definition 1.4.3. [37] Let X (t),t € J, be a second order stochastic
process and let 5 > 0 be such that § €lm — 1, m],m € N*. The mean
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square Caputo fractional derivative of X (t) at t € [a,b] C J, is given
by
Im=BX(@) B elm—1,m|
DPX(t) =

X0 p=m

Properties

Theorem 1.4.4. [37] Let X(t) and Y (t) be second order stochastic
processes for which I°X (t) and I°Y (t), 3 > 0, exists fort € [a,b] C T.
Then

e (a)(Linearity)
DX +Y®)]=10X(1t)+ 1Y ().

e (b)(Homogeneity)
IeX ()] = eI} [X(1)]

where ¢ 18 a constant.

Proof. Letting
ea=5)<---<s,=1t<b,
® s € [sg_1,5; for k=1,...,n and

o A\, = mgx(sk — Sk_1)

we have
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t (t— 1 t (t—s
=/ (F()B X(s)ds+ [ (tr()ﬁ) Y (s)ds
= IPX(t) + IPY (t).
e (b) Similarly

n

_ )81
IFleX(t)] = nh_r)an%cX(S}:)(sk—skl)

Apn—0 k=1

. - (t_slt)ﬂ_l *
= ¢ lim — X (s)(srp — Sp—
nAjOOOZ F(ﬁ) (k)( 1)
n k=1
= cI’X(1).
]

Theorem 1.4.5. [57] Let X(t) be a second order stochastic process
such that X(t) exists and is mean square continuous on [a,b] C J.
Then

lim I°X (t) = X(t)
£5—0

Theorem 1.4.6. [37] Let 5 € (m — 1,m) where m € N*. Let X (t) be
a second order stochastic process such that X ™(t) exists and is mean
square continuous on [a,b] C J. Then

lim DX (t) = X™)(t).

B—m
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Proof.
lim D’X(t) = lim I™ P XM(¢)
B—m B—m
= lim 17X (¢)
v—0
= X(1),
where Theorem (1.4.5) has been used in the last step. O]

1.5 Composition Rules

Theorem 1.5.1. [37] Let B > 0 and o > 0 and let X(t) be a second
order stochastic process such that I®I°X (t) exists for t € [a,b] C J.
Then

ICIPX (1) = IO X (1).

Theorem 1.5.2. [37] Let m € N* and let X(t) be a second order
stochastic process. Then for a > 0

DeX M (t) = DO X (¢).

Theorem 1.5.3. [37] Let o €]n — 1,n],n € N* and let X(t) be a
second order stochastic process, then

DeICX () = X(b).

Theorem 1.5.4. [37] Let B €lm—1,m|,m € N*. Let X(t) be a second
order stochastic process. For t € [a,b] C J we have

3
L

DX (t) = X(t) -
=0

Gt

Proof.
IIDIX(t) = LI PXM(t) = L' X(t)

we have using integration by parts: For m =1

I'xW) = /tX(l)(s)ds = [X(s)]) +0=X(t) — X(a);
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For m =2

X)) = [TEAxO(s)ds

m—1 (t . a)]
"X () = X(t) — ——_XU)(q)
= I'(j+1)
Finally,
I°DPX(t) = X(t) — S (=) XD (a)
e < T(+1)

1.6 Fixed Points

In this last paragraph, we will introduce the Banach fixed point theo-
rem (23, 39]. This theorem is essentially based on the following defini-
tions:

Definition 1.6.1. Let B a Banach space endowed with the norm |- || 5
and H a map of B in B. We call a fized point u of H any point u € B
such that

Hu = u.

Definition 1.6.2. Let S be a normed vector space, of norm || - ||g. A
map H of S in S is said to be Lipschitz with constant L > 0 if it
satisfies:

Vu,v € S || f(u) — f(v)||s < L|ju —v]|s-
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Definition 1.6.3. The Lipschitz map f is said to be a contraction if :
L e [0,1].

In the following theorem, we present the Banach contraction princi-
ple.

Theorem 1.6.4. Let (E,d) be a Banach space and let f : E — E a
contraction. Then f admits a unique fized point.



Chapter 2

Sequential Random Fractional
Differential Equations: New
Existence and New Data
Dependence Results

In this chapter, we are concerned with sequential random fractional dif-
ferential equations with two different orders and nonlocal conditions
[49]. The existence and uniqueness of solutions for the problem is ob-
tained using an appropriate fixed point theorem. Then, new concepts
on the sequential continuous and fractional derivative dependence are
introduced. At the end of this chapter, some results of stability on the
random data as well on the deterministic case are discussed.

2.1 Position of the Problem

Several of the real problems we face in daily life involve some degree of
uncertainty. For example, in communication networks, arrivals of data
packets, occurrences of calls or connections of flows are mathematically
modeled as random/stochastic processes. Accordingly, it has become
better to model natural phenomena with differential equations so that

34
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the unknown function is a random process and the conditions are also
random variables.
In this context, we find researcher’s attention focused on the study
of RFDEs. These studies can be found in the following references
[7, 28, 29, 48].
In 2017, El- Sayed et al. [13] studied the following very interesting
RFDEs with a nonlocal conditions:

DX (t) = c(t)f(X(t))+b(t), t €[0,T]

n
Xy = X(O) + ZakX(Tk>, ap > 0,

k=1
where the authors used the concept of the mean square fractional
derivative in the sense of Caputo of order @ €]0, 1] and mean square
fractional integral in the sense of R-L for mean continuous second order
stochastic process. They have been interested to the existence and the
uniqueness of the random solution. Also, by introducing the concepts
of continuous and fractional derivative dependence, they proved the
stability of some random /deterministic data dependence.
Then, based on the above paper, the authors of [40] have been con-
cerned with the following random problem

(DUX() = ()X (1) +b(O)g (DX ()
) Xo = X(0)+ > apX(r)
X o= X,

where the authors investigated the Caputo mean square fractional
derivative of order o €]1,2]. They investigated the stochastic solution
uniqueness in an appropriate Banach space under various hypotheses.
We note that the above-mentioned research did not address the topic
of sequential derivatives and as we see in chapter 1, the mean square
Caputo fractional derivatives possess neither semi-group nor commu-

tative property i.e. Dt0f £ DeDSf D*DPf £ DPD®f, where D
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stands for mean square Caputo fractional differential operator. This
renders the reduction of the order of RFDEs impossible. The advan-
tage of considering the sequential derivative is that we can reduce the
order of RFDEs.

Motivated by the above works, we are concerned with a new class of
random differential equations with nonlocal conditions and two sequen-
tial fractional derivatives. So, we consider the problem:

( D*(DPX)(t) = C(t)f(X(i))+b(t)g(D5X(t)),
) Xo = X(0)+ > apX(m), ar >0, 7 €]0,7]  (2.1)
\ X, = X(B)(o),k:1

where, D® and D” represent the mean square Caputo fractional deriva-
tives, with, @ and g are in ]0,1], X(+) is a second order random func-
tion, Xy, X; are a second order random variable and aj are positive
real numbers, f: Lo(2) = R, g : Ly(Q2) - R, cand b : J — R, with,
J =10,T].

2.2 Methodology

In this chapter and in the following one, we consider a complete prob-
ability space (Q,}" , P). Over this space, we consider the stochastic
process of order two X (t), where t € J = [0, 7.

Then, we consider the following space denoted by

C =C(J,Ly(Q)) := {X : J — Ly(Q) such that E[X(¢)?] < oo}

which represents the set of all second order stochastic processes which
are mean square continuous over J. This set is a Banach space equipped
with the following norm

1 Xlle = Sup IX (@12 where [[X(2)]l2 = +/ E[X3(t)].
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2.3 A Sequential Random Integral Solution

In the following lemma, we present the random integral representation
for (2.1).

Lemma 2.3.1. The integral solution of (2.1) is given by:

n B

-
X(t)=a'|X,— X a k
) [o Doty
a+ﬂ1

—Zak / " _ai 3 [c(s) F(X(s)) +b(s)g(DﬁX<s))]ds]

L t (t _ S)OH_B_l Cl\S S S 5 S S
e+ [ [mmw»+ummxmﬁm

I'Bs+1 ['(a+ B)
(2.2)
where, a =1 + i .
Proof. We note 7
Y(t) = c(t)f(X (1) +b(t)g(D"X (1))
and we consider
D*(D’X)(t) = Y (1), (2.3)

for which we apply the mean square R-L fractional integral of order «
0 (2.3) to obtain
DX (t) = v + I°Y (1), (2.4)

where, 79 € R.
Again, we apply the mean square Riemann-Liouville fractional integral
of order 5 to (2.4). We can write

P

TG +I°TY (1), (2.5)

X(t) =7+
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where, 71 € R.
We take t = 0 in (2.5), we get X (0) = 71, and we take t = 7 in (2.5),

we get,
B

.
X(1) = — k4 10y (¢
(%) ’Y1+’Yor(ﬁ+1)+ ()’tzm’
SO,
Tﬁ +8
X0)+ 30X =24 Y+ gy + YO

- (2.6)

The fractional derivative D? of (2.5) is
XO(t) =70+ 1Y (1),
and we take t = 0, we have
XP(0) =~y = X1

Substituting the value of 7y in (2.6), we get the value of v

n

1 e .
Y1 = —[XO—Xlzakm Z&kI—’_ﬁY }t Tk].
1+Zak k=1 k=1

The proof is thus achieved. [

2.4 A Unique Sequential Solution in ||.|r Sense

For the purpose of studying the existence and the uniqueness of random
solutions for (2.1), we define the following Banach space

F:={XeC,DX e},
equipped with the norm
1X1|l7 = [ X|lc + D X]lc.
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It is note that F' is a Banach space; to prove this we use the fact that
both Ly(€2) and C are Banach spaces [27, 38].
Now, over F, we define the operator ¢ as follows:

o . F —- F
X — oX,

n 3
OX(t) :=a"! [XO _ X Z akﬁ

/~ ZW:ZB1%*@f@¥@D-FM3wCD@X@»]¢4

ﬁ t (t - S)a+ﬁ—1
£ x [ [
T+ Sy Tla+p)

where, a = 1+ mj_,ay.
We will present the following hypotheses that are needed in the rest of

this work :
Suppose that f,g : Lo(2) — R and, ¢,b : J — R are continuous
functions. In addition, we assume that

(Hl) 4K, Ko > 0, Vx,y € LQ(Q)
1f(2) = FW)ll2 < Kallz = yll2,

() f (X (5)) + b(s)g(DﬁX@)] ds,

lg(x) — g(y)|l2 < Kallz — ylla

and, Idmq, mo > 0

f(0) <my < 00,9(0) < my < 0.

(H2): sup |¢(t)| = u < oo, and, sup |b(t)| = v < oo.
teJ teJ

Lemma 2.4.1. Suppose that (H1) and (H2) hold. Then,
XeF=adX)ec
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Proof. We have to show that for all ¢ € J, the random variable ®(X)(¢)
is an element of Ly(£2) and that ®(X) is a continuous function on J.
Let us first notice that according to the hypotheses (H1) and (H2):

XeF = |f(X(s)l < [IF(X(s)) = fO)l2+ [1F(0)[]2 @7
< K| X(s)ll2 +ma < K[ X ()]l + ma. '

In the same manner,
XcF = |gD’X(s))|s < K| DX (5)||c + ma. (2.8)

On the other hand, if we put

t(t — g)etps-1
Y(t) = /0 (tr( ) [c(s)f(X(s)) + b(s)g(DﬁX(s))] ds

o+ f)
OX(t) :=a ' X v oy A DL S PR
(t):==a 0+{F(ﬁ—+1)_a ;akm] 1—a kz:;ak () + Y (D),

As, Ly(£2) is a vector space and Xy, z1 are two elements of Lo(£2), it
suffices to show that ®(X)(¢) is an element of Ly(€2) to prove this
property for Y (t), for all ¢ € J. Using the properties of the norm, as
well as estimates (2.7) and (2.8), we get:

tis)aJrﬁ*l

V(W) < (ELX($)]le +mi) + v(E DX (s) e +ma)) Ji G ds

a+pB
< e WX () lle +mi) + o(Fa[DPX (s)le +ma)) < oc.

[]
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Let us now show the continuity of ®(X). For all ¢y, t € J tg < t, we
have:

‘PX() (o)

/ _@ :Jr; [ f(X(s)) + b(S)g(DﬂX(S))] ds

(tO— )OH—ﬁ : Cc(S S 2 S S
g = [ s () + (X (5 s

B 4B to — 3 a+p3-1
:Ft fo X / Y ( ) [c(s)f(X(s)) +b(s)g(DﬂX(s))] ds
(

+1)7! ['(a+ B)
—s)

(8 0
t
(
+/0 (a+ f)
a+p—-1
dX

+
a+p—-1
(606 + oe1a(D7X (5| s
S et

t d
/ o 5 X (1)) + b(s)g(DPX(s)) |d
o Tla+p) [C f(X(®) +bls)g (D X(5)) | ds
(

B _ 4P bt — g)atp-1
:Ft(ﬁ _,_t(i)Xl -l-/t (tr(&)—i_ 5 [c(s)f(X(s)) + b(S)g(DﬂX(S))]dS

|, Ve~ oo +woutoxto]a

Using the above norm, we get
|PX(t) — X (to)[|2 <

0 — 1) Lt — )bl ;
R e )z + 1066 (DX (5) ] ds

to (t__s)a+ﬁ—1 __(to—-s)a+ﬁ_1 " . . 5 . .
v [F(aw) e ”l()!l\f(X( Nis + b >||(g2(;3> X >)u2]d

t) — X (to)
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Using (2.7) and (2.8), we get
X (t) = @X (t0)l]c <

tﬂ—tg (t_to)a—i—ﬁ ,
TE+1)""  Tla+g+1) [“(K1|\X!|c+m1) +v(Ko||D Xl!c+mz)]

—(t —tg)otP at+B _ 4otB

[ (t tﬁ’)(oz _}_—;:_1) ty ][u(K1||XHC+m1) +U(K2‘|D6X|‘C+m2):|,

19X (2) — X (to)l[c <

9 —t) gots — oth
0 Xl + [ 0

T(6+1) T(a+pB+1)

] [u(KlﬂXHc +m1) + v(Io||DPX]|e + mQ)] :
(2.10)
At the end we get:
lim [[®(X)(t) — &(X)(to)lle = 0.

t—to

That is, ®(X) is right continuous from any point ¢y € J. On the same
way, we show the continuity on the left.
This Completes the proof of Lemma 2.4.1.

Lemma 2.4.2. Assume that (H1) and (H2) hold. Then,
X € F=D9(X)cC.
Proof. For all ty,t € J, ty <t we have
D’®X(t) - DX (ty) =

X, + / % [c<s>f(X<s>> + b<s>g<DﬁX<8>>] SN CRE)

@)

_ _ to—(to_s)ail c(s S S X (s S
= [T o) (606 + s)a (DX )| s
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Hence,

ID7@X (1) = D@ X (ty)]]> <

s . ]
/0 tp(a) [I ()£ (X(3))]]2 + [b(s)|]|g(D” X ( ))HQ]d
- [T M e + o) (DX 6) | s,

(2.12)
Consequently,

ID"®X (1) — D ®X (to)][c <
(2.13)

s | [Tl + )+ o (Rl DA X +1m) |

Finally,
lim [|[D°®X (t) — D°®X (t,)]|c = 0.

t—to

So, D?®(X) is right continuous from any point ¢, € J. On the same
manner, we show the continuity on the left.
The proof of Lemma 2.4.2 is achieved. H

From Lemmas 2.4.1 and 2.4.2 immediately follows the following re-
sult.

Proposition 2.4.1. The subspace F' is stable for ®.

Let us pass to prove the existence and uniqueness of a stochastic
solution for problem (2.1).

Theorem 2.4.3. Assume that (H1) and (H2) hold. The random prob-
lem (2.1) has a unique solution provided that A < 1, where,

ch+ﬁ T
A= <2F(a Y511 T(at 1)) (“Kl H’KQ)'
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Proof. Now, we consider X,Y € F. Hence, we have

OX(1) — BY (1) =
a+6 1

Tk—S
_alz / C(a+B)

[
iy e
a—i—ﬂl

!

5)) +

(DX ()|

+b(s)g(DX (s) )]s

b(s)g(D"Y (s ))]d

Tk—S
+a Z / T(a + B)

B t (t . oHrﬁ 1 3
/0 (a+ﬁ [ " R )] (2.14)
This implies that
T — S oH—ﬁ 1
X (0 -0y () = Y [ O 0 (00) - 010

+b(s)(g(D’X(s)) — g(DBY(s)))] ds

Pt — s)atr-t (s s)) — s s BX(s)) — by (s .
+/O Mo i) [ (s)(f(X(s)) = f(Y(s))) +b(s)(9(D"X( ))(2 1g()D Y (s)))|ds.
A5
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Consequently,
|0X (1) — &Y (1) <
n T Te — S a+p—1
Yo [ Nl () — ()l
+WﬂWﬂUW@D—ﬂDWEDmPS (216)

t (t . S)oH—ﬂ—l
b [ el () - )

+WMmﬂw&@»—ﬂwW@m@u&

Therefore,

n a—|—5
Tk

(a4 B +1)

|PX — DY || <a™* Zakr

[uKlHX Yl 4+ 0IG||X Yuc]
k=1

toﬂrﬁ
_|_
[(a+B+1)

PMHWWX—YWWH%HWWX—YW4,

(2. 17)
thus,
a+p

(a4 B+ 1)

X ()Y (1) < 2 XY [l DY CC- |

(2.18)
Moreover, we have

(t— )" _c(s) F(X(s)) + b(s)g(D/fX(s))] ds

Dﬂqu(t)—Dﬂxw(t):/ o]
0 «Q

_ t(t—s)a_l_cs ) Ao (DY (a1 | s
/O () _()f(Y( )) +b(s)g (DY ( ))_d,

- /0 : ;(2; [c(s) (F(X(5) — F(Y () + b(s)(9(DX(5)) — (DY ()] ds.
(2.19) _
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Hence, it yields that

ID"ex(0) - Dwy (o)l < | “;Tf) [!ds)ll!f(X(s)) )k

T 1b(s)]1(g(DPX (5)) — g(Dﬁws))HQ] s,
(2.20)

S0,

«

T
ID°UX — DPOY||e <———
['a+1)

[uKlHX —Y|e +vEK,||D(X — Y)||C] :
(2.21)
By the inequalities (2.18) and (2.21), we get

Ta—i—ﬁ n
+
(a+8+1) TI'(a+1)

|PX — Y |[p < [21“ ] [uKl +vK2] |IX = Y][p.

(2.22)
At the end, we conclude that
|2X — @Y |[p < Al[X — Y| (2.23)
Finally, ® is contractive as A < 1.
This ends the proof. ]

2.5 Dependence on Random Data

In this section, we establish new concepts for the above sequential
RFDE with its nonlocal condition, in addition, we prove the results for
the continuous and differentially dependence on random /deterministic
data.

So let us consider the following sequential RFDE with the nonlocal
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conditions:
( D*(DYX)(t) = C(t)f(X(fl))+b(t)g(DﬂX(t)),
) Xo = X(0)+ > aX(m), . (2.24)
j(l — X(ﬁ)(O), N

\

and, we study the dependence on the random data X, and X; of the
solution of the random problem (2.1).

Definition 2.5.1. The solution X € F of the random problem (2.1)
15 continuously and [-differentially dependent on the random data X
and Xy if for all € > 0, 399 > 0,01 > 0 such that || Xy — )N(0|\2 < 0o,
CLTLCZ, HX1 — XlHQ < 51, = HX — XHF <e.

Theorem 2.5.2. Assume that (H1) and (H2) hold. Then, the solution
of the above problem is continuously and (-differentially dependent on
Xo and Xl.

Proof. Let X (t) as defined in (2.2) be the solution of the problem (2.1)
and

X(t) - 1[Xo—xlzak S

n a+6 1

—Zak/ (i — a+5 [(s)f(f((s))+b(s)g(DﬁX(s))]ds]

0

N—tﬁ s )a+ﬁ_1cs X (s s X (s s
+X1F(6+1) +/0 T(a+ B) [ (5)f (X(s)) + ¥ )g(D(;;())))]d ’

be the solution of the problem (2.24).
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Then,
X(t)—X(t) =
-1 > RN T " RS (1 = s) !
a (Xo—Xo)—CL klakr(ﬁ—l—l)(Xl_Xl)_a ;ak/o F(Og—l—ﬁ)
X [c(s)(f(X(s)) — f(X(3))) +b(s)(g(D’X(s)) — g DBX(S)))]CLS’
P8 ~
e
-/ il !c(s) (F(X()) — F(R()) +b(s) (9 (DX (s)) — 9(DX( )))]d
 Tai ) s)(g s g s s,
(2.26)
we use || - ||2 on J, we get

X () = X (B)]]2 <

n B n Tk o oat+p-1
-1 % -1 Tk % -1 (7x — 5)
Q ||X0—XO||2—|—CL Qg HX1—X1H2+CL ak/
2 G+ 2%}, T+

< el I1F (X () = (X ()] + b(s)] |9 (DX (s) — g Dﬁqu»m} ds

T,f Pt — s)oti-t

bt - Kl [ U ol () - S (X))

T 1b(s)l[lg(DPX(s)) — g(Dms))ug} s,

(2.27)
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hence,
|1 X — X|le <a™'6 +alzn:a T—]fé +L5
ER S AN T S D
- n Tk (Tk_s)a+ﬁ—1[ B ~
+a ! ak/ uK 1 || X — X||e + vEKo||[DP(X — X)||c|ds
;  Taxh) ( |
t(t—S)a+B_1 _ 3 5
Ki||X - X K| DX = X)|c|d
b [ [ = K+ oRaliD 6 - D)l as
SO
- " T8 T8
X—Xl|le<at+aty ag=——0+ =6
Ta+pb % - 5 ~
X — X||¢ + v, DY (X — X
Y g I Kl oIl - 1]
T+ % B 3 B
X-X K| DA(X = X)|le] -
+F(&+5+1)[u X = Xlle + vEalID(X - )]
(2.28)
So,
X ) - r ——4
X — <a~ —|— ap + 1
| le 0 Z A
n ToH—,B
+<a_1 axT, +1)
; FET )T+ B+ 1)
X [uKlHX—XHCJrvKgHDﬁ(X—f()HC},
B Tﬂ Ta-l—ﬁ
X — X|l¢ <60 + 2=———0y + 2
| le <00+ 2y T 2R T a7 ) (2.29)

X [uKlﬂX — X||e + vIio||DP(X — X)Hc].
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Furthermore,

DX (t) — DX (t) =X, + /t (t=s)

ClS S S B S 3
0 () [ ( )f(X( )) + b( )g(D X( ))}d

_ X - /O ﬂ[c(s) f(qu))+b(s)g(DﬁX(s))]ds.
(2.30)

Then, we have
(67

ID7X — DXl <6, + WL~ Ko+ oRal|D(X - )l

['(a+1)
(2.31)
Combining the inequalities (2.29) and (2.31), we obtain
- b
|X = X||F <do + <2F(5—+1) + 1>51

Tat+s T ~
+ <2F(a+5+ 5t Tt 1)) (uK1 —|—UK2>HX — X||r
(2.32)
witch implies that
T8
X - Kl < <2f(6_—+21 L (2.33)
This ends the proof. ]

We pass to study the dependence on the deterministic data a; > 0
for the solution of (2.1).
We consider the sequential random FDE with the nonlocal conditions

( D*(DUX)(t) = e(t) f(X(#) +b(t)g (DX (1)),

n

\ Xo = X(O)“‘Z&kX(Tk), ;o (2.34)

X, = X0)\0),
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and we introduce the following definition.

Definition 2.5.3. The solution X € F of (2.1) is continuously and
B-differentially dependent on the determanistic data ay if for all € >
0,36 > 0 such that

\ak—dk\ <= HX—XHF <e.

No, we present to the reader the following result.

Theorem 2.5.4. Assume that (H1) and (H2) hold. Then, the solution
of the sequential RFDE is continuously and (-differentially dependent
on ag.

Proof. Before starting the proof, we introduce the following notations:

IS R
Ki=a " —a -,

n 8
_ 1~ 1 Tk
’Cz_;(“ o b))
a+ﬁ 1

Ky =a" Zak / (7 _a: B [c(s) F(X(s)) +b<s)g(DﬁX(s))}ds

a—i—ﬁ 1

12 / (e — - +6 [c(s)f(X(S)) + b(S)g(DﬁX(s))]d&

B t (t _ S)oHrB 1
K4 —/0 Tat ) [C(S)f(X(S)) + b(s)g(DﬁX(s))] ds

B t(t_s)a+ﬂ—1 e ~ . , X
/O (o + B) [( )f(X(s)) +b(s)g(D"X(s ))]d
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Let X (t) (as defined in (2.2)) be the solution of (2.1) and

X(@t)=a" [XO—XIZ%

a+[3 1

—Z / A >>+b<s>g(nﬂx<s>)]dsl

t (t . S)aJrﬂ 1 5 5o
—I—/O Mo+ D) [c(s)f(X(s)) +b(3)g(D X(s))]ds,

+ X1

F(ﬁ +1)

be the solution of (2.34).
Then, )
X(t) = X(t) = K1 Xo + Ko X1 + K3 + Ky (2.36)

Hence, we get

ICi| <Y |ax — ay
2 2,37

<nd,

)a—i—ﬁ 1

Ky =a* (1 + Z&k) /OTk (i — T(a+ ) [c(s)f(f((s)) + b(s)g(DﬁX(s))] ds

n a+p-1

—a 1(1 + ak) / (7 _as—)l— 3 [c(s)f(X(s)) + b(s)g(DﬂX(s))]ds

&1Tk(—a+ﬁ1-cs - S 5~S_8
/o T(a+ B) _()f(X())er()g(DX())_d

Tk _ S a—f—ﬁ 1 7
+a 1/0 o+ D) _c(s)f(X(s)) + b(s)g(DﬁX(s))_ ds,
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S0,

- Tk (Tk: . S)a+ﬂ—1 " ) N .
K== [T O [ () - £ )

+ b(s)(g(D/BX(s)) — g(DﬁX(S)))] ds

Tk T — S a+p-1
+(a ! - &_1)/0 ( ) [C(S)f(X(S)) +b(s)g(D°X(s))|ds

I'(a+p)
oy [T (T — s) P Y
vt | o }wxﬂX@)—ﬂX@D>

F ) (0(DX(5) - 9(DX(9) | s,
(2.39)

we know that

sup | (X(0) o < Kil| Xl + .
€

and,
Sup lg(D X (1)l2 < Kol DX || + ma.
te

Thanks to (H1) and (H2), we get

Tk T, — S a+p3-1 B B
il < [ 2 kmmma—xwm+wmeM@—X@m4w

[(a+ p)

Tk (1, — a+p-1
—l—né/() (7 — 5) [u(K1|\X(s)H2+m1)—I—U(KQHDBX(S)Hg—I—mg)]dS

I'(a+ B)

Tk (1, — g)ath-1 B B
vt [T O kX - Kl + Rl D)~ K ()

['(a+ B) 210
2.40
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hence,
a+p3 _ ~
IKalle < [ 6) = X0l + oKl DCEC) ~ K9l
Ta+ﬁ
8 [ () + )+ (Rl DX () + )|
Ta+ﬁ B -
b s (KX () - X0l 0D () = K6l
(2.41)
Consequently,
Kalla < e Ki||X X K||DP(X X
Kl s [ 6) = X0l + oKl D)~ K)o
2.42)
Then,

1X(8) = K@)l <l Xolla + 112l 2l Xl + 1all2 + (1Kl
5
<mmxm&+§j(m 0 - el s ))\nh

k=1
a+p
Tk

a+p+1)
xpxmwﬁ—X@M+wwm%m@—X@m4

+—(14—&—1) I

TOH_ﬂ
-+n5F@Wﬁ54-U
i [u(}(lH)((S)HQ + my) + v(IG| DX (s)] | +—7n2)]
tots N i
Tlat B+ 1) [uKlHX(S) — X (8)||2 + vE,|DP(X (s) — X(s))Hz]

(2.43)
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We pass now to the sup over J, it yields that

1X () = X(t)lle <nd||Xoll> + §n a™tay — o o [ X4
— n a ap —a Qp|l=——<
C = 0[12 - k kr(ﬁ-l-l) 1112
To+B
+(1+a!
U+ a3+

X [uK1HX —X\|C+UK2||Dﬂ(X—X)HC]
TOH-ﬁ
(a+ 5+ 1)

Y [u<K1\|X|\2 + 1) + v(Fo| DX o +m2>]

)
—I—nF

toths 8 N
+ K1||X = X|le + vFK||DP(X — X)|le|,
rmmn[“ ll le + v G| D )HC]
(2.44)
~ 5 b ¥
X — Xl < Xollog + ———
1 = Xlle <08 I1Xall + 55 1Xill
e Ki||X K,||DPX
+ gD X e m) £ (| |\c+m2>)]
v K| X - X K||DA(X — X
3 - - .
T(a+6+1) [u ! le + v | |D( )Hc]

(2.45)
Also, we have

DX (t) - DX (t) =

[ S () - (6 + 666D (9) (D K () s
(2.46)
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S0,

(07

DX —DX||e < =— [uK || X — X K| DP(X — X)|le|-
|\ le < s KU - Kl + vRl[DX - )l
(2.47)
By the inequalities (2.45) and (2.47), we observe that
- 5 T8 %
X —X||lr < Xoll2 + ==
1 = Xlle <08 |Kll + 1ozl
e Ki|| X Ko||DX
b i gy (X e 4 ) + ool DXl + )|
- 3 e Ki|| X Ky||DPX
+ { + } +my) +v + m.
F O ) (e )+ ol DX
no T
< X — || X
< 12 1ol + sl

no To+h ~
K KX - X
+1—L[F(a+ﬂ+l)hu Rl I
(2.48)
where,
T« ToH—B
L= 3 K K>|. 2.49
[I‘(oﬁ—l)+ F(oz—i—ﬁ#—l)“u L+ 2] ( )
[]

2.6 Examples

In this paragraph, two examples will be presented to illustrate our
theoretical results. In the first example, the functions f and g verify
the lipschitz conditions and in the second example they do not satisfy
the conditions.
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Example 2.6.1. We consider the following sequential RFDE

1 1

D1/4(D3/4X) () = 17—+tf<X(t)) + mg(

where c(t) and b(t) are defined on the interval J = [0,2] by
1 1
c(t)

=TTy b(t) = cpt 1)’
and f(X(t)),g(D**X(t)) are given by
FX () = cos(X(t)Z) + X (¢)
andg(D**X (t)) = /1/3(sin(D¥*X (1)) + 1),
with the following conditions E[X?] = 1, E[X?] = 2.
The problem given in (2.50) satisfies the hypothesis (H1) and (H2)

where K1 = %;Kg =/1/3;u = %;v = 2—15; and we have

D¥'X(t)) (2.50)

1 1/4
UK1 + UKQ

then A < 1. Applying Theorem 3.4.2 we conclude that the problem

(2.50) has a unique solution on J.

Under the same conditions ((H1), (H2)), the solution of the RFDE

(2.50) is continuously and 3/4— differentially dependent on Xy, X1, which

15 tllustrate by Theorem 5.5.2.

Also, by Theorem 3.5.4, we state that the unique solution of (2.50) is

continuously and 3/4—differentially dependent on aj where the value

of L given by (2.49) is equal to 0.3839.

— 0.2789,

Example 2.6.2. The second example is given by

1 1

DYDY X) (1) = —— F(X(8)) + mg(

=03 D*'X(t)) (2.51)
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FOX(0) = Seos(X (1)) + VBX (1),

g(D¥*X (1)) = /T/2cos(D**X (1)) + DX ().
The functions f and g do not verified the lipschitz conditions. So, we

have , "
25 + =
A=22 26M _qq603.
uK1 + UKQ

Then applying Theorem 3.4.2 we conclude that the problem (2.50) has
not a unique solution on J.



Chapter 3

A Sequential Random Airy Type
Problem of Fractional Order:
Existence, Uniqueness, and [5—
Differential Dependence

In this chapter, a new class of sequential RFDEs of Airy type is in-
troduced [50]. The existence and uniqueness criteria for stochastic
process solutions for the introduced class are discussed. Some notions
on [—differential dependence are also introduced. Then, new results
on the S—dependence are discussed. In the end, some illustrative ex-
amples are proposed.

3.1 The studied problem
Many of random problems have been constructed by the Airy equation

which is given by
7" —tZ =0, teR.

59
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In [10], the authors have been associated with the initial value problems
for space-time-fractional Airy problem given by:
O%u(z1,t)  0%u(w1,t)
ot (‘31:?

O<a<l1,2<p8<3,x1 €R,

with u(zq,0) = %xf

In [34], M.D. Ovidio and E. Orsingher have represented the law of the
stable process H"(t),t > 0 in terms of Airy functions.

In [31], the authors have been concerned with the M-Wright function
in the time-fractional diffusion process and they have demonstrated
that the auxiliary functions can be expressed in terms of the Airy
functions.

An example from quantum mechanics is provided in the paper [24]
where the exact solution of the Schrodinger equation, for the motion
of a particle in a homogeneous external field can be described in terms
of the Airy functions. Solutions of the Schrodinger equation involving
the Airy functions are also given in [47].

For some other applications of Airy equations (and Airy functions) in
elasticity theory, fluid mechanics, and quantum physics, the reader is
invited to see the research works [1, 2, 22, 25].

We cite also the paper [3], where the authors have studied the following
random fractional initial value problem of Airy type:

{(TﬁYﬂﬂ—BﬁY@ = 0,t>0n—1<a<n,B>0,

XU0) = A;,j=0,1,...,n—1. (3-1)

In this chapter, we examine a class of random fractional problems that
generalize the traditional Airy-type differential equations in both the
random and the fractional meanings. We shall specifically address
the sequential random fractional generalized Airy-type problem shown
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below:

D ... D*Y(t) = a1 Aifi(t,Y(t)) + asAsfo (t, DBY(L‘)) + aszAsf3 (tv IPY(t)),
Xo = Y(0),
X, = Y@tr(),i=1,...,n—1,n € N*,
teJ=[0,T] , a;€]0,1,0<p<1,0<p,

(3.2)
where: D’ represents the mean square derivative in the sense of Caputo,
Y (+) is a second order random function, f; : J x Lg(2) — La(Q),i =
1,2,3, X, are second order random variables + = 0,...,n — 1, and
Aq, Ay, A3 are also second order random variables. aq,as, a; are real
positive numbers.

It is essential to mention that if n = 2,07 = as = 1,a9 = a3 = 0, then
we get the common Airy equation.

Under some other considerations on the input data of (3.2), we can
obtain the generalized Airy problem of [3].

These are two aspects that have motivated the study of the above
problem.

3.2 Ciriteria for Existence and Uniqueness

We start our main result by proving the following random integral
lemma.

Lemma 3.2.1. The given problem (3.2) has the following random in-
tegral representation
n-l tZ?:i+1 Qj

i) = Z P +1)

1=1

X; + X

t (t — S)Z?zl a;—1 5 )
" /o D>, o) <a1A1f1(8’ Y (s)) + asAafo(s, DY (s)) + az Az f3(s, I Y(s))) ds.
(3.3)
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Proof. To prove the result, we first consider the following homogeneous
linear differential problem:

D ... DY (t) = W(t), (3.4)

Where, W(t) = alAlfl(t, Y(t))—i—a2A2f2 (t, DﬂY(t))+a3A3f3 (t, I'OY(t))
Utilizing the mean square Riemann-Liouville integral of order a;, to
(3.4), we can write

DO ... DUY () = v, + I (4). (3.5)

Once more, thanks to the square Riemann-Liouville integral of order
a9, we can state that

DY ... DY (t) = ryy + 1?27y, + I T2 (). (3.6)

Consequently,
D% ...D™Y(t) = +—2 + T T2y (t). 3.7
0=+ Foyp™ 0. (37

Using the same arguments as before, we get the following statement
n—1 tZ;‘L:i-H aj

YO = s D

=1

Vi 4 Y + IZ (L), (3.8)
where, v, e R;e=1...,n.
For t =0, in (3.8) we have

Y(0) =

and by the first initial condition in (3.2), we get v, = Xj.
By differentiating of (3.8) a;1-times fori = 1,...,n—1, and by taking
t = 0, we obtain

Y(an)(o) =n—1,

Y(a2)(0) =71-
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Also, we can see that

T :X17

Yn—1 :Xn—l-

Substituting v;, ¢ = 0,...,n — 1, in (3.8), we get the desired represen-
tation.
The proof is thus achieved. H

Let now consider the Banach space defined by:
F:={y ec,D e},
which is equipped with the norm
Y]] = max([Y]le, [D?Y lc).
Let also introduce the random integral operator H : F' — F"
n—1 Sy

HY (t) = X+ X
® ZF(Z?:z'HO‘jJFl) I

1=1

t(t_S)Z?:lai_l a S, Y (s a s,D’Y (s a s.I°Y (s S
+/0 M2 ) (1A1f1( Y () + axAafo(5. DY (s)) + azAs fy (5. TV ( >)>d.

To facilitate the fastidious calculation, we consider the following nota-
tions and assumptions:

(H1) : There are three real positive numbers K;, K, K3 > 0, such that
for all Y1,Ys € Lo(2),t € J, the following inequalities are valid:
[f1(8, Y1) = f1(t, Y2)[]2 < Kq[|Y1 — Yal|s,
[f2(£, Y1) = fa(t, Ya)[|2 < Kol[Y1 — Yal|s,
132, Y1) = f3(t, Ya)[l2 < K5|Y1 — Yal|o.
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(H2) : There exist three positive real numbers 0 < ry, 79,73, such that

1 f1(t,0)[l2 < 7y,
[ fo(t,0)[]2 < 7y,
1f3(t,0)[|]2 < 73.

n-l TZ;L:i-H Qi

P= 0 X l|2 + ([ Xol|2,
i—1 FQ i +1)
n—l n ]
sz:iﬂ%—ﬁ
p1= n HXZH27
i=1 L iy —B8+1)
TE?:1041‘
¢= D(Yr a4+ 1) <6L1\|A1H27~1 + asl| Asl|2r2 + G3HA3||27“3>,
TZ?:1041'
¢1 = F( s 1) <a1||141H2K1 + as| Aof[2 K> + a3]|A3H2K3>,
— (Al + sl Aallra + el
g = n aq 111271 + as 2|97 + a3 3 27,,3 7
L(Xiiai—B+1)
— ( 1AL [|2 Ky + as | As||2 K5 + as| As|l K )
01 = n ar||A1||o K1 + asl|As|lo K + as||Asl|lo K35 .
P>l 0 —B+1)

(3.9)

Now, we prove the existence of a unique stochastic process solution for
our above Airy type problem.

Theorem 3.2.2. Suppose satisfied the hypotheses (H1) and (H2). Then

(3.2) has a unique stochastic process solution, under the condition that
R < 1, where
R := max(¢y,01).

Proof. To prove this theorem, we shall consider an arbitrary real posi-
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tive number r, such that

p+¢ prto
l1—¢i' 1—01”
We begin first by showing that HB, C B,, where
B, ={Y e F:||Y|r<r}
So, let t € JY € B,. It is clear that by definition, we have

r > max(

n—1 n
th:i+1a]
[HY ()2 < n [ Xill2 + [| Xoll2
ZZ_; P+ 1)

Lt — )2 ! a 5. V(s a s, DY (s
o [ (Al YD)+ axl sl (s DY)l

1=1

aal Aalal (5, 1Y (9) 2 ) .

Using both (H1) and (H2), we can state that
/18, Y (2) — f1(t,0) + /1 0)l2 < [[f1(¢, Y (2)) — f1(& 0)[[2 + [ 1 (2, O)[2
< Ky||Yl2 41
With the same arguments, we get

1 f2(t, DY (t)) = fa(t,0) + fo(t,0)[2 < [Ifa(t, DY (2)) = fa(t, 0)ll2 + || f2(t, 0)]]
< Ky||DPY |z + 1o,

153, 1Y (2) = f3(L, 0)l[2 + [Lf5(£, 0)]]2

|3, 1Y (1)) — f3(2,0) + f3(£,0)[[2 <
S K3||IPYH2+?”3

Therefore, it yields that

|HY (t)]|2 < Z 1 )HX ill2 + [| Xol|2
j =i+1 Qj
Tzz:1az 3
+ O3 ot 1) <a1\|A1|\2(K1||YHc +71) + ag|| Az||2 (K2 DY ||c + 12)

+ ag| A (o[ PV e +r3>).
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So, we obtain

Ve £ 5" =+ Xl
HY || < — Xill2 + | Xoll2
2T (S o+ 1)
TZ?:lai

+ AT <a1|\A1H2(K1HYHF +71) + asl| Az |2 (KoY || + 72)

+a3||A3uz<K3nYuF+rs>>

Spto+aoir<r.

(3.10)
On the other side, we can write
n—1 n L
TZj:i+1a] B
IDPHY ||¢ < n X2
; FQjmiiy —B+1)
o ( [ (K [l + 1) + sl Azl (Fal[Y [+ 72)
+ - aq||Arf|2(£L1 F+711)+ ag]|Asjj2(1L2 F 1T
F(Zi:l o — [+ 1)
al Al 7))
<pirt+to+or<r.
(3.11)

Thanks to (3.10) and (3.11), we can deduce that
[HY [[p <.

We have thus proved that HB, € B,.
Now, we prove that H is contractive.
Let Y1,Ys € Fit € J. We have
t (t . S)E?:l o;—1
HY\(t) — HY,(t) = / 0 <a1A1(f1(8, Yi(s)) — fi(s, Ya(s)))
0 F( > i1 O‘i)

+ asAs(f(s, DY (s)) — fo (s, DPY;(s))) + asAs( f3 (5, I°Yi(s)) — fs(s, I”Y'g(s))))ds,
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which leads to

Oéi—l

P — g) i
|HY1(t) — HY3(t)])2 < /o (tF(z):’.L_ o) (a1HA1H2Hf1(S,Y1(S)) — fi(s, Ya(s))][2

+aallAallall fo (5 DVi(s)) - ol DYa(s)
 al Aelal (s, Y3 (9) = (s DY) )

Thanks to (H1), we have the following estimate
TZ?:l Qi
DX i+ 1)
X (a1|\A1H2(KlHY1 — Yale) + az|| As[|2(K2 | D?Y; — DYalle)

|HY: — HY:|lc <

(3.12)
al Aelal Y - PYale) )
< ¢1||Y1 — Yal| .
Some easy calculation will allow us to state that
T2 =B
DY, H¥)e < s
XGmmmmwm—nmwwﬂMMMﬂWm—Dﬁﬂd<m@

al Aal( oY~ PYile) )
< o1l|Yr = Ya|p
The inequalities (3.12) and (3.13) allow us to say that
|HY1 — HY:[|p < max(¢1,01)[[Y1 — Yz .

At the end of this proof, we can conclude that problem (3.2) has a
unique stochastic process solution on J. ]
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Remark 2. Theorem 3.2.2 was established with the norm of the max
in F. However and as the proof given above shows, it remains true
for the initial norm of F provided that replace the condition R :=
max(¢1,01) < 1 by the condition ¢1+ 01 < 1. Indeed, this follows some
inequalities

|HY1 — HY: e < ¢1[|HY: — HY3| p

and
IDP(HY: — HY3)|le < on|[HY) — HY: |

Note for example that the condition ¢p1+01 < 1 is automatically fulfilled
if 2R < 1.

3.3 Random Data and f—Dependence

Using the introduced norm of the above Banach space, we shall be
concerned with introducing some random dependence definitions for
the above fractional Airy type problem. Then, we prove some random
variables data dependence results for the same problem.

To do this, we shall first consider the following auxiliary problem:

(DYDY (t) = a1A1fi(t,Y (1)) + axAsfo(t, DY (2))
+asAsf3(t,1°Y (1)),0 < a;,

< Xy = Y(0),

X, = Yt)(0),i=1,....,n—1,n € N,

. teJ=[0,T] , o €]0,1,0<p<1,0<np.

(3.14)
We introduce the following first definition.

Definition 3.3.1. The solution Y of (3.2) is continuously and (-
differentially dependent on the random data X;,© =0,...,n—1,n € N*,

if
Ve > 0,36, >0,i=0,...,n—1, such that || X; — Xil|s < &
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the inequality : ||[Y —Y||r < € holds.
Now, we are ready to present to the reader the following main result.

Theorem 3.3.2. Suppose that the conditions of Theorem 3.2.2 are
valid. Then the solution of (3.2) is continuously and [B-differentially
dependent on X;,1=10,...,n—1,n € N*,

Proof. Let Y and Y be the unique random solution of (3.2) and (3.14),
where:
n-l tzz’;i-&-l Qj

YO =2 s e 1)

X; + X

Rk a s,Y(s)) +a s, DY (s a s I°Y (s s
o R g (AT 6D + Ao, DV 6) + asdsf (5 P (5) ) .
(3.15)

We have

t t— s Zz_l a;—1 -
[ ) (a1A1<f1<s,1f<s>> “AETE) (a1
() - (5, D"V (s)))

+ &3A3(f3 (S, IpY(S)) — f3 (S, IpY(S))))dS

+ CLQAQ(fQ (S, DﬂY
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So, we get

n—1
tZ] it . .
1Y (t) =Y (@) < Z +1)||Xz'—Xz'H2+ | X0 — Xoll2
j =i+1 Q

(t — 5)2i= 1 _ ¥
+/0 M3 o) <a1HA1||2Hf1(87Y(S)) fi(s, Y (5)) ]2

+ as[| Asla[| f2(s, DY (s)) = fo(s, DY (s))5
+ CL3HA3H2Hf3(S, IPY(S)> — fg(S, Ip?(S» HQ) ds.

(3.17)
Consequently, we obtain
n—1
TZ] =it1 %y ~
Iy =Ylle < Z 0i+ 00+ oY =Y. (3.18)
j —i+1 ) 1)

With the same arguments as before, we have

n—1

DY —Y)|l¢ <
I I ;F ST nw B+ D)

By the inequalities (3.22) and (3.23), we get

TZJ =i+1 —p

6 + ||V = Y|p. (3.19)

n—1

TZJ i1 % TZ] 1058
Y — Y < 0; (Sn, 0;
IV = Vil < max(Q g =yt Z T e Bt

+max(¢y, 01) Y = Y|p.

(3.20)

This leads to
n—1 TEJ i+1 %) TZ] i+1aj—/@
maX(ZZ LTS i J+1)5 +5n7z’ LTO i —»34-1)(2)
1—-R ’
(3.21)

HY—ﬂMS
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where R = max(¢1,01).

The proof is thus complete. ]

3.4 Applications

This section deals with two examples to review the main results by a
numerical point of view.

Example 3.4.1. We consider the following problem

D0'7D0'4Y(t) = 15A1CO§3§ t2+2 + \/_AQD% :j;ﬁDQOYU
1A QCosI2Y( )+2s1nI2Y()
exp (Vt+23) ’
(3.22)
such that E(X2) = 1, BE(X}) = 3, E(A?) = 4, E(A%) = 1, E(A3%) = 16,
where t € J = [0, 7]
We have Ky = 55, K> = 31, K3 = i, 1 = gppagr2 = O =
2
exp (Vt+23)°

We get p = 5.2515, p1 = 3.9203, ¢ = 0.3694, p; = 0.8234,0 = 0.3482, 01 =
0.7763, and R = max(¢1,01) = 0.8234 < 1.

Thanks to Theorem 3.2.2, the problem (3.22) has a unique stochastic
process solution on J = [0, 7].

Example 3.4.2. Consider the following problem

DOSDOSDOYY (¢) = 0.75A,fi(t, Y () + 242 f2(t, DFY (1)) + Asf(t, PY (t)),
(3.23
such that E(X3) = 2, B(X}) = 1,E(X3) = 5, E(A?) = 9, E(43)
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16, E(A3) =1, where t € J =[0,5], and

t,Y(t) = inY Y
fi(t, Y (1)) 2t+43(sm (t) 4+ cos Y (t)),
2 1 2 2
t,DzY(t)) = D=Y (t) + cosD=Y (1)),
REDAY () = o (DAY () 0)
Y (¢)
t,IPY (1) = :
1
We have K1 = 35, Ko = o5 Ko = 011 = anim 12 = Jiagqny 1 =
0

Using our data, we find p = 19.7213, p; = 17.1148, ¢ = 0.6992, p; =
0.9835,0 = 0.6718, 01 = 0.9450, and R = max(¢1,01) = 0.9835 < 1.

Then, by Theorem 3.3.2, the problem (3.23) is continuously and %—diﬁerentially
dependent on X;,1 =0,1,2.



Conclusion

We have been concerned with study random fractional differential
equations using the mean square fractional calculus. The first chap-
ter allowed us to be familiar with the concepts of stochastic processes.
It included some basic results on mean square fractional calculus and
some fixed point theory notions. In the second chapter, we have been
concerned with a new class of sequential random differential equations
with mean square Caputo fractional derivatives. We have proved the
existence and uniqueness of random solutions under some conditions
on the data of the problem. Additionally, we have introduced and then
presented new concepts and new results for continuous and fractional
derivative dependence for solutions for the studied problem.

In the third chapter, we have studied a class of random fractional dif-
ferential problems. The considered class generalizes the classical Airy
differential problem both in the random and in the fractional senses.
We have established new conditions to prove the existence of a unique
stochastic process solution. Then, new notions on [—differential de-
pendence have been introduced, and new results on the dependence
have been established.

In the future, the Ulam-Hyers stability will be analyzed. Then, it will
be compared with the continuous dependence results of the present
work. Also, we intend to study nth order stochastic process in L,
spaces. These are some open questions that need to be studied...
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