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ABSTRACT

In this thesis, we use a system of nonlinear PDEs, or the conventional d-dimensional parabolic-
parabolic equation, to explain the Keller-Segel chemotaxis model. These PDEs include a convection-
diffusion equation for the cell density and a reaction-diffusion equation for the chemoattractant con-
centration. The Keller-Segel chemotaxis model explains how the density of a cell population and the
concentration of an attractant change over time. This thesis uses a variety of approaches and strate-
gies to investigate the parabolic Keller-Segel equations. In the first, we talk about the biological and
mathematical modeling of the phenomenon of chemical entrapment, and we create a non-linear frac-
tional stochastic Keller-Segel model, where we demonstrate the existence and uniqueness and regularity
properties of the mild solution to the investigated time- and space-fractional problem and the required
results under specific presumptions. We also studied a stochastic chemotaxis Keller-Segel model per-
turbed with a Gaussian process, where we proved the local and global existence of solutions in time for
a nonlinear stochastic Keller-Segel model with zero Dirichlet boundary conditions, and we also studied
the phenomenon of the Keller-Segel model coupled with Boussinesq equations. The primary goals of this
work are to investigate the global existence and uniqueness of a weak solution of the problem using the
Galerkin method. Finally, we studied the numerical solution of one-dimensional Keller-Segel equations
via the new homotopy perturbation method.

Keywords: Keller-Segel PDEs, chemotaxis models, stochastic Keller-Segel model, fractional deriva-

tive, mild solution, regularity properties, homotopy perturbation method (HPM), systems of partial
differential equations, Numerical solution.
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RESUME

Dans cette theése, nous utilisons un systéme d’EDPs non linéaires, ou I’équation parabolique-parabolique
d-dimensionnelle conventionnelle pour expliquer le modéle de chimiotaxie de Keller-Segel. Ces PDEs
comprennent une I’équation de convection-diffusion pour la densité cellulaire et une équation de réaction-
diffusion pour la concentration de chimioattractant. Le modéle de chimiotaxie de Keller-Segel explique
comment la densité d’une population cellulaire et la concentration d’un attractif changent avec le temps.
Cette these utilise une variété d’approches et de stratégies pour étudier les équations paraboliques-
paraboliques de Keller-Segel. Dans la premiére, nous parlons de la modélisation biologique et mathéma-
tique du phénoméne de piégeage chimique, et nous créons un modéle Keller-Segel stochastique fraction-
naire non linéaire, ot nous démontrons I’existence et 'unicité de la solution douce aux problémes de temps
et d’espace étudiés, les résultats requis doivent, sous des présomptions spécifiques. Nous avons également
étudié un modéle de chimiotaxie stochastique de Keller-Segel perturbé par un processus gaussien, ot nous
avons prouvé ’existence locale et globale de solution en temps pour un modéle non linéaire de Keller-
Segel stochastique avec des conditions aux limites de Dirichlet nulles, et nous avons également étudié le
phénomeéne du modéle de Keller-Segel couplé aux équations de Boussinesq. Les principaux objectifs de
ce travail sont d’étudier ’existence et I'unicité de la solution faible de probléme, en utilisant la méthode
Galerkin. Enfin, nous étudions la résolution numérique d’équations unidimensionnelles de Keller-Segel
via la nouvelle méthode de perturbation d’homotopie.

Mots-clé: EDPs de Keller-Segel, modéles de chimiotaxie, modéle stochastique de Keller-Segel, dérivée

fractionnaire, solution douce, propriétés de régularité, méthode de perturbation homotopie, systémes

d’équations aux dérivées partielles, Solution numeérique.
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Notations

e — designates the strong convergence.

e — indicates the weak convergence.

— indicates the continuous embedding.

V stands for the gradient operator.
e div is the divergence operator.
0

e — partial derivative.

ox

° n outward normal derivative.

e A, is the p-Laplace operator.

e AJ 1 ig the p-Laplace inverse operator.

e A°® is the fractional Laplace operator of order s.

e I'(2) is the Gamma function

e ((z,w) is the Beta function

e F, is the Metage-Leffler function(one parameter)

e I, s is the Metage-LefHler function(two parameters)
e [ is the Laplace transform

e [F is the Fourier transform

e H(RY) is the homogeneous Sobolev space of order a




viii

&S’ is the Schwartz space

M,, is the Mainardi function

(Q, F,P) is a space of probability

fx(x) is called probability density of variable X

E(X) is expectation

(Fi)i>0 is a filtration

F¥ is the natural filtration

X = (X¢)ter is a stochastic process

(Wi)ter is the Standard Brownian movement

N the set of positive integers, that is N = {0,1,2,---}.

R the set of real numbers.

R™ is the real space of dimension n.

Q C R™ open set in R™.

Q) and 9Q denote respectively the closure and the boundary of domain €.

Q° the complement of 2.

< .,. > denotes the scalar product.

C™(Q) space of m times continuously differentiable functions on 2, m € N.

C§°(9) the space of C*°(Q) functions with compact support in €.




LP(Q) Lebesgue space with norm || - ||,.

LP

1o (£2) the space of local p-integrable functions on .

Wm™P(Q) Sobolev space with norm || - || p.
W,"P(€2) the local Sobolev space.

WP (Q) is the closure of C§°(§2) in W™P(Q).
W12 (Q) is the dual of W1P(£2).

H™(Q) = Wm™2(Q).

W#P(Q) fractional Sobolev space with norm || - |5 p.

W5P(2) denote the closure of C§°(§2) in the norm ||. ||y » (o).

W*2(R") = H*(R™), W5 *(R") = H§(R").
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GENERAL INTRODUCTION

An overview of mathematics and its applications

In the past decades mathematical thinking has been intensively applied on natural life sciences, espe-
cially in the field of ecology, physical processes in nature and many biological phenomena in general. The
common goal is to map observable features of the real physical and biological processes to an abstract
mathematical model and a corresponding discrete numerical formulation in order to gain new insights in
the underlying real world objectives by means of reasonable simulations. Moreover, in several cases the
mathematical description of the real world system is the only possibility to provide reliable predictive
analysis for the underlying process of nature, which results in templates for, e.g., industrial or medi-
cal purposes. Many of those mathematical models are described by a (system of) partial differential
equation(s) (PDEs). Well established laws of nature and their mathematical counterparts have led to
most of the development of suitable PDEs, e.g., heat conduction, fluid dynamics or deformation of solids.
However, sometimes the development and understanding of a particular mathematical model can only
be tackled by a ‘trial-and-error’ approach, which is a two-step procedure. In a first step, the simulated
results are compared to experimental data and in a second step, these comparisons are used to modify the
mathematical model, i.e., the underlying PDE. Hence, simulations of PDEs are of tremendous importance

when trying to understand real world processes.
With the recent advances in experimental biology, e.g., in live imaging, scientist are now in a promising

position to examine biological processes in unprecedented detail. Although the quality of measurements
in experimental biology is unfortunately still not as well developed compared to the precision of measuring
tools in the field of (mechanical) engineering, the experimental investigation of biological processes lately
experiences a huge wealth of breaking assets. In the course of these biological accomplishments, the
advent and development of mathematical biology as a novel interdisciplinary research branch emerged
and provides a new perspective on biological phenomena. The mathematical formulation of biological
processes and their precise analysis allows biological experimentalists to verify results retrospectively and
develop prospective conjectures. However, a pure theoretical analysis of mathematical models is crucially
limited. Particularly for recent models that describe multi-dimensional signaling pathways incorporating
several entities, their complexity cannot be fully captured and analyzed with tools provided by theoretical
analysts. The urgent need of a detailed study of complex models drove numerical analysts to consider
biologically motivated systems, the foundation of computational biology as a particular discipline of
mathematical biology. The tremendous potential of these interdisciplinary research branches in today’s

science is nicely formulated in Cohen’s essay mathematics is biology’s next microscope, only better biology



is mathematics’ next physics, only better [19].

The mathematical theory of nonlinear partial differential equations (PDEs) describing various physical
phenomena forms the basis of the study for many models in applied mathematics and mathematical
physics. Theoretical study of PDEs starts with the wellposedness of the equations. That includes the
existence of a solution to the equation, the uniqueness of the solution, and the continuous dependence on

the data. These play a vital role in mathematics and has crucial effects in the real world.

History study of the phenomena of chemotaxis

Although migration of cells was detected from the early days of the development of microscopy (Leeuwen-
hoek), erudite description of chemotaxis was first made by T.W. Engelmann (1881) and W.F. Pfeffer
(1884) in bacteria and H.S. Jennings (1906) in ciliates. The Nobel Prize Laureate E. Metchnikoff also
contributed to the study of the field with investigations of the process as an initial step of phagocytosis.
The significance of chemotaxis in biology and clinical pathology was widely accepted in the 1930s. The
most fundamental definitions belonging to the phenomenon were also drafted by this time. The most
important aspects in quality control of chemotaxis assays were described by H. Harris in the 1950s. In
the 1960s and 1970s, the revolution of modern cell biology and biochemistry provided a series of novel
techniques which became available to investigate the migratory responder cells and subcellular fractions
responsible for chemotactic activity. The pioneering works of J. Adler represented a significant turning
point in understanding the whole process of intracellular signal transduction of bacteria. Chemotaxis is
one of the most basic cell physiological responses. Development of receptor systems for the detection of
harmful and favorable substances in the environment was most essential to unicellular organisms from
the very early stages of phylogeny. Comprehensive analysis of chemotactic activity of the eukaryotic
protozoan tetrahymena pyriformis and consensus sequences of appearance of amino acids in the primor-
dial soup suggest that there was a good correlation between the chemotactic character of these relative
simple organic molecules and their development on the earth. In this way the earliest molecules are
suggested to be highly chemoattractant (e.g. Gly, Glu, Pro), while latter ones are thought to be strongly
chemorepellent (e.g. Tyr, Trp, Phe) amino acids.

Our biological motivations and biochemical concept of phenomena

of chemotaxis

Let us begin with the literal translation and the description of the underlying biochemical process. The
word chemotaxis is originally deduced from the Greek for in order to give meaning to the notion of
chemo-taxis, we will start from the suffix taxis (pl. taxes), an ancient Greek word for arrangement. Taxis
represents oriented movement of a motile organism in response to a stimulus (e.g. light, temperature,

food). The movement can be directed towards or away from the stimulus.
Thus chemotaxis describes the phenomenon of directing the migration according to a gradient of some

chemical substance. The literature differentiates positive and negative chemotaxis, which simply refers
to the direction upward or downward the chemical gradient. In these cases, the chemical itself is called
chemoattractant or chemorepellent, respectively. The character of the reaction on the chemical gradient is
called chemosensitivity, namely a large or small chemosensitivity allows a rapid or slow reaction in terms
of migration. The ability of organisms to sense and direct their motion towards (or away from) a chemical
gradient is an essential property. In the first case, we have positive taxis and in the later negative taxis.

It is important to emphasize that only the motile organisms are capable of performing such movements.



Motile essentially means able to move by itself. For example, bacteria cells use structures called flagella
to enable these movements. Taxes should not be confused with tropism and kinesis. These are another
classes of movements in response to a stimulus. The first one represents the movements that include
growth towards or away from the stimulus. The difference is that in taxes the organism must have
motility and the exhibited movement is not growth, but rather a guided change of position. On the other
hand, in kinesis, the presence of stimulus influences the changes of velocity of the organism, but not its
direction in movement.

Taxes are also classified by the type of stimulus governing them, which is indicated by a prefix.
Photo-taxis is governed by light, thermo-taxis by temperature. If the presence of oxygen triggers the
movements, we have aero-taxis. Finally, a chemical stimulus is responsible for chemo-taxis. Since the end
of 17th century and Leeuwenhoek’s advances in the field of microbiology, scientists have been studying the
movements of organisms. However, bacterial chemotaxis was discovered two centuries after by Engelmann
[32] and Pfeffer [74, 73]. By Pfeffer’s original definition, chemotaxis is defined as anything that causes
the oriented movement of an organism or a cell relative to a chemical gradient. In his work, Pfeffer also
gave the basis for assays on how to detect chemotaxis, i.e. the capillary method [74, 73]. Chemical that
prompts positive chemotaxis was called the chemo-attractant, while chemical that causes the organism
to flee away from the source was called chemo-repellent. Chemo-attractants usually represent favourable
environment for the organism, e.g. food, while the chemo-repellents are noxious substances, such as
poisons. One interesting consequence of positive chemotaxis is cell aggregation. The chemo-attractants
produced by the fellow species increase self-attraction among the population and further stimulate cell
aggregation [13].

Exemplary let us provide three paradigms in which chemotaxis plays a vitally important role. First
of all, in the stage of early development of higher organisms, e.g., mammals, chemotaxis allows the
mobilization and organization of stem cells that eventually leads to differentiation into, e.g., highly
specialized bone, neuronal or blood cells [21, 33, 61]. A second common example is the detection and
localization of food sources or prey recognition. For instance, nutrients or prey serve as a source of
chemical signals (either directly or indirectly via production/secretion of chemoattractants) for simplex
life forms like, e.g., bacteria, slime molds or nematodes [15, 46, ?]. The last example of how chemotaxis
provides a necessary ability for organisms to react in their environment is the immune system [53, 65].
Let us focus on the human immune system. Once an inflammation arises, our immune system counters
this invasion of toxic substances or harming bacteria by releasing leukocytes. The path that leukocytes
take to localize the site of infection is determined by traces of chemokines that have been released by
resident cells at the affected tissue. These chemokines act as attractive chemicals, hence guiding the

leukocytes to the origin of the inflammation.

Biologically, chemotaxis is a process which involves a complex network of intracellular chemical signal-
ing pathways that is activated by chemical-receptor bindings. We recommend the corresponding chapter
in the book of Alberts et al. [7] [Chapter 15] for a detailed reference for chemical signaling pathways.
Here, we will only briefly recapitulate the main concept of chemotaxis.

The sensory chemical (ligand) receptors that activate the complex signaling cascade mainly happen
to be located at the cell’s membrane (due to hydrophilic chemical molecules). If these receptors are
active and bind a corresponding (extracellular) ligand, they allow an intracellular signaling cascade to be
activated, see Figure (1). The detailed mechanism of which regulative entities are exactly involved and
how they interact with each other are highly depending on the underlying organism. Even for bacterial

chemotaxis this has only marginally been explored up to the present. In [85] we read:

"Of the estimated many millions of bacterial species which are assumed

to exist in nature, less than 100 have been studied in detail".



The common resulting effect of these different signaling pathways is the simple (re-)mobilization of a motor
for the motility, e.g., adjustment of the flagella rotation in bacteria. It was observed that a clockwise
(CW) rotation of the flagella motor causes the flagella to fly apart, whereas a counterclockwise (CCW)
rotation results in a bundling of the flagella. Afterwards, the receptors adapt to the new extracellular
concentration of ligands (e.g., by temporal methylation of the receptor) in order to allow further gradient
detections. (1) depicts this process very roughly.

Figure 1: Intracellular chemical signaling pathway.

The figure (1): A rough sketch of a chemotaxis-induced signaling pathway of bacteria. The chemical
ligands on the right activate the receptor, which initiates an intracellular signaling cascade. The result
of this signaling pathway is the control of the flagella motor switching (from CW to CCW), which is
depicted on the left. switching in the flagella motor rotation characterizes the bacterial motion. We can
consider the bacterial chemotaxis-biased random walk to be split into two states. In one state the bacteria
tumbles due to CW rotation of its flagella. In this state the bacteria re-orientates by selecting a random
new walking direction. In a second state a counter-clockwise rotation of the flagella drives the bacteria
to run in the previously selected direction. The result is a so-called run-andtumble walk, where the time
between two turns (two tumbling phases) depends on the detected gradient of the chemical. A schematic
sketch of this mechanism is depicted in figure (1). A short remark regarding the detection of chemical
gradients seems indicated. There is a notable differentiation how chemical gradients can be identified
during the processing of the signaling pathways. Because of the simple fact of their extremely small size,
bacteria sense chemical gradients in a different manner than larger organisms, e.g., the experimentally
well investigated slime mold Dictyostelium discoideum. While slime molds (some mm in size) can measure
the gradient directly by sensing the non-uniformly distributed active ligand-receptor bindings along the
membrane, bacteria (of only a few p m in size) calculate the gradient by comparing the concentration along
a walking path, since a non-uniform chemical concentration on the bacterial scale is already perturbed

by the noise of the ubiquitous Brownian motion and hence cannot be detected directly.
The study of the phenomena of chemotaxis may be divided into two periods: before 1960’s and after.

As mentioned in [3], the work before 1960’s was carried out in complex media and was of a quite subjective
nature. The review of this period is given in [16, 89, 95]. In the second period, the first priority was
to develop conditions for obtaining motility and chemotaxis in defined media [4, 5, 6]. Then it was
important to find quantitative methods that objectively detect chemotaxis [37, 6]. This work, mostly by



Adler, altered the attention from phenomenological to quantitative research and initiated studies to reveal
the molecular mechanism of bacterial chemotaxis. Afterwards, the number of groups studying bacterial
chemotaxis has been continuously rising. Bacterial motility and chemotaxis have been studied most
intensively in Escherichia coli and its close relative Salmonella enterica serovar Typhimurium. We refer
to [31] for a very complete and thorough further reading, which deals not only with bacterial chemotaxis,
but also with chemotaxis as a mean of cell-cell communication, chemotaxis in amoeba, blood cells, sperm
cells and nervous system.

Many literature and authors worked about the Keller-Segel system in many subject mathematics and

many case of the model keeler segel, we mention of which without giving details ( see for example

Plan of the thesis

This manuscript includes a general introduction, five chapters and an appendix with preliminary ideas.

Chapter :1

In this chapter, we present and talk about the biological and mathematical modeling of the phenomenon
chemotaxis keller segel model, where we study the phenomenon from the biological point of view and
give realistic examples of it, we also clarify the mathematical modeling of the phenomenon and modeling

the phenomenon mathematically.

Chapter 2:

In this chapter, we investigate a nonlinear stochastic chemotaxis model with fractional derivatives and
multiplicative noise-affected Dirichlet boundary conditions. We combine analysis techniques, fractional
calculus, and semigroup theory to demonstrate the existence and uniqueness of the mild solution to the
time and space-fractional problem. We also examine the regularity characteristics of the mild solution
for this model.

Chapter 3:

In this present chapter, we consider stochastic chemotaxis Keller-Segel model impact by gaussian process.
We study of local-global existence solution in time of nonlinear stochastic Keller-Segel model with zeros

Dirichlet boundary conditions, for this we use analysis techniques lemmas and semigroup theory.

Chapter 4:

In this chapter, we study the phenomenon of Keller Segel model coupled with a Boussinesq equations.
The main objectives of this work is the study of existence and uniqueness of weak solution for the problem,
for this we use the technical of Galerkin method.

Chapter 5:

in this chapter, we study at numerical solution of Keller Segel model, by NMHPM for solving one dimen-
sional Keller-Segel model for different types. Some properties show biologically acceptable dependency
on parameter values, and numerical solutions are provided.

The end part, we present preliminary notions. In the first, we assume some preliminaries that play an

important role in this thesis and we recall some necessary materials needed in the proof of our results,



such as basic results concerning the fontamotal spaces and some theorems on these last, as well as exis-
tence and uniqueness theorems. Fanily we have a general conclusion for all the works its study in this

thesis. Also, we mention some future works.



CHAPTER 1

MODELING OF KELLER-SEGEL CHEMOTAXIS MODEL

In this chapter, we present and talk about the biological and mathematical modeling of the phe-
nomenon of chemical entrapment, where we study the phenomenon from a biological point of view and

give realistic examples of it. We also explain the mathematical modeling of the phenomenon.

1.1 The motivation for treating chemotaxis models

Now that we have classified the biochemical process on which the PDEs under consideration are based
on, let us consider the motivation behind the numerical investigation of such models. The first PDE
system that described a chemotaxis-driven population development goes back in time to the early 1970’s.

It was introduced by Keller and Segel [46] and was motivated by experiments.
Figure (1.1): Schematic illustration of (bacterial) chemotaxis, (a) state of tumbling (CW flagella

rotation), (b) state of running (CCW flagella rotation), in (¢) we sketched an exemplary chemotaxis
path of a bacteria, where the upper right corner is the location of an attracting chemical. Note that
the runs upwards the gradient are longer than the downwards runs. of Bonner [11] with the slime mold
Dictyostelium discoideum, or in short ‘dicty’, as it is often tenderly called by researchers. Moreover,

encouraged by the research of Adler [?], Keller and Segel extended their model to chemotaxis in bacteria.

(c) Chemotaxis-based ran-

(a) Tumbling bacteria. (b) Running bacteria. dom walk.

Figure 1.1: Schematic illustration of (bacterial) chemotaxis.



Both models consist of one PDE for the cell density, commonly denoted by wu, complemented by a
second PDE for the chemoattractant, usually referred to as v or c¢. Since the publishing date of the
chemotaxis model is not as long ago as the publishing of the Navier-Stokes (1827/1845) or even Euler
(1755) equations, it provides us a numerical field where so much can be discovered, investigated and
postulated. Indeed, since the theoretical aspects of many chemotaxis models are not fully understood
yet, an extensive numerical treatment of those models is highly demanded in order to gain new insights
in both theory, e.g., in terms of uniqueness or boundedness of solutions, and practical applications, e.g.,
prediction of cell/chemical distribution for experimental assays or even clinical studies. Already for the
biologically well studied mechanism of bacterial chemotaxis (cf. the brief introduction given before),
Alberts et al. remarked the huge potential of further numerical investigations of a corresponding model
for the chemical signaling pathways involved. In their book, we read [7][ Chapter 15, p. 944]:

Even in this relatively simple signaling network, however, computer-based simulations are
required to comprehend how the system works as an integrated network. Cell signaling
will provide an especially rich area of investigation for a new generation of computational
biologists, as the network properties of these pathways are not understandable without

powerful computational tools.
We will not postulate possible applications for numerical frameworks of chemotaxis PDE models in

more detail since they highly depend on the governing model. Instead, let us mention the reason why
chemotaxis models cannot be treated via some standard numerical scheme in the sense of a ‘black-
box’ solver, rendering the present investigation redundant. The character of chemotaxis-driven PDEs
is the agglomeration of cell concentrations in limited space with possibly sharp interfaces. Moreover,
the speed of agglomeration can vary in different time-scales. Standard numerical schemes are not able
to cover these characteristics within suitable CPU and memory bounds. In this context, we can confer
to the treatment of Navier-Stokes equations at large Reynolds numbers. After discretization, it is well
known that the temporal resolution highly depends on the spatial mesh-size (rf. CFL condition). When
choosing a bad resolution, e.g., to save memory and/or CPU expenses, the numerical simulation provides
very poor results, if at all. A similar behavior, although arising from a different subject, can be observed
for chemotaxisdominated PDEs. A large Reynolds number corresponds to a large chemosensitivity.
Moreover, because of the composition of the chemosensitivity as a function which usually depends on the

chemical substance, a positive feedback, in terms of agglomeration of

u — increase of v — even stronger agglomeration of wu,

enhances the agglomeration and possibly even leads to a locally unbounded increase of cell concen-
tration. These properties already necessitate highly specialized numerical solvers that allow an efficient

computation at a highly accurate resolution.
After such an extensional research in the field, natural question that poses itself is what the significance

of chemotaxis is. It has been established that chemotaxis plays a role in some of the most important

biological processes, not only for humans, but for almost all species.
Naturally, we start from the role of chemotaxis in reproduction, as it is the essential process for

existance of life. It is firstly discovered in marine species [63] that chemotaxis is responsible of guided
movement of spermatozoa to the egg during fertilization. The research spread to all species, from non-
mammals to mammals. It has been established that for humans and some other mammals, chemotaxis
besides the previous role in guiding, has a selective role as well. Namely, not all of the spermatozoa have
the ability to fertilize the egg. The ones that do have it are chemotactically responsive. Chemotaxis is in
charge for selecting them and then guiding towards the egg. For a full review on sperm chemotaxis we
refer to Chapter 7 in [31].



Not only does the chemotaxis have a reproductive role, but it also appears in the embryonic phase
once the fertilization is successfully completed. During the development of the embryo, cell migration has
a crucial role in morphogenetic processes and formation of nervous system [37]. Many of these migration
are caused by chemotaxis. The development and especially wiring of nervous system depends on the
precise guidance of axonal growth cones to their targets. Mechanism underlying it is again chemotaxis
[23].

Furthermore, we find its role in functioning of the immune system. Certainly, movement and quick
response are essential when it come to the immune system. In order to threat an infection, the white
blood cells need to migrate towards it. They are attracted by the change of chemical gradient that the

infection produces [G6].
So far, we have only seen the positive aspects of chemotactic movements. However, a negative aspect

is the participation of chemotaxis in cancer metastasis and progression. Once the tumor had affected a
certain tissue, cancer cells use chemotaxis to migrate towards the surrounding tissue and invade blood

vessels [77].
An interesting role of chemotaxis can be found in agronomy and the use of bio-fertilizers. Namely,

certain groups of bacteria in the rhizosphere region of soil positively influences plant growth. Bacteria
successfully colonizes the rhizosphere thanks to chemotactic attraction from the root exudates of the plants
[68]. We conclude this part with one fascinating way to use chemotaxis in medical purposes. Particularly,
in construction of nanorobots for human drug delivery. The idea is to design autonomously moving
artificial cells which would carry drugs and be capable of chemotactic movements. These movements

would rely on artificial chemotaxis. This concept is described and analyzed in [50].

1.2 Some examples of Chemotaxis model

Chemotaxis is a fascinating biological phenomenon which occurs when the movement of a cell or organism
is affected by a chemical in the environment [?]. Positive chemotaxis occurs when a chemical called the
chemoattractant attracts the organism, and negative chemotaxis occurs when a so-called chemorepellent
repells the organism. From fertilization of an egg in the earliest states of development to immune system
function to cancer growth and metastasis, chemotaxis arises in many different biological processes [?]. In
this subsection we show some examples and figures of Chemotaxis model(Keller-Segel model).

An example is the laboratory model organism "Dictyostelium discoideum" which is found on leaf
litter in forests and feeds on bacteria and yeast. In the case of nutritional deficiency, this amoeba secretes
a chemoattractant to form a pseudo-plasmode (Fig. (1.2a)) resembling a small slug and consisting of
thousands of agglomerated amoebae. This pseudo-plasmode may persist for several days in order to seek
more favorable nutritional conditions. Another example is given by the bacteria "Bacillus subtilis" which
ensure their nutrients by moving towards environments rich in oxygen (Fig. (1.2b)), which makes it
necessary to have a deep understanding of directed biological movements according to certain chemical

species present in the environment as well as to develop appropriate tools for numerical simulations.



(a) Cells "Dictyostelium (b) Bacteria swimming towards a medium

Discoideum" agglomerates. rich in oxygen.

Many bacteria, such as Escherichia coli, Rhodobacter sphaeroides and Bacillus subtilus (see [30] for a
complete list), are able to respond to changes in the surrounding environment by a biased random walk.
This allows cells to interact with each other by secreting a chemical substance to attract cells around
them. The directed movement of cells and organisms in response to chemical gradients is called chemo-
taxis. This occurs for instance during the starvation stage of the slime mold Dyctiostelium discoideum.
More generally, chemotaxis is widely observed in various biological fields (morphogenesis, bacterial self-
organisation and inflammatory processes among others). The bacterium Escherischia coli is traditionally
chosen for studying bacterial chemotaxis as its biochemistry as well as the dynamics of its movement are

well understood.

(a) fluorescently labeled E. coli, source (b) An E. coli swarm, source Howard Berg’s

Howard Berg’s website. website.

Lab experiments with observations and hypothesis in Budrene and Berg’s experiment the bacteria
were exposed to elements of the tricarboxylic acid (TCA) cycle which resulted in unique and exciting
patterns that were not seen in previous lab experiments . The TCA substance is referred to as the

stimulant and the bacteria were not chemotactic towards it. Instead, the bacteria itself produced a



potent chemoattractant called aspertate (Budrene and Berg (1991)). The biological experiment was
further classified into two types: liquid and semi-solid experiments.

Figure 1.4: Patterns obtained in liquid medium. courtesy of E.O Budrene and H.C.Berg.

A cell—cell repulsion model on ahyperbolic Keller—Segel equation, ypical examples of such co-culture
experiment include the s tudy of the i nteraction between cancer cellsand normal cells, which plays a
crucial role in tumor development, and comparative studies of the r esistance of diff erent types of cancer
cells to a chemotherapeutic drugs.
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Figure 1.5: Direct immunodetection of P-gp transfers in co-cultures of sensitive (MCF-7) and resistant

(MCF-7/Doxo) variants of the human breast cancer cell line.

In nature the dictyostelium discoideum spread on the soil and then come together by chemo-taxis to
form a motile pseudoplasmodium. This slug creeps to a few centimetres below the soil surface where it
forms a fruiting body with spores and a stalk. The spores are then blown away by the wind to colonise
a new place, see (1.6).
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Figure 1.6: Dictyostelium Discoideum cycle.

There are also several studies and examples of the chemotaxis phenomena, which is one of the most

prominent concerns of researchers, whether in the field of mathematics or the field biology and medcine.

1.3 Modelling of chemotaxis and the Keller—Segel approach

As the biological research of the phenomenon grew and altered its interest towards experiments, the need
for mathematical models for chemotaxis emerged. Mathematical models help in better understanding of
experimental results and allow biologists to study different characteristics of bacterial systems without
the need to intensively repeat the experiments. When one desires to mathematically model chemotaxis,
first the goal and nature of the results should be clearly defined. That is to say, are we interested in
the particular behaviour of one individual (cell, bacteria) of the population or of the whole population
at once. This leads us to two main approaches when modelling chemotactic movements, the microscopic
and macroscopic approaches, respectively.

As the microscopic models focus on the individual cell, it is important to understand the biological
processes that are happening within it when the cell becomes chemotactically active. We will try to
illustrate it on the example of E. Coli, as its chemotaxis is understood best. When there is no stimuli
in its environment, E. Coli swims in a random walk. The random walk takes on a biased character,
towards the attractant or away from the repellent, as soon as the presence of stimuli is sensed. The
movement itself is a series of "runs” and "tumbles”. Runs are movements following a (fairly) straight line,
which are suddenly interrupted by a change in the direction, a tumble. When E. Coli exhibits positive

chemotaxis, the number of tumbles decrease. The opposite happens with the negative chemotaxis. If



there is a change of gradient in the extra-cellular environment, the bacterium is unable to detect it along
its own length, because its size is too small. Instead, the cell is equipped with membrane receptors,
which are able to distinguish very low attractant concentrations. Once the attractant is detected, the
receptor passes the signal inside the cell. Thanks to the intra-cellular proteins, called Che proteins (from
Chemotaxis proteins), a signaling cascade occurs and finally arrives to flagellar motors. Then, the flagella
are rotated clockwise or counterclockwise, depending on the type of the stimulus. Clockwise rotation leads
to tumbling and counterclockwise to runs. An important part of the process is also the adaptation, which
includes resetting of receptors, as if they have not been stimulated at all. Furthermore, since the bacteria
are able to sense a tiny change in gradients, they need to be able to amplify the signal (gain process).

The mathematical models for one cell try to represent above mentioned processes, individually or
together. So far, none of the models was able to reproduce well all of them together. One of the reasons
is that they all occur in different time scales. The models which do a good job in representing ligand
binding and adaptation, can not represent well also the chemoreceptor sensitivity and gain and vice versa.
For a review on these and many other processes and how they have been modeled in the literature, we
refer to the thorough and comprehensive review by Tindall [86].

Now, we will see how a population exhibiting chemotactic activity behaves on the example of slime
molds. Slime molds are populations of amoebae that grow by cell division. The cells wander around their
environment exhausting food supplies which they are able to find using chemotaxis. Once the nourishment
is consumed, cells disperse uniformly around the area at their disposal. A while later, some of the cells
begin emitting a signal that attracts other cells who start moving towards it and are triggered to emit the
same attracting signal. The cells aggregate, forming a slug that may move, respond to chemical stimuli
and detect food sources. Eventually, the slug produces fruiting bodies and releases spores in order to
recommence the life cycle. The pioneer of biological research of slime molds was Bonner (see e.g. [10]).
What is fascinating about slime molds even today, is that individually, they are very simple organisms
that exhibit "intelligent” behaviour once they aggregate. In the study [34], the authors were even able to

reproduce a map of Tokyo rail system once the different stimuli were put in the right places.
Motivated by describing the onset of slime mold aggregation using a macroscopic approach, Evelyn

F. Keller and Lee A. Segel propose in [14] a model of four coupled parabolic equations.
Namely, the authors start from the individual properties of the cells in order to derive a model for

the aggregation stage. Let p(x,t) denote the density of the amoebae at point x in time ¢, ¢(x, t) denotes
the concentration of the chemo-attractant (acrasin), W(z,t) denotes the concentration of the enzyme
that degrades the chemo-attractant (acrasinase) and, finally, v(z,t) denotes the concentration of a bio-
chemical complex V formed by acrasin and arcasinase. The individual properties taken into account are

the following:

1. The amoeba moves according to a random motion analogous to a diffusion that is biased towards

the direction of the positive gradient of the attractant.
2. The acrasin is produced by the amoebae with rate f(c).
3. The acrasinase is produced by the amoebae with rate g(c, W).

4. The complex V dissociates into arcasinase and a degraded product (d.p) :

c+W S Vo W+dp.

5. Acrasin, arcasinase and the complex V diffuse according to Fick’s law.



In order to derive the equation for p, the authors use the mass balance equation and the fact that the

flux of amobea mass is proportional to Vp (by Fick’s law) and Ve (by Fourier’s law). Birth and death
are not taken into account. Thus,

& o(t,2) = V.(Du(p. V0 — x(p. V).

Here, D; represents the strength of the random movement and y the impact of the chemo-attractant
gradient to the flow of the population. The chemo-attractant diffuses according to Fick’s law and its

dynamics involves its production and consumption rates as described above,

0

&c(t, x)=D.Ac+ f(e)p — kicW + k_qv.

The equations for W and v are derived in the same way. The authors arrive to the following system:
Zo(t,x) = V.(Di(p,0)Vp — x(p,e)Ve), t>0, z € R,

2e(t,x) = De DNc+ f(e)p— kieW +k_qv, t>0, z € RY,

%W(t,oj) =Dy AW + pg(c, W) — kycW + (k_1 + k2)v, t>0, © € RY (1.1)

%V(t,.%’) =D, Av+kicW —(k_1 +ka)v, t>0, v€R?

p(07$) = pO(I)7 C(va) = Co, W(va) = WO7 V(O,JC) =1y, T E R

Here k_1, k1 and ko are positive constants.

Then, the authors argue that the aggregation occurs as, in some point of maturation, the individual
properties of the cells change. Thus, a uniform distribution is no longer favorable and it becomes unstable.
The objective is to see how such change in individual cells impacts the whole population, rather to explain
why and how such change happens. In order to do so, the authors propose a simplified version of the
latter system “as it is useful for the sake of clarity to employ the simplest reasonable model” [[?], p.
403]. They assume that the bio-chemical complex V is in a steady state w.r.t. the chemical reaction:
kicW — (k_1 + ko)v = 0 and that the total concentration of the free and bound degradant is constant:
W + v =0. Thus, (1.1) transforms into the following system of non-linear parabolic equations:

Zp(t,x) = V.(Di(p,c)Vp—x(p,c)Ve), t>0, xR,
%c(t,x) =D.Nc+ f(c)p—kieW +k_v, t>0, z€RY, (1.2)

p(0,z) = po(z), c(0,2) = co, v € R™

Then, the authors study how a small time dependent perturbation of the uniform configuration influences
a linearized version of (1.2) for d = 2. They find conditions under which the uniform state is temporarily
or definitely perturbed.

1.4 PDE analysis of the Keller-Segel system

As the Keller-Segel system is designed to model the onset of cell aggregation when triggered by chemical
stimulus, it is no surprise that the solutions may blow-up in finite time. The definition of the blow-up

in finite time for a solution (p,¢) is the following : there exists a time Ty < oo such that p; converges



to a measure not belonging to L'(R9) as t — Tj. In general, the question of well-posedness of (1.2) is a
subject of an extensive amount of PDE literature over the past almost 40 years. A very complete review
of the results obtained until early 2000’s can be found in Horstmann [42, 41]. Then, we suggest to the
interested reader the review of Perthame [71] which after a theoretical review of the Keller-Segel system
shows its connection with kinetic models for chemotaxis and the work of Hillen and Painter [410] reviewing

results on different variations of (1.2).

The principal conclusion when investigating the literature about the Keller-Segel system is that
whether we have global well-posedness or a blow up in finite time is highly correlated with the space
dimension of the problem. In addition, various results obtained depend also on the prescribed initial and
possible boundary conditions, type of the domain and value of parameter «.

Here we will summarize some of the results in the literature and will classify them in three groups:
d=1,d=2,d>3. Chemotaxis has attracted significant interest due to its critical role in a wide range
of biological phenomena. Recently, there has benn a growing number of researchers beginning to utilise

Keller-Segel models and fractional KellerSegel models in simulations of important real-world applications.



CHAPTER 2

LSTOCHASTIC CHEMOTAXIS MODEL WITH FRACTIONAL
DERIVATIVE DRIVEN BY MULTIPLICATIVE NOISE

In this chapter, we introduce stochastic model of chemotaxis by fractional Derivative generalizing the
deterministic Keller Segel model. In this chapter, we study of nonlinear stochastic chemotaxis model with
Dirichlet boundary conditions, fractional Derivative and disturbed by multiplicative noise. The required
results is prove the existence and uniqueness of mild solution to time and space-fractional , for this we use
analysis techniques and fractional calculus and semigroup theory, also studying the regularity properties
of mild solution for this model.

2.1 Introduction

In this study, we consider on the following generalized SKSM with time-space fractional derivative on a
bounded domain D C R4(1 <d <3):

cDPu+ (=A)5u—V(uVe) = g(u)W(t), (t,z) € [0,T] x D, (2.1)
cDlc+ (—A)gc—cVe = f(e)W(t), (t,z) €[0,T] x D, '
with subject to the initial conditions:
U(O,x) = ’LLo(.T), T e D) (22)
c(0,z) = co(x), x € D,
and the Dirichlet boundary conditions:
= T
u(t,z) lap= 0, t € [0,T], (2.3)
c(t,x) lap=10, t € [0,T7,

where u = u(t,z) denots the population density of biological individuals, ¢ = ¢(t, ) denots the con-

centration of chemical substance, and V(uVe) is called a chemotactic term that is used to model the

fact that cells are attracted by chemical stimulus. In which the terms g(u)W(t) = g(u) dVZt(t), and

FOW () = f(e) dvgt(t) They describe the case-dependent random noise, where W (t)cjor) is F;:— adapted

Wiener process defined on a completed probability space (£2, F,P) with the expectation E and associate
with the normal filtration F; = o{W(s) : 0 < s < t}, The operator (—=A)%, a € (1,2) stands for the

17



fractional power of the Laplacian (see [51]). We denote by “Df the Caputo derivative of order 3, which
is defined by (see [83])

t
1 Ju(s,z) _ds
CDtﬁu(zgx) = r(1-p) { s (t—s)B> 0<B<1,
Ou s
%7 6 = 17

t
1 Oc(s,x) ds
T1-75) of 95 —sypr V<O <],

80(5.;1-)7 5 _ 17

cDle(t,z) =

where T'(.) stands for the gemma function

I(B) = /OOO tPLe"tdt.

The rest of the chapter is organized as follows. In Section 2, we will introduce some notations and
preliminaries, which play a crucial role in our theorem analysis. In Section 3, the existence and uniqueness
of mild solution to the problem of time-space fractional (2.1)-(2.3) and in Section 4, the spatial and
temporal regularity properties of mild solution to this time-space fractional (2.9) are proved. In Section 5,
the existence and uniqueness of mild solution to the problem of time-space fractional (2.1)-(2.3). Finally,
the spatial and temporal regularity properties of mild solution to this time-space fractional (2.10) are
proved. We use stochastic analysis techniques, fractional calculus and semigroup theory.

Next, we mention some notations and preliminaries the task at chapter.

2.2 Notations and preliminaries

Denote the basic functional space LP(D),1 < p < oo and H*(D) by the usual Lebesgue and Sobolev
spaces, respectively. We assume that A is the negative Laplacian —A in a bounded domain D with zero

Dirichlet boundary conditions in a Hilbert space H = L?(D), which are given by
A=-A, D(A)=H}D)nH*D).

Since the operator A is self-adjoint on H with discrete spectral, i.e., there exists the eigenvectors e,, with

corresponding eigenvalues A, such that
Ae, = \pen, €, = \@sin(nﬂ'), A = 1202, n e NT.
For any s > 0, let H® be the domain of the fractional power A% = (—A)2, which can be defined by

5. _ 3 _
Are, = A2, n=1,2,..,

and

H* = D(A%) = {v e LA(D),s.t. | v [|%.= Y Aiv? < oo},
n=1

where v, := (v, e,,) with the inner product (.,.) in L?(D). We denote that
| v |lz.=| A%v ||, and the corresponding dual space H~* with the inverse operator A~%. We also
denote A, for A3 and the bilinear operators B(u,c) = V(uVe), and D(B) = H} and L(c,v) = ¢Vv, and



D(L) = H} with a slight abuse of notation L(c,c) = L(c). Then the eqs (2.1) and (2.3) can be rewritten

as the following abstract formulation:

{ DBu(t) = —Aqu(t) + Bu(t), c(t)) + g(u(t)) 28 ¢ >0,
(2.5)
u(0) = ug
and
{ “DFe(t) = —Aac(t) + L{e(t) + f(e(t) g2, t >0, (2.6)
¢(0) = ¢y,

where {W(t)};>0 is a Q— Wiener process with linear bounded covariance operator Q such that Tr(Q) <
0o. Further, there exists the eigenvalues A, and corresponding eigenfunctions e, satisfy Q, = Apen,

n =1, 2, ..., then the Wiener process is given by

W(t) =3 A2 Ba(t)en,
n=1

in which {f,}n>1 is a sequence of real-valued standard Brownian motions. Let L2 = L2*(Qz2(H), H)

denote the space of Hilbert-Schmidt operators from Qz (H) to H with the norm

1 - 1
1@ llz=ll 2Q% == (D 2Q%en)?,
n=1
ie, L2 ={® e L(H) : Z | ®Q2 ||2< oo}, where L(H) is the space of bounded linear operators from

H to H. For an arbltrary Banach space B, we denote || . |[1»(o;p) by the norm in LP (2, F,P; B) , which
defined as
v llo(m= (B[l v [B])7, Vo € L(Q, F,P; B),

for any p > 2. We shall also need the following result with respect to the fractional operator A, (see Ref
7])-

tA

Lemma 2.1 For any a > 0, an analytic semigroup S, (t) = e~ ¢ > 0 is generated by the operator

—Aq on LP) and for any v > 0, there exists a constant Cy,, dependent on o and v such that
| AvSat) |l e(pr< Cant™ =, t>0, (2.7)

in which L(B) denotes the Banach space of all linear bounded operators from B to itself.

Next, we will introduce the following lemma to estimate the stochastic integrals, which contains theBurkholder-

Davis-Gundy inequality.

Lemma 2.2 ([/8]) For any 0 < t; < to < T and p > 2, and for any predictable stochastic process
v:[0,T] x Q — L2, which satisfies
/n o) [ do)¥) < ox,

||/ AW (s) 7] < C(p /nv ) 112, ds)k, (2.8)

then we have

where C(p) = [%]%(%)p@_l) is a constant.

p—



Now, we give the following definition of mild solution for our time-space fractional stochastic Keller-Segel

model.

Definition 2.1 A F; adapted process (u(t), ¢(t));¢(o 7} is called a mild solution (2.1), if (u(t), c(t)) ¢ (o 1) €
C ([O,T];H”) P - a. e, and it holds,

u(t) = Eg(t)uo+ fot(t - s)ﬁflEﬁg(t — 5)B (u(s),c(s)) ds
(2.9)
+ [yt = 8)P T Bag(t — s)g(u(s))dW (s),
and
o(t) = Eg(t)eo+ [1(t — )P Egg(t — s)L(c(s))ds
(2.10)

+ Jy(t = 5) " Bga(t — s) f(c(s)dW (s),
respectefily for a. s. w € Q, where the generalized Mittag-Leffler operators E(t) and Egg(t) are defined

as

Es(t) = /0 h M5(0)S(t70)do,

and

Epp(t) = /0 h BOM5(0)S(t70)do,

which contain the Mainardi’s Wright-type function with 8 € (0, 1) given by
Mg (0) =
50 =2 nl(1— B(1+n))’

n=0

in which the Mainardi function Mgz (6) act as a bridge between the classical integral-order and fractional
derivatives of differential equations, for more details see [33, 57]. Here, the derivation of mild solution
(2.9) and (2.10) can be found in Appendix A (2.6) and Appendix B (2.6) (respectively).

Lemma 2.3 [?] For any 8 € (0,1) and —1 < & < 00, it is not difficult to verity that

Mjs(6) > 0, and /Oo 0= My (0)d9 — L L TE) (2.11)
0

P+ pe)

for all 6 > 0.

Theorem 2.1 For any t > 0, Eg(t) and Egg(t) are linear and bounded operators. Moreover, for 0 <
v < o <2, there exist constants Co = C(a, 8,v) >0 and Cg = C(e, B,v) > 0 such that

—Bv —Bv
[ Es@)v o< Cat™ [l v]l, [ Egg)v < Cot™ |lv]l. (2.12)

Proof. For t > 0 and 0 < v < a < 2, by means of the Lemma (2.1) and Lemma (2.3), we have

IN

I Es(@)v || v Jo~ Mp(0) || ASa(t?0)v || db

oo Bv —v
Jo Cavt™ 07 Mg(0) || v || dO

IN

Caur(l—g)t;ﬁv
T

lvll, ve L*(D)



and

IN

I Esp@)v || v :foﬂQMB(ﬂ) I AvSa(t0)v || df

Bv

‘OfCayﬁtfa 01w Mg (0) || v || 6

IN

CorBT(2—2) , =B )
syt © vl ve (D),

which imply that the estimates (2.12) hold, so it is easy to know that Eg(t) and Egg(t) are linear and

bounded operators. m

Theorem 2.2 For any t > 0, the operators Eg(t) and Egg(t) are strongly continuous. Moreover, for
any 0 < t1 < to < T and for 0 < v < a < 2, there exist constants Cu, = C(a,B,v) > 0 and
Cp, = Cl(a, B,v) > 0 such that

By
| (Es(t2) = Eg(t1))v | o< Can(tz —t1) = [ v || (2.13)
and
By
| (Egp(t2) = Egp(t))v |l g < Cpulta —t1) = [ v || . (2.14)
Proof. for any 0 < t; < to < T, it is easy to deduce that

to 8
[0 = S, (t30) — Sa (1)
h tz (2.15)
= — [BtP10A,S,(t70)dt,
ty

for 0 < ¥ < a < 2, making use of the above expression, the Lemma (2.1) and Lemma (2.3), we can arrive

at
| (Es(t2) — Bs(t))v Iz = || Au(Bp(tz) — Es(ta))v |
= || T Ma(0) Ay (Sa(t26) — Sa(t00))0)udd |
0 B v al\l9 a\l1
oo to
< g‘ﬂeMﬁ(e)ftﬁ—l | AqrrSa(tP0)v ||L2 dtdo
ty
oo to .
< [ CanBOEMp(O)([ 7= 1dt) | v || db
0 t1
= m ()|l
< LG U (4 )% || v |, v e LA(D)

2p
vTa T(1-582)



and
| (Ess(tz) — Egp(ti))v g = | Au(Egs(t2) — Egs(ta))v ||

= | T BOM(0) Ay (Sa(t0) — Sa(t50))0d0 |

IN

o] t2
Of ﬁQGzMﬁ(a)tf P71 Aoy uSa(tP0)v || 2 dtdd
1

IN

o0 tz _ By
OfcwmlfﬁMﬁw)(tft%*dt) v dé

_ aC,,(2-x) =B =pv
srarpa—oy (2 —t ) vl

aCa T(1—% By
< —at A (- )% v, v e 12(D).
VT * T(14B(1-%))
It is obviously to see that the term || (Eg(t2) — Eg(t1))v || g»— 0 and

| (Egp(ta) —Epa(t1))v || . — 0 as t; — to. Which mean that the operators Eg(t) and Egg(t) are strongly

continuous. |

Remark 2.1 Assume v = 0 in theorem (2.2), then there exist constants
Co = C(a, 8) > 0 and Cg = C(e, B) > 0 such that

I (Ep(t2) — Ep(t1))v [l g < Calta — 1) || v || (2.16)

and
| (Egs(tz) — Egp(t1))v || g < Calte —t1) [ v ]| - (2.17)

Proof. for any 0 < Ty < t; < to < T, the same as the proof of Theorem (2.2), we get

I (Es(t2) = Eg(t))o g = |l :foMa((?)((Sa(t§9) — Sa(t70))vd)vdd ||

IN

[e’s) to
[ BOM3(0) [ 171 || AuSa(t?0)0 |12 dtdo
0 t1

IN

[e’s) to
f CaaﬁeMﬂ(o)(ft_ldt) H v ”L2 do
0 t1

IN

Coaf(lnty —Inty) || v ||

= Ge(ta—t) | vll, ve L*(D)




and

| Bas(t2) = Eaa(ta)v e = 1| [ B6Mpa(0)(Sa(t56) = Sa(t]6))udB)od |12

oo to

< [BPOPMp(0) [t771 || AaSa(tP0)v || 12 dtdd
0 tq
oo to

< [ CaaBPOMp(O)([t=1dt) || v ]| db
0 t1

< Gelsr(ntz —Intr) v |

< CellO (1)) v |, ve LA(D).

This completes the proof. m

2.3 Existence and uniqueness of mild solution

Our main purpose of this section is to prove the existence and uniqueness of mild solution to the problem
(2.5). To do this, the following assumptions are imposed.

2.3.1 Assumption A

The measurable function g : Q x H — L3 satisfies the following global Lipschitz and growth conditions:

I9(@) lLz< Cllvlls [ g(w) = g(v) Lz< Cllu—wvl, (2.18)

for all u,v € H.

2.3.2 Assumption B

Let C, Cy are a positive real numbers, then the bounded bilinear operator
B : L3(D) — H (D) satisfies the following properties:

| B(u,e) lg-» < Clulllcl
< CrflulP?
and
| B(u,c) = B(v,e) |z < CCi(lull+ v ) Ju—v], (2.19)

where C7 depend a norm the ¢ in L3(D), and for all u,v,c € LE(D).

2.3.3 Assumption C

Assume that the initial value ug : Q — H" is a Fo-measurable random variable, it holds that
| wo | Lo, i) < 00 (2.20)
forany 0 <v < a<2.

Theorem 2.3 Let Assumptions (2.3.1) to (2.3.3) be satisfied for some p > 2, then there exists a unique
mild solution (u(t))¢ecjo,r) in the space LP(Q,HY) with 0 < v < o < 2.



Proof. We fix an w € 2 and use the standard Picard’s iteration argument to prove the existence of mild

solution. In the beginning, we construct the sequence of stochastic process {u(t)},>0 as

1 (8) = By(t)utg + Ny (un (8)) + Naun (1), o)
Uo(t) = Uog,
where .
Ni(un(t)) = [(t =)' Egp(t — 5)B(un(s), c(s))ds,
°, (2.22)
No(un(t)) = Of(t — 8)P L Egs(t — 8)g(un(s))dW (s).
The proof will be split into three steps.
Stepl For each n > 0, we show that
sup E[[| un(t) [I%,] < oo,
Note that
El| unt1(t) [I},] < 3P7'E[| Eg(t)uo [1%,,]+ 3P 'E[|| Ni(un(t)) [I7;,]
(2.23)
+ 3PTE[]| Na(um (1)) 117, ]-
The application of the Lemma (2.1) gives
Ell Es(t)uo I7,] < ]E[g My (0) (|| AvSa(t?0)uo [|2)* d6]
= E[J Mp(0)(02(Aae™ M eup, e0)?) 2 df)
0
(2.24)
= E[[ Mp(0)(X2, (Aaug, et ¢,)2) 3 dp)]
0
< ]E[g’ Mp(0) || wo || d6] = E[|| uo |l .-
Applying the following Holder inequality to the second term of the right-hand side of (2.23)
t
B[l Ni(un(®)) I%.] < E[({ | (t = )P~ A1 Egg(t — s)Ay—1B(un(s), c(s)) || ds)?]
t p(s—1-5) t
< C’g( (t—s)" 71 ds)P~! [E[|| Au—1B(un(s),c(s)) |[P]ds (2.25)

A

=
OHWO

=

<

3

o

s

where Ky = CRCP O [t P71 TP~ (mae Bl un(?) [, -

Making use of the Holder inequality and Lemma (2.2) to the third term of the right-hand side of (2.23),

we get

B[l Na(un(t)) %] < C(p)E[(ft I (t =) Bps(t — ) |71l Avg(un(s)) 17, ds)?]
, (2.26)
Kz{ﬂ*l[ll un(s) [[%, 1ds,

IN



where K, = C(p)cgcpcf[#]‘%%%_

Using the above estimates (2.23) and (2.26), we have
¢
Bl w1 (t) [, < 377 E[l] uo [, ] + 377" (K1 + Ka) /E | un(s) 1[5, )ds.
0

By means of the extension of Gronwall’s lemma, it holds that

sup E[[| un1(t) [, ] < oo, for each n > 0.
t€[0,T]

Step2 Show that the sequence {u,(t)}n>0 is a Cauchy sequence in the space LP(; H"). For any n >
m > 1, applying the similar arguments employed to obtain (2.25) and (2.26), we get

Bl un(t) = um(®) [I,] < 2P7'E[] Ni(un-1(t)) = Na(um-1(1) 1%.]

+ 27E[| Na(un-1(1)) = Na(tmor (1)) [},.] (2.27)
t
< K JE[] wnoa(s) — um-r(s) [, ]ds,
0
in which .
_ 1(0P P 1p(B— P
K= 2 HOROP Ot o 77 ) e Bl - (0) I7,,))
p—2 p=2, p(2B-1)-2
+ max Bl un-a(0) [7,)) + COICHOPCY b= = T ).

A direct application of Gronwall’s lemma yields

sup E[[| un(t) — um(t) [I};,] =0,

t€[0,T
for all T > 0. Taking limits to the stochastic sequence {uy,(t)}n>0 in (2.21) as n — oo, we finish the proof
of the existence of mild solution to (2.5).
Step3 We show the uniqueness of mild solution. Assume u and v are two mild solutions of the problem
(2.5), using the similar calculations as in Step 2, we can obtain

sup E[[| u(t) —o(t) [I%,] =0, (2.28)
te[0,T]

for all T > 0, which implies that u = v, it follows that the uniqueness of mild solution. Obviously, when
v =0, the above three steps still work. Thus the proof of Theorem (2.3) is completed. m

2.4 Regularity of mild solution

In this section, we will prove the spatial and temporal regularity properties of mild solution to time-space
fractional SKSM based on the analytic semigroup.

Theorem 2.4 Let Assumptions (2.3.1) to (2.3.3) hold with 1 <v < a <2 and p > 2 let u(t) be a unique
mild solution of the problem (2.5) with P(u(t) € HY) =1 for any t € [0,T), then there exists a constant
C such that

sup || w(t) [| Loy < Cll wo vy + sup [l u®) | Lo o:m1))- (2.29)
te[0,T] te[0,T]



Proof. Forany 0 <t <T and 1 < v < a < 2, we have

la®) oy = Elu®) 112,17 =l Avu() |Lo@sm

IN

| AvEg(t)uo || e (0:m)

+

|Aygkt—-ﬁﬁ1E¢ﬂu«—s>B<uw>¢xs»ds

LP(Q3H) (2.30)
¢
A (= 9P Byt = gl DAV () |,
= I+I1II+1I1I
Using Theorem (2.1), the first term can be estimated by
_By
I=|| A Es(t)uo HLD(Q;H)S Cot™ > || uo HLp(Q;H)< 0. (2.31)
It is easy to know that
i C
_ Bv oy a—fBv
/Cat | uo [[pe;m) dt = — 5VT « | uo [lze(oim) - (2.32)
0
The application of Theorem (2.1) and Assumptions (2.3.2), we get
¢
unr < E[(l A, Of(f —8) " Egg(t — s)B(u(s), c(s)) || ds)?]
ook pip—1- L0, & » 933
< Cg(of(t— s)” vt ds)? OfIE[II A_1B(u(s), c(s)) |7 ]ds (2.33)
< Oy sup E[f| u(s) [},

t€[0,T]

where C; = CECPCY{ Yl 2SR 4 (max E[| ult) | 51]).

te[0,T]
By means of Theorem (2.1), Assumptions (2.3.1) and Lemma (2.2), we can deduce

p[B— B(V+1)] 1

(L1nr < Cp)E((| ft I (t =)t A1 Bp(t — ) |71l Avg(u(s)) |17, ds)?]

0
t 2p[p—1-20=1)) boo b

< ChH([(t—s) ) ) JE | Aig(u(s)) |2, ds (2.34)
0 0 2

< Gz sup E[f u(s) |I%,],

t€[0,T]
9 b2 pl28—1-B=1))
where C5 = C(p )CpCpCp[p;]TTf

p[26—1-20=D] 9

Thus, we conclude the proof of Theorem (2.4) by combining with the estimates (2.30)- (2.34). =

Next, we will devote to the temporal regularity of the mild solution.



Theorem 2.5 Let Assumptions (2.3.1) to (2.3.3) hold with 0 < v < a <2 and p > 2 for any 0 < t; <
to < T, the unique mild solution u(t)to the problem (2.5) is Holder continuous with respect to the norm
I Wl Loy vy and satisfies

I ulta) = u(ts) ooy < Clta — ). (2.35)

Proof. Foor any 0 < t; < ty < T, for the mild solution (2.9), we have

u(tz) —u(tr) = Epg(t2)uo — Ep(tr)uo
+ gg(tg —8)P "L Eg5(ta — s)B(u(s), c(s))ds

— tfl(tl — 8)P "L Egs(t1 — s)B(u(s), c(s))ds

" (2.36)
n Of(tg BB By by — s)glu(s))dW (s)
— (=97 Bt - alu(e)aw ()
= L+ L+
where
Il = E/g(tg)Uo — Eg(tl)uO,
and ,
L, = J(tg — 8)P "L Egp(ta — s)B(u(s), c(s))ds
— ;f(tl — 5)5_1E/35(t1 — 8)B(u(s), c(s))ds
= }I(tl — 5)P " Egg(ta — 5) — Egg(t1 — 5)]B(u(s), c(s))ds
0 (2.37)
bl =907 = (2 = 90 Bsa(ta — 9B(uto),cls))ds

+  [(t2— $)P~LEgp(ta — s)B(u(s), c(s))ds

t1

= Ipy +Ioo+ In3



and

L = Oﬁ<t2 — $)5 VB (ts — 5)g(u(s))dW (s)

- ;fm L E(ty — s)g(u(s))dW (s)

= ity — )P Eaa(ta — ) — Egs(ts — s)]g(u(s))aw(s)
0 (2.38)

T ;fl[(tz )P ()P B (ts — s)g(u(s))dTV (s)

ta

+ [tz — )"~ Egp(ta — s)g(u(s))dW (s)

ty

= 31+ I33 + I33.

For any 0 < v < a < 2 and p > 2, by by virtue of Theorem (2.2), it follows that

Elll I %] = E[l Ay[Es(t2) — Ba(ta)]uo [17]
(2.39)

< OB (ts — 1) " E[ uo |I7).

For the first term Io; in (2.37), applying the Assumption (2.3.2) and Theorem (2.2) and Hoélder’s inequal-

ity, we have

p
E[l| I21 [I%,.]

IN

IN

E[] :f(tl —5)P T A [Egp(ta — 5) — Egp(ts — 5)|B(u(s), c(s))ds ||?]

OP 1y — 1) 252 (Zf(tl ) gy ;fE[II A Blu(s),els)) [ ds

2.40)

_ _ pB(r+1)
CPCYCY TP (L= )P~ (sup,c o, Elll uls) [72])(t2 — 1)

Using the Assumptions (2.3.2), Theorem (2.1) and Hoélder’s inequality, we get

E[|| Iz [1%,,

IN

IN

E[| ;fl[(tz — )77 = (t1 = 5)° 1Ay Egp (t2 — 5)B(u(s), c(s))ds ||*]

_Br+1)

2Lt — )P~ — (6 — )71 x (12 — 5) =252 2 dsypm
0 (2.41)

tl

g’EHI A1 B(u(s), c(s)) |7 ]ds

pBla—v—1)—a

CPCYCHT{ by 17 (uprepo my Bl u(s) 2]t — #2) ™7,



and

E[ll I3 5.1 = Ell 7(7523)5_1AVE56(752 — 5)B(u(s), c(s))ds [|"]

t1

t 1
C’g(f[(tg—s)ﬁ 1 B 5By g yp1

t1

IN

(2.42)
<RI ABuls). (o) 17, )ds

IN

pB(a—v—1)
CrORC bty e Bl wls) 1) — 1) ™55

Next, by following the similar arguments as in the proof of (2.40)- (2.42) and using the Lemma (2.2),
there holds

Bl Jsr I%,] = Bl (0= )" A Baa(ts = 5) = Bas(ts — s)lg(u(s))aW (s) |
< E[(Sf I (t1— )P A [Epp(t2 — 5) — Egp(ts — )] [P g(u(s) 25 ds)¥]
< COIOE (1~ 1) ¥ ([0 =) 57 d) 7 B | g(us) I ds
< COICRT™ ™ (k=" (s Ell u®) 7Dt — )",
and
Elll I ] = EJ| :)fl[(tz — )P~ (11— )P A, Btz — s)g(u(s))dW (s) |7
< fll (t2 — )7~ — (01 — )P ) A Byt — 5) ]| alu(s)) [13)"]ds
< C(P)Cé’(:fl{[(tz —8)P1 — (ty — 8)P7] X (ty — 8)"F }i2ds) T (2.43)

x ;fEng( (3)) I ds

IN

C(P)CgCPT[%}pQJ( sup E[H u(t) ||p])(t2 . tl)w

2Bla—)=pr2al * L 5P ’



and

Ell s ] = El :f<t2 — $)PLA, Byt — s)g(u(s))dW (s) 7]
< c<p>E[f<t2 — 5P A Eap(ty — 5) 2] glu(s)) |25 ds)]
' (2.44)
< COICKfilta - 97179 B | 90w |17 ds
< O OO a2 1% (sup B[] ult) [])(ts — ) 272

t€[0,T]

[
Taking expectation on the both side of (2.36), and in view of the estimates (2.39)- (2.44), we conclude
that

[ultz) = ultr) | o) < Clta = 11)7, (2.45)
in which we tak v = min{%, pﬂ(a_:a_l)_a’ 21’[9(&—21/1));(17“'2)0‘}7 whene 0 < to —t; < 1.

Otherwise, if to —t; > 1 then we set v = max{ 6(”;1), ﬁ(o‘_;_l), QW(O;;;')_W}. This completes the

proof of Theorem (2.5).

2.5 Existence and uniqueness of mild solution

Our main purpose of this section is to prove the existence and uniqueness of mild solution to the problem
(2.10). To do this, the following assumptions are imposed.

2.5.1 Assumption 1
The measurable function f: Q x H — L2 satisfies the following global Lipschitz and growth conditions:
[ @) lez< Clloll, [ Fu) = F0) [r2< C llu—wv |, (2.46)

for all u,v € H.

2.5.2 Assumption 2

Let C, is a positive real number, then the bounded bilinear operator
L : L3(D) — H~1(D) satisfies the following properties:

I L) Iz < C el (2.47)

and
| L(c) = L) [[g= Cll el + v D) [ e=v I, (2.48)

and for all v, c € L3(D).



2.5.3 Assumption 3

Assume that the initial value ¢y : Q — H” is a Fo-measurable random variable, it holds that
I co |l 1o, i) < 00, (2.49)

forany 0 <v<a<2.

Theorem 2.6 Let Assumptions (2.5.1) to (2.5.3) be satisfied for some p > 2, then there exists a unique
mild solution (c(t))iepo,r) in the space LP (2, HY) with0 <v < a < 2.

Proof. We fix an w € {2 and use the standard Picard’s iteration argument to prove the existence of mild

solution. In the beginning, we construct the sequence of stochastic process {c,(t)}n>0 as

{ Car1(t) = Eg(t)co + Nilea(t)) + Na(ea(t)),

eolt) = co, (2.50)

where
t

Ni(en(t)) = [(t — 5)" " Egp(t — s)L(ca(s))ds,
L0 (2.51)
Na(cn(t)) = 0f(t — )P Epg(t — s) f(cn(s))dW (s).

The proof will be split into three steps.
Stepl For each n > 0, we show that

sup E[|| ¢n (£) |7, ] < oo,

note that
Elll ens1(t) I%.] < 3P7E[] Eg(t)eo [1%,,]+ 377 B[l Ni(ea(t)) I3, ]
(2.52)
+ 3PTIE[] Na(en(®)) 17, ]-
The application of the Lemma (2.1) gives
Bl Bs(t)eo 5.1 < EL] Ma(O)(| AvSa(t"0)eo |)¥do]
= E[[ Ma(0)(L (Aae™ " co,0)?) 2]
0
(2.53)
= E[[ Ma(0)( (Aaco, e e,)?) ¥ 6]
0
< E[{ Mpg(0) |l co |l g 0] = E[[| co [l . ]-
Applying the following Holder inequality to the second term of the right-hand side of (2.52)
t
E[l| Mi(en(®)) I7.] < E[(Of I (t = )Pt A1 Bpa(t — s)Ay_1L(cn(s)) || ds)?]
t p(a-1-5) t
= Cg(of(t —s) v ds)P! 0fE[II Ay_1L(cn(s)) [IP)ds (2.54)
t
< K JE[H cn(s) 1. 11ds,



where K; = Cng[ﬁ]p Lpp=2)- 1(tg%ax]]E[|| en(t) 115).

Making use of the Holder inequality and Lemma (2.2) to the third term of the right-hand side of (2.52),

we get

t

E[ll Na(en(®)) [I},] < COEIS || (¢ = 5)° " Bag(t = 5) || Auflen(s)) 17, ds)*]

0
(2.55)

< KzoftE[H enl(s) 1%, 1ds,

p(28—-1)—2

where K2 = C( )CPC [W]%_QT 2

Using the above estimates (2.52)- (2.55), we have

Ell ens1(t) 1%,] < 3" 'Ell| co [I%,]+ 3771 (K1 + K») /]E[H cn(s) [l ]ds
0

By means of the extension of Gronwall’s lemma, it holds that

sup E[|| cns1(t) [|%,] < oo, for each n > 0.
t€[0,T]
Stepl: Show that the sequence {c,(t)}n>0 is a Cauchy sequence in the space LP(Q;H”). For any
n > m > 1, applying the similar arguments employed to obtain (2.54) and (2.55), we get

Elll en(®) = em(t) I7,] < 2P7'E[] Ni(en-1(2)) = Ni(em-1(£)) [I7,]

+  227'E[|| Na(en-1(1)) = Na(em-1(0) |15,,] (2.56)

< KBl ea(6) = ena(s) I

in which

Jp=17P(5=2) ( max E[| e (t) |%,])

K = 2r~ 1{Op0p}[p(/3 7 e,

(2.57)

p—2, p(28—-1)—2
+ g Ell o (1) 1%, ]) + CICEC [ty 5T

}.
A direct application of Gronwall’s lemma yields

sup E[|| en(t) — em(t) ||I%,,] =0, for all T > 0.
t€[0,T]

Taking limits to the stochastic sequence {c,(t)}n>0 in (2.50) as n — oo, we finish the proof of the
existence of mild solution to (2.10).
Step 3: We show the uniqueness of mild solution. Assume ¢ and v are two mild solutions of the problem
(2.10), using the similar calculations as in Step 2, we can obtain

sup E[|| c(t) —v(t) 17,1 =0, (2.58)

te[0,T]

for all T > 0, which implies that ¢ = v, it follows that the uniqueness of mild solution. Obviously, when

v = 0, the above three steps still work. Thus the proof of Theorem (2.6) is completed. m



2.6 Regularity of mild solution

In this section, we will prove the spatial and temporal regularity properties of mild solution to time-space

fractional SKSM based on the analytic semigroup.

Theorem 2.7 Let Assumptions (2.5.1) to (2.5.3) hold with 1 <v < a <2 andp > 2, let ¢(t) be a unique
mild solution of the problem (2.10) with P(c(t) € H”) =1 for any t € [0,T], then there exists a constant

C' such that

sup || () | poauirr < Cl co lorieueny + sup || e(®) lpogui)-
te[0,T te[0,T]

Proof. Forany 0 <t <T and 1 < v < a < 2, we have

le® oy = (Elle@® 1507 =l Ave(®) o

IN

| AvEs(t)co || Lr(o;m)

+

LP(Q;H)

4, j(t )P B (t — s)L(e(s))ds |

+ A j(t —5)P T Epg(t — 5)f(c(s)dW (s) |

LP(Q;H)

= I+II+111I.
Using Theorem (2.1), the first term can be estimated by
_Bv
I=|l AvEg(t)co ||Lrim< Cat™ = || co [[Lr(@im) < 0.

It is easy to know that

T

_Bv aC a—Bv
/Cat |l co v dt = ——="T = | o lLr(asm) -
o — PDV
0

The application of Theorem (2.1) and Assumptions (2.5.2), we get

(- < E[(| f(t — )77 A Epp(t — 5)L(c(s)) | ds)?]

0
t plp—1- 8l t
< Cé’({(t* s) v ds) OflE[H A1 L(c(s)) [I%.]ds

IN

Ca sup E[|| c(s) [I%.],
t€[0,T]

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)



where Cg CpC {W}p 1Tp[ﬂ ﬁ("‘*'l)] 1 + ( H[laX]E[” C( ) ||H1])
¢
By means of Theorem (2.1), Assumptions (2.5.1) and Lemma (2.2), we can deduce

(NS

Iy < CE(| Ayoftn (1= 8)P " Ay Bt — s) || Asf(c(s)) |12 ds)¥]

2plp_1_ B=D)

o

(t—s) p—zds)pfoftIE I Avf(e(s)) I7g ds (2.64)

A
o%“

IN

Cs sup E[| c(s) [I%.],
t€[0,T]

p_2 p[gﬁ_l_ﬁ(’/aifl)]_g

where C5 = C(p )CPCP[WM]TT 2
Thus, we conclude the proof of Theorem (2.7) by combining with the estimates (2.60)- (2.64). m Next,
we will devote to the temporal regularity of the mild solution.

Theorem 2.8 Let Assumptions (2.5.1) to (2.5.3) hold with 0 < v < a < 2 and p > 2, for any 0 < t; <
to < T, the unique mild solution c(t)to the problem (2.10) is Hélder continuous with respect to the norm
Il po(o vy and satisfies

| e(t2) = c(t1) 1o )< Cltz — t1)7. (2.65)

Proof. Foor any 0 < t; <ty < T, for the mild solution (2.10), we have

C(tg) — C(tl) = Eﬁ(tQ)CO — Eﬂ(tl)CO
+ :)fz(tg —8) " Egp(ta — s)L(c(s))ds

tl

- Of(tl — )7 Egp(ty — s)L(c(s))ds

(2.66)
+ bf ty — 8)P1A" Egg(ta — 5) f(c(s))dW (s)

- {(tz —8)P 71 Egg(th — 5)G(u(s))dW (s)

= L+1Lh+1s,

where
Il = Eg(tg)Co — Eﬁ(tl)co,



and

and

I3

I

Oﬂtz — )81ty — s)L(c(s))ds

tl

{(h — 5)P 1 Egg(t1 — s)L(c(s))ds

(= )P Eapta — 5) — Egs(ts — ) L{e(s))ds
0 (2.67)

:flutl P (ty — )V Eap(ta — 5)L{e(s)ds

[ts = 8P~ Egs(ts — 5)L(c(s))ds

t1

Io1 + oo + I3,

ta

g(tz —5)" " Epg(tz — 5)f(c(s))dW (s)

;fm )P Bty — 8) f(e(s))dW (5)

J(t = )P Eaplts — 5) — Egsltr — )] F(els))dW (s)
0 (2.68)

Of[(tz —5)77 = (t1 — )" Egp(t2 — 5)g(u(s))dW (s)

to

J(t2 = 5)P " Egp(ts — 5) f(c(s))dW (s)

ty

I3y + I3g + I33.

For any 0 < v < a < 2 and p > 2, by virtue of Theorem (2.2), it follows that

E[l L %] = Elll Au[Es(t2) — Es(ta)]co [I7]

(2.69)

pBv

< CRu(ta —th) o E[l co [P).

For the first term Io; in (2.67), applying the Assumption (2.5.2) and Theorem (2.8) and Holder’s inequal-

ity, we have

E[ll L1 [I7.]

Ch(t2 — 1)

CPCE, TP (B )P~ (sup E[] e(s) [2,])(t2 — 1)

H| f(tl LA [Eap(ts — 5) — Eaa(ts — )| L(c(s))ds 7]

(;[1(151 —3) p(f=1) ds)P~1 z’lE[H A_1L(c(s)) ||1;.{1]ds (2.70)

pB(r+1)
@

pB(r+1)
@ .

t€[0,T



Using the Assumptions (2.5.2), Theorem (2.8) and Holder’s inequality, we get

p
B[l T2z [,

and

p
E[l| Ls [1%

IN

IN

N

E[| ;ﬂ(tz —8)77t = (t1 — 5)" 1Ay Egp(ta — 5)L(c(s))ds ||”]

Cf?(;fl{[(tz L (1 — )Y

(2.71)
LB e £l »
(t2—s)” & }rrds)P7! x OfE[H A1 L(c(s)) [I%)ds
crCPT p;ll p—1( & E 2p to — ¢ M
s T e} (tg[%%] [l e(s) 17D (k2 — 1) :
ta
= E|| tf(fz — )77 A, Egp(ty — s)L(c(s))ds ||P]
b2 v+l) . P
< OY([(ts — 5)P ST P T ds)r !
t1
(2.72)

x f Ef] AL(e(s)) |1, 1ds

P p—1 —1 2p _ . yREev=l)
< CPOR (gt Ell (o) I — )R

a

Next, by following the similar arguments as in the proof of (2.70)- (2.72) and using the Lemma (2.2),

there holds

p
E[ll Z1 17, ]

IN

IA

IN

t1

Ef] {(h = 8)P T A [Ep p(ta — 5) — Ep p(ta — 5)] f (u(s))dW (s) ||?]

C(p)]E[(;f1 I (t = )" Au[Bp (t2 — 5) = Eppts — 5)] [Pl £(c(s)) II72 ds)?)

pBr 1 2p(B—1) p—2 1
C(p)ng(tz—tl)fT(of(tl—s) P ds) T [E | f(e(s) Il ds

P=1( sup E[|| e(t) [P])(t; — t2)"",
o7 ) (te[OPT] [ e@) [IP])(t1 — t2)

2pB—p—1 ( p—1

C(p)Ch, T~ =



and

B[l Is2 ] = E| ?[(tz = 8)P71 = (1 — )P 1Ay Egs(ta — 5)f(c(s))dW (s) |7
< fu (b2 = 5)5L = (t1 = )P ") A, Bag(ta — s) 2] F(e(s)) |2,)¥)ds
< (p)Cg(:fl{[(tz — )Pl — (t — 8)P Y x (tp — 5)~F }po2ds) T (2.73)
x fEnf ) 117
< C(P)CHOPT |5 B2L 15 ((sup B[] c(t) [[P]) (2 — t2) 52,

te[0,T)

and

E[ll £33 ||

B [t — 907~ Au Egalta — ) (el () 17

< C(p)E[f(b = 8)7 7 A Epp(ta — 5) 2] f(c(s)) 172 ds)¥]
' (2.74)
< OO fi(ts - 5)P1= %] ds) 552 fIE | £(u) |2, ds

t1

a(p— p—2 2pB(a—v)—pa

< OO0 gl T (sup El eft) [Ptz — 02) 555
t€[0,T]

Taking expectation on the both side of (2.66), and in view of the estimates (2.69)- (2.74), we conclude

that
| e(t2) = c(t1) || ooy < Clt2 — 1)7, (2.75)

(a—v—1)—« 2p[3(a v)—(p+2)a
pa 2pa

in which we tak'y:min{%,pﬂ }, whene 0 < to —#; < 1.

Otherwise, if to — t; > 1 then we set v = max{ B(Vaﬂ), 5((17;71)7 2pﬂ(o‘2;5)7pa}. [

This completes the proof of Theorem (2.8).

Appendix A

Considering the following abstract formulation of time-space fractional stochastic of equation (2.5)

{ Diu(t) = —Aqult) + Blu(t),c(t)) + g(u(t) Z5, ¢ >0,
u(0) = up.

(2.76)

We derive the mild solution to (2.76) by means of Laplace transform, which denoted by ™. Let A > 0,
and we define that

() = /e_)‘su(s)ds, B(\) = /e_’\sB(u(s),c(s))ds,
0 0



and
o o0

G0 = [ e ltu) T s = [ gtuts)as)

0 0

Upon Laplace transform, using the formula Cﬁtﬁ uw(\) = M4 — M~lyyg. Then applying the Laplace
transform to (2.76), we obtain

AN = fuo+ 35 (—A)a(N) + FH[BO) + GV)]

NPT+ Aa) ug + (AT + A) " B(A) + G(\)] (2.77)

A1 :foe*)‘ﬁsSa(s)uods + :foe%ssa(s)[é(x) +G))ds,

A

in which [ is the identity operator, and S, (t) = e~**= is an analytic semigroup generated by the operator

—A,. We introduce the following one-sided stable probability density function:
o ynetgsn—1 DB +1)
Wps == Z(—l) g8 1# sin(nw@), 6 € (0,00), (2.78)

™
n=1

whose Laplace transform is given by

/e*MWﬂ(e)da =M 0<B<1. (2.79)
0

Making use of above expression (2.79), then the terms on the right-hand side of (2.77) can be written as

A1 fef)‘ﬁSSa(s)uOds = f)\ﬁ’le’)‘ﬁtﬁSa(tﬁ)u()dt
0 0

BA)P~1e= DS, (1A ugdt

Il

14 [e= 078, (9 Yugdt (2.80)

I

I

[ 0W5(0)e= 0S8, (19 yugdfdt
0

= [ e M Ws(8)Sal Ly )uodd]dt,
0 0



and

and

[ e 58, (s)B(\)ds

0

[ BtA=1e=O7 S, (18 B(\)dt

0

[ [ BtP=te= 0" S, (t8)e=2tP1 B(u(s), c(s))dsdt
00

70 70 70 BW5(0)e™ IS, (t7)e=*tP =1 B(u(s), c(s))dOdsdt
000

T T T aWa(0)e 05, 52) 5 Blu). ) s

:fo e M3 Of ?Wg(@)sa( (=) y =9 Bu(s), c(s))dOds)dt,

[ ptP=Le= DS, (tH)G(N)dt
0

BtB=1e=(W" S (t8)e= A3 g(u(s))dW (s)dt

o3
o3

o3
o3
o3

BW5(0)e MIS,, (t%)e A tF~Lg(u(s))dOdW (s)dt

BW5(0)e A9 S,, ()L g(u(s))dOdW (s)dt

o3
o3y
o3

15 FWasa (525 S gtu(s)doarw ().

Together with (2.77) and (2.80)- (2.82) helps us to get

a(\)

oo

- T LT W (0)Sa (L2 )uodo)dt

[}

ZO Wis(0)Sa (U525 ) C=50""" B(u(s), c(s))dOds]dt

+ Jeon [ﬂj T Wa(0)S, (525 S5 g () b (5

(2.81)

(2.82)

(2.83)



Now, by means of inverse Laplace transform to (2.83), we have achieved that

u(t) = Z°W5<0>Sa<z%>uoda

+ B Oft :fowﬁ(a)sa(@;;)ﬁ)<tf;;f‘1 B(u(s), c(s))dbds

t oo a8 . s-1
+ o Wi (0)Sa (U525 =20 g (u(s))dOdWV (s)
(2.84)
- ] L0757 W (07 5)Sa (170 uodd
0

+ Of:foe FWa(077)Sa((t — $)P0)(t — 5)P~LB(u(s), c(s))dbds
Of :foe FWs(6%)Su((t — $)70)(t — )5~ g(u(s))dOdW (s).

Here, we also introduce the Mainardi’s Wright-type function

Mg (®) n; nfIT(1 — B(1 +n))

n 19n 1

_ %Z T I'(ng) sin(nw ),

where 0 < 8 < 1 and 6 € (0,00). Further, the relationships between the probability density function
W3(0) and Mainardi’s Wright-type function Mg(#) are shown that

1

My() = 507 W),

We denote the generalized Mittag-Leffler operators E, (t) and Egg(t) as

/ M5(0)S, (t70)do,

and

Ess(t) / BOMg5(0)SA(t70)d6.
Therefore, the equation (2.84) can be written as

u(t) = Eg(t)ug+ j(t — 8)P L Egs(t — s)B (u(s),c(s)) ds
‘ 0 (2.85)
+ bf(t — )P Egp(t — s)g(u(s))dW (s),

Up to now, we have deduced the mild solution (2.85) to the time-space fractional stochastic equation

(2.5).



Appendix B

Considering the following abstract formulation of time-space fractional stochastic of equation (2.10)

{Cch(t) = —Aac(t) + L(e() + () TF2 >0, (2.86)

¢(0) = ¢,

We derive the mild solution to (2.86) by means of Laplace transform, which denoted by ~. A > 0, and
we define that

oo

e Me(s)ds, LX) = /e_’\sL(c(s))ds,
0

>
=
Il
0\8

and
A0 = [ 1se) T s = [ fet)aw )

Upon Laplace transform, using the formula “lA)f c(A\) = Mé—=)\P~1¢q. Then applying the Laplace transform
to (2.86), we obtain

éA) = 1o+ 35(=Aa)é(N) + 35 [L(N) + H)]

= NI+ Ay)Leo + (VPT + Ag) L) + H(N)] (2.87)

_ e :foe*’\ﬁsSa(S)CodS + :fe%sa(smm + H()ds

in which I is the identity operator, and S, (t) = e~

« is an analytic semigroup generated by the operator
—A,. We introduce the following one-sided stable probability density function:
Wg==> (-1)"'¢” IT sin(nzf), 6 € (0,00), (2.88)

™
n=1

whose Laplace transform is given by

o0

/e_’\9W5(9)d9 e, 0<B<L (2.89)
0

Making use of above expression (2.89), then the terms on the right-hand side of (2.87) can be written as

B-1 T oy AP T AB—1,-2018 B
N[ e A58, (s)epds = [N le Sa(tP)codt
0 0

= [ 3 ale O 18a(t")codt (2.90)
0

= [ [OWs(0)e M08, (t7)codbdt
00

e M [ W5(0)Sa(ts)codd]dt,
0

Il



and

and

&)

{e’AﬁSS L(\)ds

[ Bt=1e=OW° S (t5) L(\)dt

0

f fﬁtﬂ—le—(At)BSa(tﬁ)e_Astﬁ—lL(c(S))dsdt
00

(2.91)
T T T BWs(0)e S, (t%)e  tP 1 L(c(s))dOdsdt
00O

)tzal L(c(s))dOdsdt

0\8
=
S
S

|
=
7
N
C/)

Z’o e M3 g’ :fowﬁ(e)sa(“ o) =977 1 ((s))dbds)dt,

j‘ojoﬁtﬁ_le_(’\t)BSa (t?)e=2% f(c(s))dW (s)dt
00
(2.92)
T T T BW5(0)e=M0S,, (t7)e= tP=1 f(c(s))dOdW (s)dt
000

ZfOZftooﬂWQ(Q) e M) S, (L) F(e(s))dOAW (s)dt

Te—)\t[ﬂf [ Wﬁ(@)gﬂ(%f?)ﬁ)(t*;%ﬁ_lf(c(s))deW(s)]dt.

Zowﬁ(e)sa(“ ") (=" 1 (6))dBds)d (2.93)

Z‘o W (0)Sa( 20 ) =2 1 o(5))dOdW (s)]dr.



Now, by means of inverse Laplace transform to (2.93), we have achieved that

() = :fwﬁ(msa(z%)code

t oo e 3 . st
+ 8 W5 (0)Sa (U3l ) U= L(c(s))dbds

| ZfOW[s(a)Sa(“;;)ﬁ Y= () dBAV (s)
(2.94)
- L0757 W07 5) S0 (t70)codd
0

+ g" :foeﬁwﬁ(eﬁ)‘s&((t — 5)80)(t — 5)P~LL(c(s))dbds
oft:foe FW5(077)Sa((t — $)%0)(t — 5)~1 f(c(s))dOAW (s).

Here, we also introduce the Mainardi’s Wright-type function

Mg (®) n; nfIT(1 — B(1 +n))

n 19n 1

_ %Z T I'(ng) sin(nw ),

where 0 < 8 < 1 and 6 € (0,00). Further, the relationships between the probability density function
W3(0) and Mainardi’s Wright-type function Mg(#) are shown that

1

My() = 507 W),

We denote the generalized Mittag-Leffler operators E, (t) and Egg(t) as

/ M5(0)S, (t70)do,

and

Ess(t) / BOMg5(0)SA(t70)d6.
Therefore, the equation (2.84) can be written as

c(t)

Es(t)co + f(t — 8)P L Egp(t — s)L(c(s))ds
. 0 (2.95)
+ Of(t — )P Egp(t — 5) f(c(s))dW (s).

Up to now, we have deduced the mild solution (2.95) to the time-space fractional stochastic equation
(2.10).



CHAPTER 3

LEXISTENCE AND UNIQUENESS OF GLOBAL SOLUTION OF
STOCHASTIC KELLER-SEGEL MODEL

In this present chapter, we consider stochastic chemotaxis Keller-Segel model impact by gaussian process.
The first we study of local existence in time of nonlinear stochastic Keller-Segel model with zeros Dirichlet
boundary conditions and we add condition for prove local solution is global solution, for this we use
analysis techniques lemmas and semigroup theory.

Now we consider the Keller-Segel model with a Random which a space time white noise as follows

2 277,
u=r3% - b2 (W2 f(e)+ %X, xe(0,1], t>0,

X

(3.1)

ct:ag—;g—% (c)—l—gi—a”;, z €10,1], t > 0.

Where the population density of biological individuals and the concentration of a chemical substance are
denoted by u = u(x,t), ¢ = ¢(x,t) (respectively), k, a are diffusion rate of u and positive chemotactic
coeflicient respectively, b is positive coeflicient, f : R — R is nonlinear sensitivity function, W(t, x),t >0,

z € R is the zero mean Gaussiam process with covariance function:
E[W(tl,xl),W(tQ,Ig)} = (tl /\tg)(l?l A\ 1’2)7 tl, tQ Z O, T1, T2 S R

and cylindrical Wiener process W can be considered by

o0

oW
W(t) = E = Z Bnén, (32)
n=1

where {3,}, {e,} are real Brownian motions and is an orthonormal basis of L?(0, 1) respectively, (2, F, P)
is probability space adapted to a filtration {F;} t > 0. The series (3.2) does not converge in L?(0, 1) but
it is convergent in any Hilbert space V such that the embedding L?(0,1) C V is Hilbert-Schmidt [23].
We will write (3.1) in the following format:

0u 0 5 0
du(t,z) = (/-@8332 - b% <u axf(c))> dt +dw, z€10,1],t >0, (3.3)
with Dirichlet boundary conditions
u(0,t) = u(1,t) =0, (3.4)

44



and the initial condition

U(JE,O) = uO(l‘)a T E [07 1}7 (35)
and
de(t,x) = ﬁ—ﬁf() dt + dW, €[0,1,t >0 (3.6)
c(t,v) = (azzc— 5 flc , T 1], . .

with Dirichlet boundary conditions

c(0,t) = ¢(1,t) =0, (3.7)
and the initial condition

c(x,0) = co(x), = €]0,1]. (3.8)

Where (3.2) is used to describe W. where we make the assumption that f : R — R is a locally

Lipschitz continuous function satisfy condition

9
| 5210 1,50 < Lipr: (3.9)

To simplify our work, we write problem (3.3) with boundary and initial conditions (3.4) and (3.5)

(respectively) on the form problem as

dul(t, z) —( Ry b2 (w22 f(c )))dt+dW, zel0,1], t >0,
w(0,t) =u(l,t) = o, t> o (3.10)
u(z,0) =wp(x), xe€]l0,1],

and we write problem (3.6) with boundary and initial conditions (3.7) and (3.8) (respectively) on the
form problem as
de(t,z) = (aozzc— 2 f(c )) dt +dW, z€[0,1],t>0,
¢(0,t) =c¢(1,t) =0, t >0, (3.11)
c(z,0) =co(z), x€][0,1].
Our aim in this chapter is to prove the problems (3.10) and (3.11) have a unique global solutions, for
this we use semigroup theory.

In the next section, we present the notations preliminaries and we prove local existence of problem (3.10).

3.1 Local Existence in Time of problem

Define the unbounded self-adjoint operator A on L?(0,1) by
82
Au = m@u,

for u on the domain
H(A) = {u € H*(0,1) : u(0) = u(1) = 0}.

We assume that e4, ¢+ > 0, the semigroup on L?(0,1) generated by A, that we put e*4, t > 0, as a
contraction semigroup on L?(0, 1), for any p > 1. Finally, we denote by {e;} the complete orthonormal

system on L?(0,1) which diagonalizes A and {\;} the eigenvalues. We obtain

2
en(x) = \/;sin(hwx), h=1,2,..

A\ = —m2h%, h=1,2,..

and



Now, we rewrite (3.10) as follows

_ 9 d
du = (Au— b5 (u?Z= f(c))) dt + dW, (3.12)
u(0) = up.
Remember, the solution of linear problem is
=A
du(t, x) udt 4 dW, (3.13)
u(0) = uyg,
is unique and given bu the so-called stochastic convolution
t
Wal(t) = / e AqW (s). (3.14)
0

It can be prove that Wy is a Gaussian process and it is mean square continuous with values in L2(0,1).
We put
U(t) = u(t) — Wa(t), t > 0.

Then u check (3.12) if and only if U is a solution of this problem

(3.15)

W AU — b (U + Wa)2 2 £(c) ,
U(0) = up.

Now, we will study of (3.15) where in W4 is an a-Hoélder continuous function with respect to (¢, z) for
any « € [0,1/4] then the equation (3.15) can be write as follows

U(t) = ety — b/ot e(t_s)Aa% ((U + WA)Qaabe(c)> ds. (3.16)

Then if U verifie (3.16) we call that it is a mild solution of (3.15). We will solve equation (3.16) in the
space C([0,T*]; LP(0,1)) for all p > 1 and T™ > 0. We put

D (M, T*) ={U € C([0,T*}; LP(0,1)) = | U(t) |Lopo.y< M, V¥t € [0,T°]},

and consider an initial datum ug Fo-measurable and belonging to LP(0,1), for t > 0, w € Q. We will
see, in the proof of the Lemma (3.1) below that if w(t) is a bounded function from [0,7] into LP(0,1),
for t > 0, is as follows. As a result, the integral in (3.16) is converges in L”(0,1) a.s. Thus, (3.16) has
the same value as an equality in LP(0,1).

Lemma 3.1 For any p > 2 and M >| ug |1»(0,1), there exists a stoping time T* > 0 such that (3.16)
has a unique solution in 3 (M,T™).

Proof. for any U in ) (M,T") as well as describe w = LU by

¢
0 0
tA (t—s)A 2
w(t) = e ug b/e P2 ((U +Wa) axf(c)> ds,

0

where L : C([0, T*]; L?(0,1)) — C(]0,T*]; LP(0,1)), is non-linear operator. Then

t
40 P
| w(t) [Le0,1) <] €U0 Lo, +b/ el )A% ((U+ WA)Qazf(C)> |Lr(0,1) ds,
0



for any s; < sy in R and r > 1, e maps W*"(0,1) into W*27(0,1), for all ¢ > 0. Moreover, the
following estimate holds

| e [pasr01)< Ch (t515 * 4 1) | w [weiry, forallwe W7(0,1). (3.17)

The constant C; depends only on s1, sy and r, see [76] Using the Sobolev embedding theorem we have

s 9 9 -8 9 9
AU+ Wal 5 (@) oS ea | €U+ Wa) - FO) | ae

for (3.17) with s; = —1, s9 = ]19 r = £, therefore, we have

<

—1_
[ DAL (U + WaPZFO) [0 < eaea((t= )T 7 + 1) | 2(U+WaPEF) Iyt o

=1_ 1
<t =) T TH 0| U+ Wa2 | g 00| 25O 500,

and with condition of f in (3.9), we have

—1
| e L (U 4+ Wa)*Z f(c)) [Lroo1)< crcaLipr ((t — 8)77ﬁ +1) | (U+Wa)?|

L5(0,1) "
We obtain
. 11
0(t) [zr0ny <l o Levcory +hereaipy fy (0= 5) %% +1) | (U4 Wa)? | g, ) ds
. 11
<| o |Lr(0,1) +bercaLipy [y ((t—35)7 2% +1)(|U |L§(0’1) + [ Wa |L2(0 y)ds

—1 1
<] ug |LP(0,1) +bcycoLipy (M + Xp)2 fg((t —5)2 "2+ 1)ds

. 1_ 1
<[ uo |Lr(0,1) +b6102L2p1(M+Xp)2(p2_plt2 » + 1),

where in Lip; is the Lipschitz constant of f which depend on M + x,, and x, = sup | Wa(t)| , .
te[0,T] L2(0,1)
Hemce | w(t) |rr0,1)< M for all t € [0,T*], provided

1

. 2 12— L *
| o | e (0.1) +beresLipy (M + xp>2(p—p<T )2 4+ T*) < M. (3.18)

-1
It is clear that every M >| ug |1r(0,1) there exists a T* satisfying (3.18).
Now we consider Uy, Us € ZP(M, T*) and we put w; = LU;,7 = 1,2 and w = w; — wa, Then

\—b / =4 DUy + W) (U + W) fe)]ds,

As a result, we arrive at the following conclusions

—1
| ’LU(t) |L:0(0’1) < beyeg Lipy fot((t — S)Tiﬁ + 1) ‘ (U1 + WA)Q — (UQ + WA)2 ‘L%(O 1 ds

Application the Holder’s inequality, we obtain

| (U1 4+ Wa)? — (Us 4+ Wa)? | =[ (U1 + Uz +2Wa) (U1 = U2) | ¢

LE(0,1) L2(0,1)
< (U + U +2Wa) [e0,0)] Ur — Uz |Le(0,1)

<2(M +xp) | U = Uz |1p(0,1),



hence
a1

| w(t) |pro,) < 2beicaLipy (M + Xp)(%(T*)%—QP + 1),

p

where in Lip; is the Lipschitz constant of f which depend on M + x,, and for all ¢ € [0,T*] given

. 2p 1oL -
| LUy — LU2 |e((0,7+);27(0,1) < 2b0102LZP1(M+Xp)(E(T )27 2 +T7) | Uy — Uz |epo,7+);27(0,1))

We considerT™ such that

2
2b0162Llp1(M+Xp)(pfpl(T*)%_% +T*) <1

and (3.18) holds so that L is a strict contraction on > (M,T™). =

In the next section we will prove that 7% =T a.s. for w € €.

3.2 Global Existence

In this section, we prove the global existence of the problem (3.10). We are still considering equation

(3.16) as a deterministic one, working a.s. for w € Q.

Theorem 3.1 (Global existence.) Let ug be given which is Fy-measurable and such that for some p > 2,
ug € LP(0,1) a.s. If k > %bLipl, then there exists a unique mild solution of equation (3.12), which belongs
a.s. to ¢([0,T*]; LP(0,1)).

We derive an a priori estimate that yields global existence in the following lemma.

Lemma 3.2 If U € ¢([0,T*]; L?(0,1)) satisfies (3.16) and k > 3bLipy, then

—1)bLi 2 I\
|U \Lp(o,l)ﬁ eP(P—1)bLip1 (X5 +3X o) | ug |LP(0,1),

where Xoo = sup | Wa(t) |L°°(0,1) :
t€[0,T]

Proof. put {uf} be sequence in ¢*(0,1) such that u — ug in L?(0,1) and we put {W"} be sequence
for regular processes such that

t
WA = [ eI1dW7 (s) = Wat)in o(0,7] x (0.1)),
0
for w € Q. Let {U™} be the solution of

¢ 0 0
n _ JtA, (t—s)A Y n n\2 Y
U (8) = g —b [T £ W (o),

given by Lemma (3.1). It is clear to U™ does exist on an interval of time [0,7),] such that T, — T* a.s.
and that U,, converges to U in ¢([0,T*]; LP(0,1)) a.s. Moreover, U, is a regular a.s. and hold

our ot 9 0.

Multipling (3.19) by | U™ |[P=2 U™ and integrating over [0, 1], we have

19
p Ot

n ! n - 6 n ! 6 n n 6 n - n
V" By +5(0=1) [ 107 P72 (U™ Pdah [ (W2 L ) | U7 P U =

Or
(3.20)



We integrate by parts the last integral

Lo 0 ' 0 0
b [ SO WA SR o P U = b= 1) [ (P + WP A | U P U,

then

by (U +WEPZ F(0) | U P2 Undz | =blp—1) | fy (U™ + W)L f(e) | U™ [P=2 ZU"dx |

<bp—1) fy [ (U™ +WE)2L () | U™ =2 ZU™ | de
<bp—1) fy Lipy | (U™ + WE? || U™ P72 U da
<b(p = DLipy fy (| U™+ W [2) | U P72 U da
=b(p—1)Lipy [, | U™ [P ZU da
+2b(p — V) Lipy [, WU | U™ [P~2 20U d
+b(p — 1) Lipy [,y (W3)? | U™ P2 20U da

The first term is zero, indeed

/01 o P %U”dm - pil/ol a%(‘ Un P U™)dz = 0.
In the same way, we can prove that the second term is also zero

; 1 — n ; n n ﬁ
2Lipy(p—1) fy | W || U™ [P~ 2U"dx < 2bLipy(p—1) | W5 |10, U™ | 2200y
1 n 1p— n 1
x(fo U™ P72 (ZLU™)2dx)?
<bLipi(p— X2 o | U™ [1200)

FoLipi(p—1) [y | U™ P2 (ZU™)2de,

where Xn,oo = sup | WX(t) [e(0,1) for as, w € Q.
t€[0,T]
We will be writing for the third term.

. 1 n n — n ) " 2 y " R " :
b(p — 1) Lipy fy (W3)* | U™ P2 Uz < b(p— DLipixeo | U™ 200 (o 1 U [P72 (25U)2da)>
< bLipy O [ [V [P (U da
+bLip LA U B8 S

where xn,oo = sup | WX(t) [Le(0,1) for w € Q.
te[0,T)



Getting back to (3.20) we have

n 1 n |p— n .
pat |U |Lp(0 1) +”€( )fo IU |p 2 (%U )2d$ < bLZpl( _1)Xnoo | u" ‘Lp(o 1)

+bLipi(p— 1) [y | U™ P2 (ZU™)2da

+bLipy (P;l) fol | Un P2 ((%U")de

+bLip, e 1)XfLoolUn |Lp01 .

It is as follows

. 1 _ .
L2 U 0 - 1) (k= 20Lip) fi | U™ P72 (AU 2de < bLipy(p — 1) e + 24 0) | U 172

Taking x and b, Lip; such that
K > §bLipl,
2
we have

n 1 n
| U LP(O 1)<p( )bLZpl(Xnoo"_ 2Xn oo) | U |Lp(0 1)’

using to Gronwall’s lemma

< P(P=DDLip1 (X7 ot 3Xn 00t | ul |2

| |LP(O 1)= Lr(0,1)

using the limit as n — oo, we get

P p(p—1)bLip1 (X2 + X5t P
|U| ,,O’l)ﬁe( ) ( 2 ) ‘UO ‘LP(O,l)'

As a result
—1)bLi 2 412
| U |Lp(071)§ eP(P—1)bLip1 (X5 +3 X5t | ug \Lp(o,l) )

After that, the lemma is asserted. =
Proof of Theorem (3.1). It is easy to deduce from Lemma (3.1) and Lemma (3.2).

The next section, we prove local existence in time of (3.11).

3.3 Local Existence in Time of problem

Denote the unbounded self-adjoint operator B on L?(0,1) by
2

Bu = G@C,

where ¢ on the domain
H(B) = {ce€ H*(0,1) : ¢(0) = ¢(1) = 0}.

Denote e, ¢ > 0, the semigroup on L?(0,1) generated by B. we put e!®, t > 0, as a contraction
semigroup on L?(0,1), for any p > 1. Finally, we denote by {ej,} the complete orthonormal system on
L?(0,1) which diagonalizes B and {)\,} the eigenvalues. We obtain

2
en(x) = \/;sin(k:mc), h=1,2,..

A\ = —m2h?, h=1,2,..

and



The equation (3.11) is written as

dc = (Bc— 0, dt + dW,
c=(Bc—0,f(c))dt + (3.21)
¢(0) = ¢p.
Remember the solution of linear problem
=B
de(t, x) cdt + dW, (3.22)
¢(0) = o,
is unique as well as by
t
Wg(t) = / B Aw (s). (3.23)
0

It can be shown that W is a Gaussian process and it is mean square continuous with values in L?(0,1).
We put
v(t) = c(t) — Wg(t), t > 0.

Then c fulfills (3.21) if and only if v is a solution of

dv _ g, _
{ o — By — 9, f(v+ Wg)dt, (3:24)

v(0) = ¢p.

Now, we will study of (3.24) where in Wg is an a-Holder continuous function with respect to (¢, z) for
any « € [0,1/4], then the equation (3.24) can be write as follows

t
v(t) = ePey — / =989, fv + Wpg)ds. (3.25)
0

Then if v verify (3.25) It is a mild solution, according to us (3.24). We will to solve (3.25) in the space
C([0,7*]; LP(0,1)) for p > 1 and for some T* > 0.
We put
> (M, T*) = {v e C([0,T*]; LP(0,1)) : | w(t) |[< M, Vt € [0,T*]}.
p
If z(t) is a bounded function from [0,7] to LP(0,1), then for ¢ > 0, the proof of the Lemma (3.3) is as
follows. As a result, the integral in (3.25) converges in LP(0,1) a.s. As a result, (3.25) has the same value

as an equality in L?(0,1).
Lemma 3.3 For anyp > 2 and M >| co |1r(0,1), there exists a stoping time T™ > 0 such that (3.25) has

a unique solution in 3 (M, T™).

Proof. for any v in > (M,T™) and take z = Gv by
¢
2(t) = etPeg — /e(t_s)Bawf(v + Wg)ds,
0
where in G : C([0,T*]; LP(0,1)) — C([0,T*]; LP(0,1)) is non-linear operator. Then

t
| Z(t) |LP(O,1)§| etBCO |Lp(o,1) +/ | e(t_s)Bawf(v + WB) |LP(O,1) ds.
0



We put, €', ¢ > 0 is a contraction semigroup on LP(0, 1) which has a regularizing, for any s; < sg in
R and 7 > 1, !B maps W*:7(0,1) into W*27(0, 1), for all + > 0. Furthermore, the following calculation
is correct:

| elB 5 |W52""(0,1)§ c, (t-‘;l;

The constant C; depends only on s1, s2 and r see [76] Using the Sobolev embedding theorem we

) | 2 lwerr0,), forall z€ W2 (0,1). (3.26)

obtain
| =989, f(v+ W) lLro, )< c2 | =B, flv+Wg) |

wrE0,1)
and for (3.17) with s; = —1, s9 =

Consequently

771:

[SJpS]

1
P

-1 1
| e=9B0, f(v+ W) lro,1)ler01) < cica((t—s)Z "2 +1) | 0:f(v+Wg) | w3 0,1)

<erea((t—9)7T "+ 1) | flo+ Wp) |

L2(0,1)

Consequently

t —1_ 1
| 2(t) |L1’(0,1) <| eo |LP(071) +cico fo((t —5)2 2 +1)| f(v+Wg) |Lg(0)1) ds

1

. -1
<| co |zr(0,1) +cre2Lipy fg((t— $)2 "2+ 1)1+ |v+Wpg |L§(0 1 ds

. 1
<| co |zr(0,1) +e1caLlip fot((t —8)7 "+ 1)1+ | v | + [ Wg |, 2 )ds

L5(0,1) L% (0,1)

. 1_ 1
<l co |Lr(o,1) +crcaLipi(1 + M+Up)(p2_plt2 % + 1),

where in Lip; is the Lipschitz constant of f which depend on M + v,, and

vp= sup [Wg(t)| , .
te[0,7] LZ(0,1)

Consequently | 2(t) |rr0,1)< M forall t € [0,T*], we have

2p
| co |Lr0,1) +ercaLipy (M + vp)(p (T*)%*% +T*) < M. (3.27)

It is obvious that every M >| co |1r(0,1) there exists a T™* fulfilling (3.27).
Now we will take vy, vy € 2:1)(M7 T*) and set z; = Guv;,i = 1,2 and z = 21 — 29, Then

¢
2(t) = /o 6<t75)B(%[f(”1 +Wg) — f(ve + Wg)ds

we obtain

1

[ 2(0) |y < erez Jy (6= 9)F 75 1) [ flon + Wp) = flo2 +Wn) | 5, ds.

According to the proposed hypothesis of f, we obtain

| f(v1+Wg) — f(va+ W) | < Lipz |v1 —v2 |2

L%(0,1) (0,1)
< Lipy | v1 — 2 |1r(0,1)

=c3 | v1 —v2 |Lr(0,1)



where in Lips is the Lipschitz constant of f which depend on M + v, consequently

—1_ 1
| 2(t) |r01) < cicacs fot((t —8)7 7 4+ 1) [v1 —va 1e(0,1) ds

1_ 1
< C'maxocoss | v1(s) = v2(s) [Loo1) Jo (=) " +1)ds

11 "
<O (T*)272 +T7) | v1 = v2 |ogo.r+]:0 0.1))5

and for any ¢ € [0, 7] we have
2p aioL x
| Gui — GUa |e(j0,7+7: L0 (0,1) < C(E(T )272 +T7) | v — 2 |e(jo,7+];L0(0,1)) -

We consider 7™ as a result 5
p *\ % — o *
C(——=T™)272» +T7) < 1.
)i h )
and (3.27) holds so that L is a strict contraction on »  (M,T). =

We will demonstrate in the next section that 7% =T a.s. for w in 2,

3.4 Global Existence

In this section, we prove the global existence of the problem (3.11). We are also using (3.25) as a

deterministic equation, operating a.s. for w in 2

Theorem 3.2 (Global existence.) Let co be given which is Fy-measurable and such that for some p > 2,

co € LP(0,27) a.s. If a > Lgpl, then there exists a unique mild solution of equation (3.21), which belongs
a.s. to c([0,T*]; L*(0,1)).

We derive an a priori estimate that yields global existence in the following lemma.

Lemma 3.4 Ifv € ¢([0,T*]; L?(0,1)) salisfies (3.25) and a > Lizp17 then

tLipy &5H

2
[ v ey < e Yo | co |Lr(0,1)s

where in Vo = sup | Wg(t) |L°°(0,1) :
te[0,T)

Proof. We put {cj} be sequence in ¢>(0,1) such that ¢ — ¢¢ in LP(0,1) and put {W™} be sequence

for regular processes with
¢
Wh(e) = [ e IPaWn (s) - Wan(e)in e(10.7] x (0.1),
0
a.s. for w € 2. We put {v™} is the solution of

t
v"(t) = etPel — / e(tfs)Bgf(v" + Wg)ds,
0 aw

we obtain by Lemma (3.3). It is easy to see that v™ does exist on an interval of time [0,7},] such that
T, — T* a.s. and that v, converges to U in ¢([0,7*]; L?(0,1)). Furthermore, v, is regular a.s. and
fulfills

ou" 0?v"



Multipling (3.28) by | v™ [P=2 v™ and integrating over [0, 1], we obtain

10

1 1
n n — 8 n n n n — n
S 1 oy o= 1) [ P (et [Coupr W [0 PR e =0,
We integrate by parts the last integral

1 1
| outer e wyy o porde =~ - 1) [ gn W) [on 72 Lo,
0 0

then
1 n n n p—2 .n 1 n n n |p— n
| o Zf@+WE) [o" P2 orde |= (p—1)| [y fF0" +Wp) [ o™ P2 Lorda |

< (=1 fy | F@+WR) [on P2 Lo | da

IN

1 .. n n n |p— n
(p—1) Jy Lipi(1+ [ " + W |) | 0" [P~ Foda

IN

1. _ n

(pfl)fO Lipy | v™ |P 2%1} dz
1. _ n

+ (p—l)f0 Lipy | v™ |P l%v dz

+ (p—1) fy Lipy | Wg || o™ [P2 Lo da.

The first term issezo, indeed,

1 1
/0 | o™ P72 aiv"dx:—/o (p—2)|ov" \p_Q%M"\dx.
Consequently

1 ) 8
_ no|p—s ___ =
(p 1)/0 | o™ | e dx = 0.

(3.29)

Similarly, we can show that the second term is zero. We bound the third term as follows using the

Holder’s and Couchy’s inequalities.

bs
Lipi(p—1) [y | W || o™ [P~2 Zonde < Lipi(p— 1) | WE || 0" L20.1)
1 n |p— n 1
x(Jo [0 P72 (gpom)2da)z

. =2 1 _ 1
< Lip:(p — 1)Un,oo | o™ |L§(0,1) (fo | ™ [P 2 (%Un)deP

1 2 . -1) (1 mope
< Lip (p : Up oo | U" ‘Lp(O,l) +L”Y’l(pz )fo | o™ [P 2(%

where in v, oo = sup | Wg [geo(0,1) for all, w € Q.
te[0,T]
Using (3.29), we get

n 1 n |p— n - —
p@t ‘U |Lp(o 1) +a( )fo |U |p 2 (%U )2d$ < Lip; (p2 ) |U |Lp(0 1)

+Lipy 51 [ o P72 (o) 2da,
as follows

L2 0 oy +o = 1) (a— 22 [ [om P2 (Zom)2de < Lipt 85002 | om 12

v"™)2dx,



If we set a and Lip; such that

Li
0> P1 ’
- 2
we have 8 o D,
p(p —

|,U7l |Lp(01)< Llpl 2 nool |LP01

application Gronwall’s lemma, we obtain
tL' p(p—1) 2
| v™ I Lo S € ee | <6 Lp(o 1)

Taking the limit as n — oo, we obtain

p(p 1,2
| v |IL)p(0,1)< ethim Yoo | Co |Lp(0 1) °

As a result

tLin; =1 .2
PR | g |L1’(0,1)a

| v pro,n<e

following that, the lemma is asserted. m
Proof of Theorem (3.2). It is easily deduced from Lemma (3.3) and Lemma (3.4).



CHAPTER 4

EXISTENCE AND UNIQUENESS OF WEAK SOLUTION FOR KELLER-SEGEL MODEL

COUPLED WITH BOUSSINESQ EQUATIONS

In this chapter, we study the phenomenon of Keller Segel model coupled with a Boussinesq equations.
The main objectives of this chapter is to study the existence and uniqueness of weak solution for the
problem (4.1), for this we use the technical of Galerkin method.

Now we consider Keller—Segel model coupled to Boussinesq equations define as

ny —uVn — An — V(nVe) — V(nV0) =0, (z,t) € Q x RT,
¢t —uVe—Ne—1e—pu—00 =0, (z,t) € 2 x RT,

0, — uVO — kNG —nl =0, (z,1) € Q x R,

up —uVu—vAu—Vp—(0+n)f =0, (x,t) € Q2 x RT.

(4.1)

Where n = n(z,t) denots the density of the cells in position = € R? at time ¢, ¢ = c(z, t) is the concentra-
tion of chemical attractant, § = 6(x,t) denots temperature of the fluid, u = u(z,t) is field denoting the
velocity, 7, p, b are positive constants, k& > 0 is the thermal diffusivity, v > 0 is the kinematic veseosity,
f(x,t) is the extermal potential force where Vf = 0, p(x,t) is the pressuve. The main objectives of this
chapter is to study of the problem Keller-Segel coupled with Boussignice equation and we demonstrate

the existence and uniqueness of weak solution for KSB problem with Dirichlet boundary conditions and
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initials conditions defined as:

ny —uVn — An — V(nVe) — V(nV0) =0, (z,t) € Q@ x RT,
P1 n=0, xel,
n(0,z) =ng, € Q,

e —uVe—Ne—T1ec—pu—00 =0, (z,t) € 2 x RT,
c=0, x €T,
c(0,z) =cp, x €

P2
(4.2)

P3 =0, zeTl,

6(0,z) = 6, = € Q.

up —uVu —vAu—Vp— (0 +n)f =0, (z,t) € Q x RT,
u=0,zel,
u(0,2) = ug, x € £,

P4

{ 0, —uVl — kA —nf =0, (z,t) € Qx R,

4.1 Existence and uniqueness of weak solution of the problem

To simplify to prove the weak solution of the problem (4.2) a decomposition into four subproblems (P1)
and (P2) and (P3) and (P4) are adopted. We use the Galerkin method we can demonstrate the existence
and uniqueness of a weak solution of subproblems (P1) and (P2) and (P3) and (P4) therefore we have
the existence and uniqueness of a weak solution of the problem (4.2). The following initial-boundary

conditions assumption is used to prove the solution of problem (4.2),

no € L*(Q), (4.3)
co € L*(9), (4.4)
0o € L*(Q). (4.5)
ug € L*(Q). (4.6)

4.1.1 Existence and uniqueness of weak solution of the problem (P1)

In subsection, we prove the existence and uniqueness of weak solution result of the problem (P1) .

Definition 4.1 Wesay n € L2(0,T; H}(Q)) with n, € L%(0,T; H~1(f2)) is a weak solution of the problem
(P1) if and only if

<ntaq)> +B(7’L,(I>7t) = 01 (47)
where
B(n,®,t) = / [(VaV®) +nV(u®) + (nVe + nVE)VP|dz, (4.8)
Q
for all ® € H}(Q) ,0 <t <T,and
n(0,z) = ng € L*(Q). (4.9)

Remark 4.1 Note that n € C([0,T]; L?(Q)) as n € L*(0,T; H3(2)) and n, € L?(0,T; H~'(Q)) Then

equality (4.9) makes sense.



To demonstrate the existence of weak solution of problem (P1) we use the method of Galerkin, we

assume wy = wi(x) are smooth functions verifying:

w; € H&(Q),
Vm; wy.... Wy, its linearly independent, (4.10)

the finite linear combinations of w; are dense in Hg (£2).

We are looking for n,, = n,,(t) solution <<approached>> of the problem in the form
o (t) =Y Gim (t)wi, (4.11)
i=1
and g, to be determined by the conditions:

(4.12)

(n;n,wj> + B(np,w;,t) =0,
1<j<m.

The nonlinear differential equation system is to be completed by the conditional:
Nm (0) = Nom, Nom = Yoy GimW; — up in Hg (), when m — oo.

We propose now to send m to infinity and show a subsequence of our solutions n,, of the approximation
problems (4.12) and (4.1.1) converges to a weak solution of (P1). For this we will need some uniform

estimates.

4.1.1.1 Energy estimates
Theorem 4.1 (Energy estimates.) There exists a constant C' depending only on Q, T, such that

x| nm 22 + 2.y @) + | 7 22,2010 < C o Iz - (4.13)

Proof. In order to prove the estimation (4.13) we will estime each terms in the left side of (4.11) one by
one as follows:

1. Multiplying equation (4.12) by g;m(t) and summing for k = 1...m , and then recalling (4.11) we
find

/

(P> M) + BNy i, ) = 0, (4.14)
and we have 14
5@[” i 22 ()] + B, s t) = 0, (4.15)
and we put || n [|= \/B(n,n) (= is norm in Hg (L)), so
2l W)+ 1 By )= 0, (416)
so we have
o2ax |l nm 2@ =l o llz2@) - (4.17)

2. Integrate inequality (4.16) from 0 to T and we employ the inequality (4.17) to find

T
|| Nm “%2(0’T;Hé(ﬂ)):/0 H Nm H?{[%(Q) dt



3. Fix any v € H}(Q), with || v ||§11(Q)§ 1, and write v = v! + 02, where v! € (wy)F=" and (v?,wy) = 0,
0
(k=1,...,m), we use (4.12) we deduce for all 0 <t < T that

’

(g 0") + B, v, 1) = 0, (4.18)

then (4.18) implies
(s 0) = (1, 0) = (11, 0Y) = =B, v, 1),

consequently

| <nm7v> |§ C ” Nm ||?:[é(9),
since

H vt H?—I(}(Q)SH v ||§-I(}(Q)S 1, we have
| 7 =22 < C [l o ||Hé(Q)a

therefore

T T
I Wrcomsion= [ i Wiy & < C [ Mgy @t <C o g

4.1.1.2 Existence and uniqueness of weak solution

Next, we pass to limits as m — oo, to build a weak solution of our initial boundary-value problem (P1).

Theorem 4.2 (Existence of weak solution.) Under hypothesis (4.3), there exists a weak solution of
problem (P1).

Proof. According to the energy estimates (4.13), we see that the sequence {n,,}5°_,is bounded in

’

L2(0,T; HY(Q)) and {n,, }°_, is bounded in L?(0,T; H~1(2)). Consequently there exists a subsequence
which is also noted by {n,,}2°_, and a function n € L(0,T; H}(Q)), with n" € L(0,T; H~(Q)), such
that

nm  — n weakly in L*(0,T; HL (), (4.19)

n;n — n weakly in L*(0,T; H1(Q)).

2. Next fix an integer N and choose a function v € C*(0,T; H}(Q2)) having the form

N
o(t) = 3 g® (b, (4.20)

k=1

where {g(k)}i\’:l are given smooth functions, we choose m > N and multipling equation (4.12) by ¢(*)(t)
VK = 1...N, and then integrate with respect to t to find

t
/ (s ) + B, v, t)dt = 0, (4.21)
0
we recall (4.19) and to find upon passing to weak limits that

t
/ (n',v) + B(n,v,t)dt =0, Vv e L*(0,T; Hb (), (4.22)
0



as functions of the form (4.20) are dense in L?(0,T; H}(2)). Hence in particular
(n',v) + B(n,v,t) =0, Yo € H3(Q) and Vt € [0,T], (4.23)

and from Remark (4.1) we have n € C(0,T; L?(£2)).
3. In order to prove n(0) = ng, we first note from (4.9) that

/o —(n,v') + B(n,v,t) = (n(0),v(0)), (4.24)

for each v € C1(0,T; H}(Q)) with v(T) = 0. Similary, from (4.21) we obtain

/0 — (N, V") + By, v, t)dt = (ng,v(0)), (4.25)

we use again (4.24), we obtain

t
/ ) + B(n,v, )dt = (no, v(0)), (4.26)
0
since n,,(0) — ng in L*(Q)). Comparing (4.24) and (4.26), we conclude n(0) = ng. =

Theorem 4.3 (Uniqueness of weak solutions. ) A weak solution of problem (P1) is unique.

Proof. We suppose there exists two weak solution n; and nsand we put N = ny — n; then N is also a
solution of problem (P1) with Ny = (ny —n1)(0) = 0. Setting v = N in identity (4.15) we are

d 1

so, we have
d 1
G IV 1Z2(0)) <0,

then integrate with respect to ¢ to find
I N 1122 (@) <l No l122(0)= 0,

thus N =0. m

4.1.2 Existence and uniqueness of weak solution of problem (P2)
In subsection, we state and prove the existence and uniqueness of weak solution result of the problem

(P2).

Definition 4.2 We say ¢ € L?(0,T; H}(Q)) with ¢; € L2(0,T; H~1(12)) is a weak solution of the problem
(P2) if and only if

(ct,q) + L(c, q,t) = 0, (4.27)
where
L(c,q,t) = / [(VeVg) + eV (uq) + Teq + png + blqldz, (4.28)
Q
for all g€ H}(Q),0<t<T,and
c(0,x) = cg € L*(Q). (4.29)

Remark 4.2 Note that ¢ € C([0,7T]; L?(2)) as ¢ € L?(0,T; H}(Q)) and ¢; € L*(0,T; H-1(2)), then
equality (4.29) makes sense.



To demonstrate existence of weak solution of problem (P2) we use the Galerkin method, we assume

wy = wi(x) are smooth functions verifying:

w; € H& (Q),
Vm; wy....wy, its linearly independent ,

the finite linear combination of w; are dense in H} ().

We are looking for ¢, = ¢, (t) solution <<approached~> of the problem in the form

em(t) = dim (t)w;, (4.30)
i=1
the d;,, to be determined by the conditions:
[t om0 o
1<j<m.
The system of nonlinear differential equations is to be completed by the initial conditions:
em(0) = com, Com = Zﬂimwj — co in H}(Q), when m — oco. (4.32)

i=1
We now propose to send m to infinity and to show a subsequence of our solutions c¢,, approximation
problems (4.31) and (4.32) converges towards a weak solution of the problem (P2). For this we need

uniform estimates.

4.1.2.1 Energy estimates

We propose now to send m to infinity and show a subsequence of our solutions ¢, of the approximation
problems (4.31) and (4.32) converges to a weak solution of problem (P2). For this we will need some

uniform estimates.
Theorem 4.4 (Energy estimates.) They exists a constant C depending only on 2, T such that

Joax | em [z + | em lz20mimy@) + I e lL20mm-10)< Cll o llz2 () - (4.33)

Proof. In order to prove the estimation (4.33) we will estime each terms in the left side of (4.31) one

by one as follows:
1. Multiplying equation (4.31) by d;,(t) and summing for j, we find

(¢ wi) + L(cm,y cm, t) = 0, (4.34)
and we have 1d
5%[” cm [[F20y] + Llem(t), em(t)) = 0,
we put || v ||= v/L(v,v) (= is norm in H}(Q2)), so we have
1d
5@(” em 220+ Il em ”?{&(Q): 0, (4.35)

we obtain d
%(H Cm ”%Z(Q)) <0,
and we have

| em 17200 <N €m(0) 11720y <l <o 11720



S0, we obtain

< . 4.
max | e 2@l o llzae) (4.36)

2. Integrate inequality (4.35) from 0 to T' and we use (4.36) to find

T
I em oo rmgan= | 1o ey

3. Fix any v € H(Q), with || v |13, @) S 1, and write v = v! + v2, where v! € (wy,)¥= and (v, wg) =0
for all (k=1,...,m). we use (4.31) “from all 0 <t <T that

/

(Cm,’Ul) + L(cm’vlﬂf) —=0. (4.37)
Then (4.37) implies
(C,m’v) = <Clm’v> = <C;nvvl> = —L(Cm,vl,t),
consequently
| <Cm7v> |S C ” Cm ||§15(Q)’
then
| vt HHI Q)_” v || < 1, thus

| em 1)< C'll em a1

and therefore

T T
I o= [ 1 ém sy @t <C [l en Iy < C Lo ey

4.1.2.2 Existence and uniqueness of weak solution

Next, we pass to limits as m — oo, to build a weak solution of our initial boundary-value problem (P2).

Theorem 4.5 (Existence of weak solution.) Under hypothesis (4.4), there exists a weak solution of (P2).

Proof. According to the energy estimates (4.33), we see that the sequence {c;,}20_;is bounded in
L2(0,T; H(Q)) and {c,,}°_, is bounded in L2(0,T; H~'(2)) consequently there exists a subsequence
which is also noted by {¢,}5°_, and a function ¢ € L2(0,T; HA(Q)) with ¢ € L?(0,T; H~1(Q)), such
that

cm — cweakly in L?(0,T; H} (Q)), (4.38)

c;n — ¢ weakly in L*(0,T; H ().

2. Next fix an integer N and choose a function v € C*(0,T; H}(2)) having the form
N
v(t) = d® (t)wy, (4.39)
k=1

where {d(k)}:[:l are given smooth functions. We choose m > N, multiply equation (4.31) by d®) ().
VK = 1...N, and then integrate with respect to t to find

t
/ (s v) + L, v, t)dt = 0, (4.40)
0



we recall (4.38) to find upon passing to weak limits that
/Ot<c/,v> + L{c,v,t)dt = 0, Yo € L*(0,T; H} (). (4.41)
As functions of the form (4.30) are dense in L?(0,T; H}(Q)). Hence in particular
(¢, v) + L(c,v,t) =0, Yv € Hj(2) et Vt € [0, T] (4.42)

and from Remark (4.2) we have c € C(0,T; L*(Q)).
3. In order to prove for prouver ¢(0) = ¢y, we first note from (4.29) that

/0 " e ) + L0, )t = (c(0),0(0)), (4.43)
for each v € C1(0,T; H}(Q)) with v(T) = 0. Similary, from (4.43) we obtain

/Ot e t) + L{em, v, )dt = (co, v(0)), (4.44)
we use again (4.43), we obtain

/Ot —{c,v") + L(c,v,t)dt = (co,v(0)), (4.45)

since ¢,,(0) — ¢ in L?(Q). Comparing (4.43) and (4.45), we conclude ¢(0) = c5. ®

Theorem 4.6 (Uniqueness of weak solutions. ) A weak solution of problem (P2) is unique.

Proof. We suppose there exists two weak solution ¢; et ¢y and we put that C = ¢co — ¢; then C'is also a
solution of (P2) with Cy = (c2 — ¢1)(0) = 0. Setting v = C' in identity (4.42) we have

d1. .
a(g | C Iz2¢0)) + L(C,C,t) =0,
and as || C ||= v/L(C,C) (= norm in H}(Q)), there L(C,C,t) =|| C H?’Ié(ﬂ)z 0, then we have

#3110 1729)) <0,
then integrate with respect to t to find

I C 122 ()<l Co lIZ2(y= 0,

then C=0. m

4.1.3 Existence and uniqueness of weak solution of the problem (P3)

In subsection, we state and prove the existence and uniqueness of weak solution result of the problem
(P3)

Definition 4.3 We say 0 € L(0,T; H}(Q)) with 6, € L*(0,T; H=1(f2)) is a weak solution of the problem
(P3) if and only if

(cr,w) + Alc,w,t) =0, (4.46)
where

A(c,w,t) = /Q[k(V@Vw) + 6V (uw) + nbw|dz, (4.47)

for all we H(Q),0<t<T, and
0(0,2) = 0y € L*(Q). (4.48)



Remark 4.3 Note that 0 € C([0,T]; L?(Q)) as € L*(0,T; H(2)) and 6, € L?(0,T; H1(Q)) then
equality (4.48) makes sense.

To demonstrate existence of weak solution of problem (P3) we use the Galerkin method, we assume

wy, = wi(x) are smooth functions verifying:

w; € H(} (Q),
V'm; wy....w,, its linearly independent , (4.49)

the finite linear combination of w; are dense in H} ().

We are looking for 0, = 0,,(t) solution << approached> of the problem in the form

m

O (t) = dim (t)w;, (4.50)

i=1

the d;,, to be determined by the conditions:

0! )+ Al w;,t) =0,
{ (0701 105) + A(Oms 05, 1) (451)
1<j<m.
The system of nonlinear differential equations is to be completed by the initial conditions:
0 (0) = Oom, Oom = Y _ Bimw; — O in H(Q), when m — oo (4.52)

i=1
We now propose to send m to infinity and to show a subsequence of our solutions 6, approximation

problems (4.51) and (4.52) converges towards a weak solution of the problem (P3). For this we need

some uniform estimates.

4.1.3.1 Energy estimates

Theorem 4.7 (Energy estimates.) They exists a constant C' depending only on Q,T such that

olax [0 ll20) + | Om 220,013 ) + | O 2071 2) < C [l 6o [ 20 - (4.53)

Proof. In order to prove the estimation (4.53) we will estime each terms in the left side of (4.51) one

by one as follows:
1. Multiplying equation (4.51) by d;,(¢) and summing for j we find

<9;n’ wj> + A(@m, Om., t) =0, (4.54)

and we have

1d
5 77l Om 2] + A0 (1), 0m(#)) = 0,
and we put || v [|= \/A(v,v) (= is norm in H}(2)), so
1d
5&(” O [ 72(0))+ || Om qug(n): 0, (4.55)
we have

d
%(H Om 172(0)) <0,
and we have
1 0m 117209 <Il 0 (0) 172y <l b0 [I72(c2);



SO we are

Jnax [ 0m (L2 <l 0o llL2() - (4.56)

2. Integrate inequality (4.55) from 0 to ' and we use (4.56) to find

T
1 0m eorycan= | 10 Py .

3. Fix any v € H}(Q), with || v ||§{1(Q)§ 1, and write v = v! + v?, where v! € (wy)F=7 and (v?,wi) = 0
0
for all (k=1,...,m). we use (4.51) from all 0 < ¢ < T that

(0, ,0") + A6, v, t) = 0. (4.57)
Then (4.57) implies
Oy 0) = (s ) = (O, v') = =A(Om, 0", 1),
consequently
{6 0) 1< C 1| 0 1211

and as
[
thus

<| v (Q)S L,

2 2
H (@) H}

[ 0 -1 )< C || Om [l 12(02)s

and therefore

T T
100 oirr-sian= [ 0o 1oy < C [ 100 gy a8 <C 110 ey

4.1.3.2 Existence and uniqueness of weak solution

Next, we pass to limits as m — oo, to build a weak solution of our initial boundary-value problem (P3).

Theorem 4.8 (Existence of weak solution.) Under hypothesis (4.57), there exists a weak solution of
(P3).
Proof. According to the energy estimates (4.53), we see that the sequence {60,,}°°_,is bounded in
L2(0,T; HY(Q)) and {6,,}°_, is bounded in L?(0,T; H'(€)) consequently there exists a subsequence
which is also noted by {c,,}5°_; and a function 8 € L2(0,T; H} () with 8" € L2(0,T; H~(Q)), such
that
0, — 0 weakly in L*(0,T; H}(Q)), (4.58)
6, — 0 weakly in L*(0,T; H ().

m

2. Next fix an integer N and choose a function v € C*(0,T; H}(Q2)) having the form

N

v(t) = Zd(k)(t)wk, (4.59)

k=1

where {d(’“)}ij:1 are given smooth functions. We choose m > N, multiply equation (4.51) by d*)(¢)
VK = 1...N, and then integrate with respect to t to find

t
[ 60+ A0 =0, (4.60)
0



we recall (4.58) to find upon passing to weak limits that
t
/ (0, 0) + A6, v, t)dt = 0, Yo € L*(0,T; H}(Q)). (4.61)
0
As functions of the form (4.59) are dense in L?(0,T; H}(Q2)). Hence in particular

(0',v) + A(0,v,t) =0, Yv € Hy(Q) et Vt € [0,T] (4.62)

and from Remark (4.3) we have § € C(0,T; L?(52)).
3. In order to prove for to prouve §(0) = 6y, we first note from (4.48) that

/Ot — (0, + A(6, v, t)dt = (6(0),v(0)), (4.63)
for each v € C1(0,T; H}(Q)) with v(T) = 0. Similary, from (4.60) we obtain

/Ot s ')+ A(Oy, 0, £)dE = (B, 0(0)), (4.64)
we use again (4.63), we obtain

/0 0.0+ A8, 1)t = (0, 0(0)). (4.65)

since 6,,(0) — 0y in L?(Q). Comparing (4.63) and (4.65), we conclude (fp) = 6y. m

Theorem 4.9 (Uniqueness of weak solutions. ) A weak solution of problem (P3) is unique.

Proof. We suppose there exists two weak solution 61 et 65 and we put that 8 = 5, — 0, then 0 is also a
solution of (P3) with 6y = (6 — 01)(0) = 0. Setting v = 6 in identity (4.62) we have

d, 1
£(§ 160 1172()) + A(6,0,t) = 0,
and as || 0 ||= 1/A(0,0) (norm in H()), there A(6,0,t) =| 0 ||%{1(Q)2 0, then we have
0

d
7z 1012:q) <0,
then integrate with respect to t to find

16 11720 <Il 60 IZ2()= 0,

then 8 =0. m

4.1.4 Existence and uniqueness of weak solution of problem (P4)
We state and prove the existence and uniqueness of weak solution result of the problem (P4)
Definition 4.4 Wesay u € L(0,T; H}(Q)) with u, € L*(0,T; H=1()) is a weak solution of the problem

(P4) if and only if
(ug, z) + K(u, z,t) = 0,

where

K(c,z,t) = /Q[(I/Vqu) +uV(uz) + pVz + (0 +n) fz]dz, (4.66)

for all 2z € H}(Q),0<t<T,and
u(0,z) = ug € L*(Q). (4.67)



Remark 4.4 Note that v € C([0,T]; L?(Q)) as u € L*(0,T; H}(R)) and u; € L*(0,T; H=()), then
equality (4.67) makes sense.

To demonstrate existence of weak solution of problem (P1) we use the Galerkin method, we assume

wy, = wg(x) are smooth functions verifying:

w; € H& (Q),
Vm; wy....wy, its linearly independent , (4.68)

the finite linear combination of w; are dense in H} ().

We are looking for w,, = u,,(t) solution <<approached>> of the problem in the form

m

i=1

the d;;,, to be determined by the conditions:

o 03] + H{om5,8) =0, (4.70)
1<j<m.
The system of nonlinear differential equations is to be completed by the initial conditions:
m
U (0) = Uom, Uom = Zﬁimwj — up in H} (), when m — occ. (4.71)
i=1

We now propose to send m to infinity and to show a subsequence of our solutions u,, approximation
problems (4.70) and (4.71) converges towards a weak solution of the problem (P4), for this we need

uniform estimates.

4.1.4.1 Energy estimates

Theorem 4.10 (Energy estimates.) They exists a constant C' depending only on Q,T such that

o0 | wm llz2@) + It lr2,mimg @) + | i 2o, zim-1(20)< C ll w0 llz2@) - (4.72)

Proof. In order to prove the estimation (4.72) we will estime each terms in the left side of (4.70) one

by one as follows:
1. Multiplying equation (4.70) by d;,(¢) and summing for j we find

<ufm>wj> +K(um7umat) =0, (473)
and we have 1d
0t ) B (0 (1)) = 0, (4.74)
and we put || u [|= /K (u,u) (= is norm in H}(Q2)), so
1d
U a1t g )= 0, (4.75)

we have

d
%(H Um H%Z(Q)) <0,

and we have
|t 112009 <Nl 1 (0) 1720) <Il w0 11205 (4.76)



S0, we obtain

Jnax | wm lr2) <l uo 220 - (4.77)

2. Integrate inequality (4.75) from 0 to T' and we use (4.77) to find

T
I Wscomsmgian= | 1 By . (4.78)

3. Fix any v € H}(Q), with || v ||§{3(Q)§ 1, and write v = v! + v?, where v! € (wy,)F=" and (v?, w) = 0

for all (k=1,...,m). we use (4.70) from all 0 < ¢ < T that

/

(tyy 01) 4+ K (U, v, ) = 0. (4.79)

Then (4.79) implies
(1t 0) = {1ty 0) =t 0") = —K (i, 01, 1),
consequently
‘ <um7v> |§ C ” Um ||?qé(9),
we have also
H vl H?{(}(Q)SH v ||i{é(Q)§ 1,
thus
[ty |12 < C || um (130

and therefore

T T
| U, ”%P(O,T;H*l(ﬂ)):/o |ty 310y dt < C/O | wm ||§{(}(Q) dt < C | uo [|72(0 -

4.1.4.2 Existence and uniqueness of weak solution

Next, we pass to limits as m — oo, to build a weak solution of our initial boundary-value problem (P4).
Theorem 4.11 (Ezistence of weak solution.) Under hypothesis (4.71), there exists a weak solution of
(P4).

Proof. According to the energy estimates (4.72), we see that the sequence {un,}5°_;is bounded in
L2(0,T; HY(Q)) and {u,,}°_, is bounded in L2(0,T; H~1()) consequently there exists a subsequence
which is also noted by {un,}2°_, and a function u € L2(0,T; HA(Q)) with v’ € L2(0,T; H~(f)), such
that

Uy — u weakly in L?(0,T; Hy(Q2)), (4.80)

u, — u weakly in L(0,T; H ().

2. Next fix an integer N and choose a function v € C*(0,T; H}(Q2)) having the form
N
v(t) = d® (t)wy, (4.81)
k=1

where {d(k)}i\]:l are given smooth functions. We choose m > N, multiply equation (4.70) by d)(t)
VK = 1...N, and then integrate with respect to t to find

t
/ (U V) + K (tn, v, )t = 0, (4.82)
0



we recall (4.80) to find upon passing to weak limits that
t ’
/ (u ,v) + K(u,v,t)dt =0, Yo € L*(0,T; H} (Q)). (4.83)
0
As functions of the form (4.81) are dense in L?(0,T; H}(£2)). Hence in particular
(u,v) + K(u,v,t) =0, Yo € Hy(Q) et Vt € [0,T] (4.84)

and from Remark (4.4) we have u € C(0,T; L*(Q)).
3. In order to prove for prouver u(0) = ug, we first note from (4.67) that

/0 a0y + K (u, 0, £)dt = (u(0), 0(0)), (4.85)

for each v € C1(0,T; H}(Q)) with v(T) = 0. Similary, from (4.82) we obtain

/0 — (U, V") + K (tum, v, t)dt = (ug,v(0)), (4.86)

we use again (4.85), we obtain

t
/ ) + K (w0, £)dt = (g, 0(0)), (4.87)
0

since u,, (0) — ug in L?(Q2). Comparing (4.85) and (4.87), we conclude u(0) = ug. =

Theorem 4.12 (Uniqueness of weak solutions. ) A weak solution of problem (P4) is unique.

Proof. We suppose there exists two weak solution uq et us and we put that U = us — uq then U is also
a solution of (P4) with Uy = (us — u1)(0) = 0. Setting v = U in identity (4.75) we have

d 1
G Ba@) + LU0 =0,

and as || U ||= v/K(U,U) (= norm in H}(Q)), there K(U,U,t) =|| U || > 0, then we have

2
Hg ()

d 1
@(5 11U 1720) <0,

then integrate with respect to t to find
1T 17200 <l Uo 1 22(0y= 0,

then U =0. m



CHAPTER b

NUMERICAL SOLUTION OF ONE-DIMENSIONAL KELLER-SEGEL EQUATIONS VIA NEW

HOMOTOPY PERTURBATION METHOD

In this chapter we stusy a numerical solution of one-dimensional Keller-Segel equations via new homotopy
perturbation method, where for solving a system of nonlinear partial differential equations (PDE) emerg-
ing in an attractor one-dimensional Chemotaxis model, we used a relatively new analytical method called
the new modified homotopy perturbation method (NMHPM). We use NMHPM for solving one dimen-
sional Keller-Segel model for different types. Some properties show biologically acceptable dependency
on parameter values, and numerical solutions are provided. NMHPM is tability and reduced computing
time provide it a broader range of applications. The algorithm provides analytical approximations for
different types of the Keller-Segel equations. Some numerical illustrations are given to show the efficiency

of the algorithm.

5.1 Alternative frame work

The algorithm of homotopy perturbation method introduced by He [62, 72] and a modification algorithm
of the HPM introduced by Momani [64]. The basic concepts of the homotopy perturbation method for

the following nonlinear differential equation as follows

L(u) 4+ N(u) = f(r), r e Q, (5.1)
with the boundary condition:
ou
B(u.—) = T 2
(w50) =0, €T, (52)

where L is linear differential operator and N is nonlinear differential operator, f(r), is a known analytic
function, B is aboundary operator and n is the unit outward normal and T is the boundary of the domain
Q. In this HPM defined the homotopy as

v(r,p): 2 x[0,1] = R, (5.3)

which corresponds to
H(v,p) = (1 = p)[L(v) — L(uo)] + p[L(v) + N(v) — f(r)] = 0, (5.4)
H(v,p) = L(v) — L(ug) + pL(uo) + p[N(v) — f(r)] =0, (5.5)
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where r € Q and p € [0,1] are the attached parameters, ug is initial appoarch value which fulfil the

initial condition. From equation (5.4) and (5.5), it is obtained
H(v,0) = L(v) — L(ug) = 0, (5.6)

and
H(v,1)=L(v)+ N(v) — f(r)=0. (5.7)

He [38] assumes that the solutions of (5.4) and (5.5), can be expressed as the power series of p:

v = Zpivi = vg + pv + p?v? + ... (5.8)
i=0
the appoach solution of (5.1) is
uz})i_}rr%z;vi:vo—l—vl—ﬁ—vg—l—... (5.9)
i—

Ferthermore, HPM method is modified by Odibat and Momani [20] into modified homotopy perturbation
method (MHPM) by including «™ into both sides of the homotopy equation (5.10). In this chapter we
study for new modification HPM (NMHPM) for solving one-dimennsional Keller-Segel model of different

types. Now we consider system of nonlinear coupled equations is given below:

{ up + Ly (u) + Ni(u,c) = fu(r), r € Q, (5.10)

¢t + La(c) + Na(v,¢) = fe(r), r € Q,

where Ly, Ly are linear operators, N1, No are non-bilinear operators, f,(r), fe(r) are analyticl functions.

u(z,0) = uo(x),
{ c(x,0) = co(x), (5:11)

The initial conditions are

from equation (5.10) we obtained the homotopy equation (5.12)

{ H(v:p) =( —p)[Ll(v) — L1 (uo) +p[1it - Ll(?) - Nl(zf u) = fu(r)] =0, (5.12)
H(v,p) = (1 —p)[L2(v) — L2(co)] + p[vr — L2(v) — N2(v,¢) — fe(r)] = 0.
Hence the solution of (5.4) and (5.5) in from of p- power series is

v =3 pvi = o+ pur +pPus + ...

v= l_izp"vi = o + pin + P02 + .. 19

by substituting (5.12) to (5.13) and take p = 1, then solution function of (5.9) will beas follows

u(t) =Y val(t), (5.14)

n=0
and
c(t) = va(t), (5.15)
n=0

The convergence of the series (5.14), (5.15) has been proved in [8]. Hence the convergence of series u(t),
v(t) are proved and as S(t) = (u(t),v(t)), so S(t) is converge.



5.2 Application

We consider Keller-Segel model as follows

(5.16)

Ut — Uy + (uCz)z =0, in (x,t) € R x [0,1],
¢t — Cox —u+c=0, in (z,t) € R x [0,1],

with subject to the initial conditions of

u(z,0) =uo(z), () €R
{ c(x,0) =co(x), (z) €R (5.17)

where u = u(z,t) denots the population density of biological individuals, ¢ = ¢(¢,x) denots the concen-
tration of chemical substance. Now we solving KSM by NMHPM , we take into account the homotopy

define as follows
H(’va) = (1 - p)[Ut - %] +p(Ut — Vzy + ('UTJm)z) = 07

(5.18)
H(v,p) = (1= p)[oe = G2+ p(0r — Vo — v0) =0,
or
v — % Vp — Vg + (VU )2 0
H((U,ﬁ),p) = (17p) +p = ’ (519)
v, — 9 Ty — Ugy — VT 0
substituting v and 7 from (5.13) into (5.18) or (5.30) terms, we can obtain:
9vg __ OQug
o ot — at
p
9% _ 9cg
ot — ot
(5.20)
2 — 2 _
% - %;20 + %% + vo aazvzo = O’
1
p
_ 2 _
90— % yy+ 17 =0,
(5.21)
2 = = 2 2
)
p: o (5.22)
_ 2 _
%_ %;21 —vo + 09 —v1+70 =0,
We can written (5.22) as follows
; 8%v,_ [ty Ov;— i 820, i_ .
Q= Ps T (GO gy P o1,
§=0
i#]
(5.23)

8171'_32171'71 =l —~ i=1:
5 = ~paz + > v—7;,i=1:n,

j=0
i£j



for solving (5.22) or (5.23) we integrate with t, we obtain

i—1

821}2‘_1 Ov; 0V;_i_1 8217i_ i1 .
v, = / 92 —Z(axj axj + vj 5‘;U2] ) dt, i=1:n,

=0
L i

i—1

- 9*0;_1 - C_ .
v; = 92 —l—Zvj—vj dt, 1=1:n,

Jj=0
L i#]

with initial conditions ug(z) and ¢o(z) is a known.

5.3 Numerical solutions test for Keller-Segel model

Now we solving this problem with initial condition defined as

{ vo(x) = ug(x) = coskz, (x) €R (5.24)

we have for i = 1,2...

v, = —t(k?sin(kz)? — k*cos(kxz)? + k*cos(kz)),
v = —k*tcos(kx),
and
vy = (k4t2c025(kw)3) . (5k4t%;s(km)2) + (5k4t2sén(ka:)2) + (k4t20;s(km)) _ (5k4t2cos(k2:v)sin(lc:v)2)
Ty = (k22t2) _ k2t2cos(kw)z-g(k‘ltzcos(kw))

The remaining terms can be obtained using the iterative formula. However, we only consider a few terms

of the series of solutions and the asymptotic solution is given as:

u(z,t) = v1(x,t) + va(x,t) + vs(x, t) + va(x, t) + ...

c(z,t) = v1(x, t) + v2(x, t) + v3(x, t) + v4(x,t) + ...

In the below, we show some results of the approximation solution of one dimensional Keller-Segel
with different parameters types. Where following figures illustrate the biological behavior of the coupled
solution for the following set of constants k =1,1.2,1.4,1.6,1.75,1.8.



Kollr-Sogol modolv(x) Kallr-Sogal model vix)

g 88883

(a) u(x,t) for k=1.4. (b) ¢(x,t) for k=1.4. (c) u(x,t) for k=1.6. (d) c(x,t) for k=1.6.

Figure 5.2: Coupled solution for k=1.4 and 1.6.

Kellr-Segel model u(x) Kallr-Segal model vix) Klr-Sogel model u(c) Kallr-Sogal model vix)

(a) u(x,t) for k=1. (b) c(x,t) for k=1 (c) u(x,t) for k=1.2. (d) e(x,t) for k=1.2.

Figure 5.1: Coupled solution for k=1 and 1.2.

Kollr-Sogel modl u(c) Kallr-Sogal model vix) Keller-Segel mode u(x) Kallr-Sogal model vix)

(a) u(x,t) for k=1.7. (b) c(x,t) for k=1.7. (c) u(x,t) for k=1.8. (d) c(x,t) for k=1.8.

Figure 5.3: Coupled solution for k=1.7 and 1.8.

5.4 Test method for classical Keller-Segal model

Now, we study numerical solution for it classical version by NHPM with initial conditions, we present
the results of approximate coupled solution of different types parameters and source terms functions. We
define new version Keller-Segel model as follows

up(x,t) — Sylgr + (Xucy), =0, in (z,t) € R x [0,1],
(5.25)

ci(x,t) — 0y + pu—71c =0, in (z,t) € R x [0,1],
where u = u(x,t) denotes the density of the cells in position z € [0,] at time t € R, ¢ = ¢(z,t) is the
concentration of chemical attractant in position z € R at time t € [0, 1], 7, p and x, are positive constants,

where diffusion coefficients §,, d. respectively are assumed as constants. With zero Dirichlet boubary

conditions, and initial conditions define us

u(z,0) = ug(z), z €R,
c(x,0) = co(x), v € R.



Now, we study numerical coupled solutions of the problem (5.25) by NHPM with initial conditions as
follows

up(z) = (22 + 1)e?,

(5.26)

co(r) = (22 + 1)e @
and parameters T=p=x=d; =ds =9, = . = 1.
Now, we compute the approximate solution of the problem associated with the initial condition and the
parameters define in (5.26) and (5.4) (respectively) by NHPM, we find

vo(z) = (22 + 1)e?,

(5.27)
vo(x) = (2% +1)e™7,
we have for i = 1, 2...
v = t2e"+e"(z+1)— (e —e (x4 1) (e +e*(x+1))+e"(2e " —e*(x+1))(z+1)),
v = —t2e " +e"(z+1)—2e " (x+1)).
and (58%%) | (t2e=?)) (36%) (Poe®) | (3awe=")
V2 = —5 + s + t’z + S t2x2e® + 5 + 5 (3t2gje*z)’
5 _ 2,.,—T 2, —x 2 t2 (3t%ze®) (7t%e”)
Uy = 2iwe ™™ 2% —tlx - 5 - gt —

Now, we show the approximate solution in below figures with different parameters

Keller-Segel model u(x,t) Keller-Segel model v(x,t)

Figure 5.4: 7 =2.75, p=10"3, x =0.05, §, = 1.5, 6. = 1073,



u(x, t)

u(x, t)

Keller-Segel model u(x,t) Keller-Segel model v(x,t)

v(z,t)

Figure 5.5: 7 =3.75, p=5x107°, x =5 x 1074, §, =2, 6, = 107°.

Keller-Segel model u(x,t) Keller-Segel model v(x,t)

100

50

Figure 5.6: 7 = 4.5, p=10"?, x = 2.5, §, = 2.5, 6. = 107".

Keller-Segel model u(x,t) Keller-Segel model v(x,t)

Figure 5.7: 7 =1, p=1, x=1, 6, =1, 6, = 1.

In this case we present a solution of the problem (5.8) with source terms functions f, = cos(x)e” + 1,



fo=cos(x)e*—land =1, p=1, x=1, 0, =1, d. = 1 we have

Keller-Segel model u(x,t) Keller-Segel model v(x,t)

Figure 5.8: Coupled solution for source terms functions f, and f.

The behavior of the solution of the system of equations (5.8) with initial conditions in Equations (5.26)
and various types of paremeters (5.4) is shown in the above figures (5.4), (5.5) and (5.6), (5.7). These
solutions describe the biological cell density and chemical substance concentrations in places x € R and
t € [0,1] for a particular set of theoretical parameters chosen from the literature. While figure (5.8) show
the behavior of a coupled solution for as source terms functions f, and f. of space, we can deduce that
the cell density biological increases in space as the concentration of the chemical substance decreases,
when source terms functions f, and f. are used, the cell density biological and chemical substance
concentrations increase in space. The approximate solutions obtained, as seen in the graphicals depiction,

mimic the behavior of the real-world situation.

5.5 Test method for new version Keller-Segal model
We consider new version Keller-Segel model define as

up(x,t) — Ugg + (ucy), =0, in (z,t) € R x [0,1],
(5.28)
ci(z,t) — Cpy +uc —uzc, =0, in (z,t) € R x [0, 1],

with initial condition as follows

u(z,0) = up(z) = me®, in (z) € R,
(5.29)
c(x,0) = co(x) = ke™™, in (z) € R,

Now, we use homotopy (5.12) for to solve new version Keller-Segel model by NMHPM, so we have

O —
v — 5L Uy — Vg + (VUg) 2 0

H((Uﬂj),p) = (1 - p) +p = s (530)

o — 9 Ty — Uy — VU 0



the NMMPM method giving the solution of new version Keller-Segel model as follows

v; =

so, The solution reads

i—1
v, _ 0%vig dv; O0i_j 1 R S
ot = oz — 2\ et ), i=1:m,
=0
i#]
i—1

dv; _ 9%0ia Qv 1 v
ot = ooz T 2 (Vi Tgrm ), i= 1,
Jj=0
i#]

Jj=0
L i#]

/ axQ

L 175J

0 0v
ZU, =105 + Ulaj ! (;;J dt, 1=1:n,

2. il 95 25
[ |7 - S (G g = e

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

The iteration formula can be used to acquire the remaining terms. Only a few terms of the solutions are

considered, and the asymptotic solution is as follows with n = 0,1, ...

Up(x,t) = —me®t"
IT A
h=2

Up(x,t) = ——ke™"t",
I &
h=2

(5.38)



Thus, we obtain the approximation solution of the problem as follows:

N N
uny(x,t) = Y. oy = )
n=0

1 mea’,'tN

1 k:e_"”tN,

(5.39)

The biological behavior of the coupled solution for the following and fixed time t=0.5 and t=1 set is

shown in the pictures below:

0.9

0.8}

0.7

0.6

(x.1)

0.4

0.3

0.2

uN(x,t), t=0.5
Cy(x.t),1=0.5

0.1 ; ;
0 05 1

10

Figure 5.9: Coupled solutions as function of x for a fixed time

Keller-Segel model uN(x,l)

Keller-Segel model cN(x,t)

Figure 5.10: Coupled solutions of uy(z,t) and cy(z, )

conclution

In this work, we demonstrate how to solve nonlinear coupled partial differential equations emerging in an

attractor one-dimensional Keller-Segel dynamics system using a relatively new analytical technique, the

new homotopy perturpation method NHPM. The model mimics the regular biological diffusion behavior



seen in the field, according to the analysis and conclusions of the nonlinear system of attractor one-

dimensional Keller-Segel equation.



CHAPTER 0

APPENDIX PRELIMINARIES

In this chapter, we recall some necessary materials needed in the proof of our results, such as basic
results which concerning the fontamotal spaces some theorems on these last and existence and uniqueness
theorem.

6.1 Fractional calculus theory

This chapter is devoted to the presentation of fractional differential equations which are the subject of
developments in the other chapters. In the first part, we give a historical reminder of the theory of
fractional calculus. Then the emphasis is placed on two different approaches to fractional derivation in
the Riemann-Liouville sense and in the Caputo sense after the introduction of some fractional calculus
tools: the Gamma function, the Mittag-Leffler function, the Laplace transformation, ... Second, we
introduce the definition of the fractional Laplacian and its properties. Then, the study of some fractional

differential equations is carried out.

6.1.1 Historical

Fractional calculus is an extension of the classical notions of antiderivative and derivation of nonzero
integer order to any real order. Although the fractional derivation has been defined by several approaches
to the names of Griinwald-Letnikov, Riemann-Liouville, Caputo, this notion was introduced in the 15th
century when Gottfried Leibniz defined the symbol of the derivation of positive integer order, Guillaume
the Hospital asked him about the possibility of having a derivative of order %

This question attracted the attention of mathematicians including Euler or Lagrange in the 15th century
followed by Liouville in 1837, Riemann in 1847 as well as Griinwald 1867 and Letnikov in 1868. For more
historical details, one can consult[67, 75]

6.1.2 Mathematical tools and specific functions

In this section, we present definitions and properties of some specific functions.

6.1.2.1 Gamma function

His function plays an important role in the theory of fractional calculus, it extends the factorial function

to the set of complex numbers [15, 72, 56]. For the fractional calculation we use the definition of the
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Gamma function as the Euler integral of the second space.

Definition 6.1 The Gamma function is set to D(T') := z € C\{—1,—-2,...} by

+oo

I'(z) := / s*"te7%ds, Re(z) >0,
0

and
2l(z) =T(z+1). (6.1)

Moreover, we have for n € N
I'(n+1) =nl (6.2)

The assertion (6.1) can be proved by integration by parts, and (6.2) is a direct deduction.

Theorem 6.1 Let z € C such as Re(z) > 0, then we have

1 1
= Zeld )
(%) 2i//L etdu, (6.3)

a

with H, is the Hankel contour, see [50].

6.1.2.2 Fonction Beta

We define another function which is related to the Gamma function, called the Beta function or the Euler

integral of the first space.

Definition 6.2 The noted Beta function (21, z2) is define to D(8) := {(z1, 22) € C, Re(z1) > 0, Re(z2) >
0} by

1
B(z1,22) := /szl_l(l — 5)*27 s,
0
Moreover, we have

D(21)[(22) == T'(21 + 22)8(21, 22). (6.4)
The demonstration of (6.4) is done by writing I'(z1)T'(22) as a double integral then we introduce the polar
coordinates.

6.1.2.3 The Mittag-Leffler function

The exponential function e* plays a very important role in the theory of differential equations of integer
order, the generalization of this function is the Mittag-Leffler function denoted FE,(z), z > 0 is named in
honor of the mathematician Magnus Gustaf Mittag-Lefller who introduced it at the beginning of the 19th
century. Subsequently Agrawal generalized these functions by functions with two parameters (a > 0 et
B € C) and it called them two-parameter Mittag-Leffler functions [72, 35, 62].

Definition 6.3 Be a > 0 and 8 € C, we have

+oo ;
2]
E = —_—
(?) ;:o Fajt1) ~© C,

+00 i
2J
E =y .



In the case where a@ = 1, we have
Ei(z)=¢€*,z€C.

Theorem 6.2 ([75, 72]) For o € (0,1), 8 >0 et W > 0, we have

for m € N, we have
d o N
(%)m(Ea(Wta)) =t Ea,a7m+1(Wt )7 (66)
d — «@ —m— a
(%)m(tﬁ B s(Wt) =97 E, 5 (W). (6.7)

We are now interested in the asymptotic behavior of Mittag-Leffler functions which will allow us to
study the behavior of the solution of certain fractional differential equations, see [72, 47]. The following

lemma [72] generally describes the behavior of the Mittag-Leffler function.

Lemma 6.1 For 0<a <2, >0 and~ is such that % <~ < min(, am)
there is a constant C > 0 such as

C
E,g2)|K ——, z€C, y<arg | z|< 7.
| Easl®) < T 17 7 < arg) 2|
In particular, we have for X > 0

|t By o (=) |[< Ct7h ¢ >0,

6.1.3 Laplace transform

The Laplace transform is used to solve differential equations [26, 72], the advantage of the Laplace trans-
form is that most common operations on the function f(t),such as the derivation (classical or fractional)
or a shift on the variable ¢, have a simpler translation by the transform L£(f)(s). Moreover, the Laplace

transformation takes into account the initial conditions.

Definition 6.4 We say that f : [0,400[— R is order exponential o, if it exists tg, M > 0 and o > 0
such as
| £(t) |< Me“", pour tout t > tg.

In other terms, the function f(¢) must not grow faster than some exponential function as ¢ tends to
infinity.

Definition 6.5 For f : [0, +oo[— R locally integrable, we define £ the Laplace transform of a function
f of exponential order o by

+oo
Lf(s) = / ft)e stdt, for s € C, Re(s) > o.
0

Theorem 6.3 Let f, g be two functions defined on [0,4o00[ locally integrable and such that Lf (resp.
Lg) exists for Re(s) > o1 (resp. Re(s) > g2). So



1. Let c1,c0 € R and h = ¢1 f + cag, we have

Lh(s) =c1Lf(s) + caLyg(s), for Re(s) > max(oy,03).

2. If h(t) = jf(t —1)g(7)dT, so

Lh(s) = Lf(s)Lg(s) for Re(s) > max(o,03).

3. If h(t) = [ f(7)dT, so for Re(s) > max(o1,0) we have

[SYE

Lh(s) = %Ef(s).

4. That is m € N* and h = D™ f , then we have

m
Lh(s) =s"Lf(s) = > sm L F*D(0).
k=1
We can see that the Laplace transformation is a bijective and continuous operator (see [72, 90]), so we

define the inverse Laplace transform (£7!) with Bromwich integral.

Theorem 6.4 Let f be a locally integrable function on [0, +oo[ and of exponential order o, then

c+io00

ft)y=L7YLh)(t) = i / Lf(s)e*ds, ¢ = Re(s) > o.

c—100

For o, > 0 the Mittag-Leffler functions are related to the Laplace integral by the relation (see [72],
chap1)

“+o0
1 J e tEy(zt)dt |z ]< 1,
_ 0
1-=2 +oo —t4B—1 a
| e PTrE, g(2t*)dt ]z |<O.
0

Using a change of variable we deduce the following results which are useful when solving fractional

differential equations

a—1
«a S ES
LEMN)(s) = [ s[> A ], Re(s) >0, (68)
a—F .
LA Bap(M))() = 5+ | s[> A [+, Re(s) >0, (6.9)

6.1.4 Fourier transform
Definition 6.6 For f an integrable function on R", we define its Fourier transform denoted F(f) = f
by

FON© = [ fayda

RW,
If f is also integrable, then the inverse Fourier transform denoted F~! is given by

1
(2m)"

(@) = F L)) = / €567 f(€)de.

R”



6.1.5 Integration and fractional derivation

Many are the definitions of the operator of the fractional derivative, we present in this part those which
are the most used. According to the Riemann-Liouville approach to fractional calculus, the notion of the
fractional integral is a natural consequence of the well-known Cauchy formula which reduces the calculus
of the primitive nth of a function f(t) to a single integral

t Tn—1 Tn—2 T
Jnf(t) = den—l f dTn—Q f dTn_g... ff(To)dTO
0 . 0 0 0
= (n—ll)! f(t - T)n_lf(T)dTa t> 07 n € N. (610)
0

Using the Gamma function (I'(n) = (n — 1)!), Cauchy’s formula can naturally extend to the real « as

follows « as following

1

JOf() = o

Ta) (t—7)* " f(r)dr, t >0, a € RT. (6.11)

o—_ .

6.1.6 Fractional integral in the sense of Riemann Liouville

In order to obtain a formal definition, some terminology is introduced. We consider the following notation
for 5 >0

A AL t>0
95(t) { N (6.12)

and go(t) = 0. This function satisfies the semigroup property
Ja %98 = ga + 9p- (6.13)

Definition 6.7 For a > 0 and f € L([0,T]), T > 0. The Riemann Liouville fractional integral of order
« rated by J{* f is defined by

i [ G, as0
Jof= { 10, a0’ almost for all [0, T]. (6.14)

Using (6.13) and the associativity of the convolution product we conclude.
Theorem 6.5 Let o, 3 >0 and f € L'([0,T]), T >0 so
JEJPf = J2P f almost every where [0, T). (6.15)

Moreover {J¢* : L*([0,T]) — L'([0,T]), a >0} forms a semi-group neutral element J7.

6.1.6.1 Fractional derivative in the sense of Riemann-Liouville

As in the classical case the derivation operator D™ of order n € N* is the left inverse of J", so after having

introduced the notion of fractional integration, that of fractional derivation becomes a requirement.
Knowing that the operator D™ (|26], Lemma 1.2) check for n, m € N* such as m > n and f a function

of C™([0, 7))
D"f =DmJm "y, (6.16)

Riemann and Liouville gave the following generalization under certain conditions on f.



Definition 6.8 For a >0, m € N*; m—1 < a <mand f € L'([0,T]) such as g,,_q * f € W™1([0,T]).
The fractional derivative in the sense of Riemann Liouville of order o noted Df* f is defined by

Dif(t) = D™ f(t) = D™ (gm—a * f)(1), (6.17)

dm

almost every where on [0,7] with D™ = £=.

Remark 6.1 In particular if « € (0,1) and f € Ae([0,T]) where Ac([0,T]) is the space of absolutely
continuous functions on [0,7] so D! f exists almost every where [0, T]. Moreover Dy f € LP(]0,T1]) for
1<p<2 seel[79], lemma 2.2 ].

Example 6.1 For a € (0,1) and 8 > —1, we have

alf _ P(B—’_]-) B—a
Dt 77F(ﬂ+1—a)t .

The Riemann-Liouville fractional derivative of the constant function is given by

[0 — tia
Di'c = Ti—a) —a)C'

We see that the derivative of a constant is non-zero.

Theorem 6.6 Under the assumptions of definition (6.8) we have

DI f(t) = f(t) (6.18)

and »
Jt Da = gm o ¥ f ( )ga+k+1—m(t) (619)

k=0

, almost everywhere on [0,T]. In particular if gm—q * f € Wg”"l([(),T]) we will have
JiDEf(t) = f(). (6.20)

Proposition 6.1 Si f € W™L([0,T]) so D¢ f eists almost everywhere [0,T], moreover it is given by

;-.

m—

Df() =" fE0)groati(t) + J;" "D f (). (6.21)
k=0
This is an immediate consequence of the representation of the elements of W™([0,T]) and the definition
of D§(6.17).

The definition of fractional derivative in the sense of Riemann-Liouville played an important role in the
development of the theory of fractional calculus but when modeling physical problems it leads to initial
conditions containing the limiting values of fractional derivatives at meaning of Riemann-Liouville in
t = 0. Although these problems admit mathematical solutions [72], in practice they have no physical
interpretation. Another disadvantage of the Riemann-Liouville approach is that the derivative of a
constant is not zero. However, some revision is required to resolve this conflict between mathematical

theory and practical needs.



6.1.6.2 Fractional derivative in the sense of Caputo

In this section, we are interested in the approach proposed by Caputo [18] and after by Caputo and
Mainardi [17] thanks to its usefulness for the formulation of the initial conditions with the values of the
derivatives of integer order in ¢t = 0 (speed, acceleration...) as in the case of differential equations of

integer order.

Definition 6.9 For a > 0, m € N*, m —1 < a < m and f € C™71([0,T]) sush us gm-o * f €
W™L([0,T]). The fractional derivative in the sense of Caputo of order a noted ¢D f is defined by

H

m—

‘Dif(t) = f 0)gr+1(1)), (6.22)
k=0

for all on t € [0, T7.

Theorem 6.7 Let o >0, m e N*, m—1<a<m and f € C™([0,T)). So °Dg f is continuous on [0,T],
moreover we have

CDEf(t) = JD™f(t) for all t € [0,T), (6.23)

with D™ = T

tm

In particular if o € (0,1) we have D f(t) = JF~*Df(t).
The proof is done using ([15], Theorem 2.2) to show that D f € C™([0,T]), and combining the propo-
sition (6.1) and the fact that DY*gr+1 = gr+1—a to show (6.23).

The operator of the fractional derivation of Caputo®Dy* is also the inverse left of J;* but is not inverse on
the right.

Proposition 6.2 For f € L'([0,7)) we have D& Jff = f. If f € C™71([0,T)) is such that gy—q * f €
Wm0, T)), then we have

,_.

m—

JOCDOf(t) = FO(0) g (t). (6.24)
k=0

In the case where a € (0,1) and f € C([0,T]) such as g1_ * f € W11([0,T]), then we have
Ji D f(t) = f(t) = f(0). (6.25)

6.1.7 Fractional Laplacian

In this part, we introduce the definition of the fractional Laplacian and some properties used in the study
of anomalous diffusion systems. The fractional Laplacian is the most important example of the Lévy
operator L which is a pseudo differential operator defined by

Lu(z) = F~Ha(Q))F (u)(O) (), = € RY,

where a(() is the symbol of the semi-group convolution of measures defined by the formula of Lévy-
Khintchine formula ([14], Chapl, Theorem 1). The fractional Laplacian is a non-local operator defined
for N>1land 0 < a <2 by

(=A)2u(x) = FH(| ¢ |* Fu(Q))(x), = € RN, (6.26)
for all u € D((—=A)%) = H*(RY) where H*(RY) is the homogeneous Sobolev space of order a given by

H*RY) ={ues; (-A)2ue L*RY)}, sia¢ N,



H*RY) = {ue L*(RY); (-A)2ue L*RY)}, siaeN,

where S’ is the Schwartz space. For more details see [13, 9].
By a calculation based on the properties of the Fourier transformation, we can show an equivalence

between the definition of the fractional Laplacian given by (6.26) and the following definition (see [28]) :

(-8 Fule) = ~Clay iy [ )
[W|>e

dw. (6.27)

where C'(«) is a positive constant that depends on «.
In practice, the fractional Laplacian describes the phenomenon of anomalous diffusion in evolution prob-
lems. Let’s move on to the presentation of some tools concerning the semigroup generated by (—A)%.

We consider the linear equation of the anomalous diffusion (see [43, 2, 29])
up + (—A)2u=0, R, 0<a <2, (6.28)

whose fundamental solution S, is given by the formula

So(t)(x) = Salx,t) = (2710” / et =t ge. (6.29)

R

Using Young’s inequality for convolution and the self-similarity formula
So(z,t) =t = S, (ata,1)

which is proved in [43], we obtain the following estimate:

Lemma 6.2 For allu € L"(RY) and 1 <r < ¢, we have S, *u € LI(RYN) et

| Sa(t) *u(z) < OG0 ull,,  t>0, (6.30)

where C is a positive constant. In the case of a bounded domain  C RY, we present the definition of the
fractional Laplacian on Q with homogeneous boundary conditions of Neumann type denoted (—Ap)Z
For A\ix(k = 1,..., +00),the eigenvalue of Laplacian in L?(Q2) with homogeneous boundary conditions of

Neumann type and uy the eigenfunction associated with \g, we have

(—AN)Zuy, = /\k%u;.C on €,
Gui — 0 on 9.

Definition 6.10 For u € D((—Ax)%), 0 < a < 2, we have
—ApN) 2u—2)\§ (u, ug)ug, (6.31)

+oo a
where D((-Ayx)%) = {u ELXQ)/ZL =0et Y | A2 (u,up) [’< oo}.
k=1

Using the definition of the fractional Laplacian given by (6.31), we can show the following integration by
parts formula:



Lemma 6.3 For u,v € D((—An)2), 0 < a < 2, we have

/u(x)(—AN)%v(x)dx = /( AN) 2 u(z)v(z)dz. (6.32)
Q Q
Now, we present the Stroock-Varopoulos inequality for the fractional Laplacian operator whose proof is

given in [38].
Lemma 6.4 [[52], Theorem 1] For all u € LP(Q) such us (—An)%u € LP(Q), 0 < a < 2 we have

Jouroeantu= {20 [(an? ulfp . (6.33)
Q b Q

For p € (0,1), we note by A, The realisation of (—~Ax)?% in LP(Q). It is well known that A, is a sector
operator that generates the semi-group {e’tAP} >0+ ~Semigroup theory has been developed in several

works, see for example [39, 43, 91].

Lemma 6.5 For allu € L’”(Q) and 1 <r < q < oo we have

| e~ || ogey < Ct Dy, 20, (6.34)

and N
| et || Loy < Ce™™ ¢ | u || Lae), t>0, (6.35)

where A1 is the smallest eigenvalue of the Laplacian.

6.1.8 Mittag-Leffler operators

In this section, we are interested in the Mittag-Leffler operator E,(—t*A) defined for a positive sector
operator A by

+oo
—t*A)k
—t%A) =
Z T(ak+1)

This operator is used to construct the solution of the followmg problem:

{ cDeu(t) = —Au(t), t>0

u(0) = welX (6.36)

where 0 < a < 1, A: D(A) C X — X is a positive sector operator and X is a Banach space.
We consider the space C*([0,7], X) defined by

Cc*([0,7), X) = {u € C([0,T], X), “D¥u € C([0,T], X)}
with the norm || u ||=[| v [, x)= SUPe(o,7] | w|lx -
Definition 6.11 We say that a continuous function « : [0, +00) — X is a global solution of the problem
(6.36), si u € C*([0,T], X) for all "> 0 and verifies (6.36).
To show that the problem (6.36) has a unique global solution, we start by establish the equivalence

between (6.36) and an integral equation. Then, we apply the Banach fixed point theorem.

Lemma 6.6 Let u € C([0,T], X) for all T > 0. So u is a global solution of problem (6.36) if and only
if it satisfies the following equation

u(t) = up — ﬁ /(t —5)* Y Au(s)ds, t > 0. (6.37)



Proof. On the one hand, for T' > 0 and u a global solution of (6.36) we have v € C([0,T], X), “Dfu €
C([0,T], X) and
°Dfu(t) = —Au(t), t € [0,T]. (6.38)

By applying the operator J2* then using (6.25) we obtain
u(t) = u(0)— JrAu(t)
¢
= wug— ﬁ J(t—s)>"tAu(s)ds, t €[0,T). (6.39)
0
Since u verifies the equation (6.39) for ¢ € [0,7] with T arbitrary then, it verifies the equation (6.37)

for all ¢ > 0. On the other hand, we choose T' > 0 arbitrary such that u € C([0,T], X) and verifies the
equation

u(t) = )2t Au(s)ds, t € [0,T]. (6.40)
Tl

Using the fact that t — Au(t) is continuous, we can apply D to equation (6.40) for obtain
°Dffu(t) = —Au(t), t € [0,T7, (6.41)

which implies that ¢Dgu € C([0,T], X). Moreover from the equation (6.39) we see that u(0) = wug. Since
T is arbitrary, u is a global solution of the problem (6.36) m

Theorem 6.8 For « € (0,1) and ug € X then the problem (6.36) admits a unique global solution, given
by

too a Ak
(=t*4)
)= g = Eo(—t°A
S
Proof. For T' > 0 we consider the space Er = {u € C([0,T],X), u(0) =wuo} and the operator B :
Er — Er defined by

t

1
Bult) = w0 = gy (¢ =9 Auo)is
0
Let u, v € Ep we have

A

| B(u(t)) - B(®) Ix < “A“~"~<X>f )2 | uls) — v(s) |Ix ds

s 1 Al subeio Il s) = (o) lx

IN

By iteration, we obtain for all £ € N

| B*(u(t)) — B¥(u(t)) || x

ak
F(ék+1) | A ||§ SUPse(o,T7] [ u(s) —v(s) lIx

ak
arry | A 2 supsepory [ uls) —v(s) 1x
wi [l w =]l

(VAN VAN VAN

we have  lim (m)% =0 since using Stirling’s formula we obtain when k tends to infinity

k—+o0
ok, o
Dlak +1) = (—)*"V2rak(l + O(1)).
e
“+oo
So the series Y wy is convergent.
k=0

By applying the theorem 1.10 in [45], B has a unique fixed point v € Er for all T > 0. By the lemma



(6.6) the problem (6.36) has a unique global solution. For the construction of the solution, we consider

Uo = U
U, = B"ug, n>1.

the sequence(U,,), >0 defined by

For n = 1 we have

(t —s)* ' Augds = ug —

t“A
Bug =ug —ug — =—— )uo.

MNa+1

=
’5 =
o\ﬁ

By iteration, we can obtain

50 (Up)n>0 converges to the fixed point u, and

too —t2A k
’Lb(t) = kzzo I(‘(()zk‘—k)l)uo = Ea(—taA)ug.

To study a nonlinear fractional differential equation, another operator intervenes, it is { Eq o (—t*A)},~ -
In the following, we introduce the integral formulas of the Mittag-Leffler operators using the Mainardi
function M, [58, 56]. m

We present some properties of this function in the following lemma.

Lemma 6.7 For a € (0,1), =1 < r < 00 and s € C. The Mainardi function M, verifies the following

assertions

(A) My(8) >0, 6 > 0.

(B) [ Ma(6)d0 = 1.

(C) [ 0r Mo (8)d0 = )
0
(D) L(M(0))(s) = Ea(—s).
(E) L(aOMo(6))(5) = Eno(—5).

For the proof of this lemma see [50].

Theorem 6.9 [[52], Lemma 9] For « € (0,1) and A a positive sector operator, we have

Eg(—tPA) = /Mg(o)e*"t“de, t>0 (6.42)
0
and .
Eg5(~t"4) = /39M,8(9)6_9tﬁ’4d9, t>0, (6.43)
0

where {e_tA}t>0 is the semigroup generated by — A.

Now, we present estimates of the Mittag-Leffler operators which are used in the chapter 3



1

Proposition 6.3 For 1 <r < p < oo such as %(; - %) < 1 we have

| Ea(—t*A)u ||,< Ct2°C=3) | u|,, t>0, (6.44)
| Eao(—t*A)u|[,< Ct~ 3G |y |,, t > 0. (6.45)
Moreover,
| Eo(—t*A)u |oo<|| U ||sc Ba(—t%8), t>0 (6.46)
and
| Eao(—t* At ||so<]| U oo Eaa(—t*6), t >0, (6.47)

where § < Re(X) is such that X\ € o(A) (the spectrum of A) and C a positive constant.

Proof. Using the estimates of the semi-group {e_tA}t>O and lemma (6.7), we obtain

oo

| Bao(—t*A)ully < [afMg(0) || e 4ul, db
0

N

< 770G [af~ TG My(0)do || u |,

0
D(— & (2-1)41)

T D

_ N1
FFanrt 2o el

< Ca

in the same way we show the first assertion.

Using the following estimate given in [39]

et |[<e ™, t>0, 6§ < Re(\), A€ a(A), (6.48)
we obtain .
| Ea(—t*A)ulle < [ Mp(0) || e Au || db
0
< M0 | oo
< oo £M5(0))(16) = 1 e Ba(~120).

Thus we have

| Eaa(—=t*Aufloc < [ afMp(0) [| e~ u || db
0
< [ afMp(O)e"0d0 || u o
0
<l ulloe £(a8Mp(8))(t70) =|| v |loo Ea,a(—t6).

Remark 6.2 Although the study of problem (6.36) guarantees that the solution follows the same prop-
erties of the construction as that of the ordinary case (with a classical derivative), we can check that the

Mittag-Leffler operator does not satisfy the property of semi-group [70, (9].
Eo(—(t+8)%A) # Eo(—t*A)E,(—s™A).

conclusion

In this chapter, we have introduced the theory of fractional calculus from a reminder of specific functions
and two different definitions of fractional derivation. We also presented the fractional Laplacian as a
nonlocal operator that describes anomalous diffusion in the fourth chapter. Finally, the Mittag-Leffler
operators are introduced in the closing of this chapter. We exposed the definitions of these operators and

some properties used below in the chapter two.



6.2 Stochastic Calculus

In this section, we introduce some basic elements of probability theory and stochastic process, func-

tional analysis for which we refer to [54] for more details.

6.2.1 Fondamental notion of probability theory

This part is devoted to the presentation of fundamental notion of probability theory, which are the subject
of developments in the other chapters. Where we talk and present some basic concepts for the title of
this chapter, which play a role in carrying out our work in some of the chapters from this thesis.

6.2.1.1 Probability spaces and random variables

Definition 6.12 A tribe (or calgebra) on  is an F subsets (called events) such as:
igelF.

ii Ae F= A°c F.

iii (A,)00, CF= UL, € F.

The probability space (€2, F,P) consists of the sample space €2, the o-algebra (the set of events) F, and
the probability measure P. Thus, a g-algebra is a collection of subsets of A that contains the empty set.
For F' € F is known as a measurable set, (A, F) is a measurable space.

Definition 6.13 (measure) A measure p on a measurable space (A, F) is a mapping from F to Rt U
{00} such that

(i) the empty set has measure zero, p ({}) =0,

(i) p(Ujenty) =3 enpu (Fy) if Fj € F are disjoint (i.e., Fj, N F; = {} for k # j).

Together (A, F, u) is a measure space.
Definition 6.14 A probability on (2, F) is a P application of F in [0,1] as
a P(Q)=1.

b P(US (A,) = 27 [P(A,) for A, belonging to F two to two disjoints.

n=0

Definition 6.15 (probability) A measure P on (2, F) is a probability measure if it has unit total mass,
P(Q)=1.

Definition 6.16 (Random variables, realisation) Let (2, F,P) be a probability space and let (¥, G)
be a measurable space. Then, X is a U-valued random variable if X is a measurable function from (2, F)
to (¥, G). To emphasise the o-algebra on €2, we may write that X is an F-measurable random variable.

The observed value of X (w) for a given w € Q belongs to ¥ and is called a realisation of X.

6.2.1.2 Expectation

Let X be a Banach space-valued random variable on the probability space (2, F,P). If X is integrable,
the expectation of X defined as

E [X] ::/QX(w)dp(w).



6.2.1.3 Gaussian distribution

A random variable X is said to follow the Gaussian or normal distribution on D = R if, for some u € R

and o > 0, its probability density function is

1 —(z—p)?
p(l‘):WeXp< (202'u) )

We write X ~ N (,u,cr2) ( the random variable X follow the Gaussian distribution with mean g and

variance o2).

6.2.2 Notion of stochastic process
6.2.2.1 Stochastic process

For a set Z CR, and a Hilbert space H,a H-valued stochastic process is a set of H-valued random variables
{X (t) :t € ZT}. We some times drop the set Z and simply write X (¢) to denote the process. This should
not be interpreted as a simple function of ¢, to emphasise the dependence on w and that X : Zx Q — H,
we may write X (¢,w) or X; (w). For a given probability space (€2, F,P), we consider a family of random
processes X; (w) on this space with ¢ € [0,7T], where t usually is understood as time variable, and T is
a fixed parameter, called also terminal time. For a fixed w € Q, the time function X; (w), ¢t € [0,T] is

called a trajectory or realization corresponding to an elementary w.

6.2.2.2 Brownian motion

The name Brownian refers to Robert Brown, who identified Brownian motion in the movement of pollen
particles. Brownian motion is frequently called the Wiener process, after Norbert Wiener, who made a
significant contribution to the mathematical theory. In this section, we focus on real-valued processes

and use the name Brownian motion.

Definition 6.17 (Brownian motion) For 7' € R* given, a Brownian Motion is a stochastic process
(t,w) € [0,T] x Q — B; (w), such that:

1. By =0 as.
2. The increments are stationary: for any 0 < s <t < T, B — Bs ~ Bi—s

3. The increments are independent: for any n € N* | for any 0 = ¢, < t; < ... < t, < T,

By — 5%)056”_1 are independent.

4. The process is Gaussian: for any n € N* | for any 0 < t; < ... <t, < T and any A, A, ..., A, € R,

A1 B, + ... + An P, is a real Gaussian random variable.
5. For any t > 0, 8; ~ N (0,¢).

6. The trajectories are almost surely continuous: for P-almost every w € Q, ¢t € [0,7] — [; (w) is

continuous.

Usually, the variable w is not written.



6.2.2.3 Filtration

To handle the idea of past and future more generally, we use sub o-algebras and introduce a sub o-algebra
Fy for each time t. Intuitively, the events in F; are those observable by time ¢, because we have more
observations as time passes, the o-algebras F; contain more events as ¢ increases. We make this precise

with the notion of filtration.

Definition 6.18 (filtration) A filtration {F; :¢ > 0} is a family of sub o-algebras of F that are in-
creasing, that is, F; is a sub o-algebra of F; for s < t.

A filtered probability space is a quadruple (2, F,F;,P), where (Q, F,P) is a probability space and
{F, :t >0} is a filtration of F.

Stochastic processes that conform to the notion of time described by the filtration F; are known as

adapted processes.

Definition 6.19 (adapted) Let (9, F,F:,P) be a filtered probability space. A stochastic process
{X (t) :te€]0,T]}is F; -adapted if the random variable X (t) is Fi-measurable for all ¢ € [0, 7.

6.2.2.4 The cylindrical Wiener process and Stochastic integration in Hilbert spaces.

In this part, we recall the definition of the cylindrical Wiener process and of stochastic integral on a
separable Hilbert space H (its norm is denoted by |.| 5 or just |.|).
We first fix a filtered probability space (€2, F, (.7-})@0 ,PP). A cylindrical Wiener process or cylindrical

Brownian motion on H is defined with two elements:

e A complete orthonormal system of H, denoted by (e;) where I is a subset of N.

i€l
e A family (3;),;c of independent real Wiener processes with respect to the filtration ((ft)t>0).

then W defined by
W(t)=>_ Bi(t)e:. (6.49)
icl

When [ is a finite set, we recover the usual definition of Wiener processes in the finite dimensional
space RHI.

However the subject here is the study of some Stochastic Partial Differential Equations, so that in the
sequel the cunderlying Hilbert space H is infinite dimensional, for instance when H = L? (0, 1), an exam-
k>1- The formal dW (t) = > ;e dbi (t) ei (x)
is called space-time white noise. A fundamental remark is that the series in (6.49) does not converge in H,

ple of complete orthonormal system is (e;,) = (V2sin (k7.))

but is convergent in any larger Hilbert spaces K such that H C K and the embedding is Hilbert-Schmidst.

We recall now the definition of such operators.

Definition 6.20 (Hilbert-Schmidt operator) Let H, K two separable Hilbert spaces, and U € L (H, K)
a bounded linear operator. We say that U is a Hilbert-Schmidt operator if there exists a complete or-

thonormal system (e), ., of H, I C N* , such that ), ; \Uekﬁ( < 00.
In this case, the value ), _; |U6kﬁ{ < oo is finite for any complete orthonormal system, and does not

depend on the choice of such a basis.

A typical example of Hilbert-Schmidt operator is the inclusion map i : L? (D) — H~* (Q) for s > 1/2.



6.3 Stochastic partial differential equations and their applica-

tions

Let (V, H, V') be a triple of Hilbert spaces and (2, F,{F;},P) a stochastic basis.
Suppose that A(t) : V — V', My (t) : V — H are linear bounded operators for all k € N, ¢ € [0,T],

and for some finite terminal time 7. A general Linear Stochastic Partial Differential Equation is written

as

du (t) = (Au(t) + f (1)) dt + (M (t) + gi () dB (1), u(0) = uo, (6.50)

where t € [0,T], ugp € L?(Q;H) and wg is Fo-measurable. We assume that B (k € N) are inde-
pendent standard Wiener processes, f, gr (k € N) are Fi-adapted random processes such that f €
L?2(Qx (0,T);V’)and g € L? (Q x (0,T); H), k € N. Depending on the noise term the equation (6.50)
is classified as follows:

e Equations with additive noise, if My = 0.
e Equations with multiplicative noise, if My, # 0.

Similar to classical deterministic PDEs, the solution of equation (6.50) can be specified in different
ways. Since the solution is a stochastic process, besides of PDE part, where we have classical solution,
strong/weak generalized solution and mild solution, also we can specify strong and weak probabilistic solu-
tion. In this work we consider only solution which are strong in probabilistic sense and weak /strong/mild
in PDE sense.

We say that F;-adapted function v € L? (Q x (0,7T);V) is a weak solution of equation (6.50), if for every
u € V and all ¢t € [0, 7], the equality

(), = <u0,u>H+/0 (Au (s) + f (s). ) ds

+ / (Mt (5) + g () u) g dBic (5) (6.51)
0

holds with probability one.
We say that Fi-adapted function u € L? (Q x (0,T);V) is a mild solution of equation (6.50) if

u(t) = S(t)uo+/05(t—s)f(s)ds

+/0 S(t—s) (Mpu(s) + gk (s)dBi (s), tel0,1],

holds true with probability one, where S is a strongly continuous semigroup with infinitesimal generator
A. As we observed, stochastic evolution equations in infinite dimensions are natural generalizations of
classical PDEs and systems of stochastic ordinary differential equations. The theory related to all these
equations has motivations coming from physics, chemistry, biology, medicine, finance etc. Although, the
theory of SPDEs is already established and widely developed field in mathematics, and problems arising

in this theory represent an interest for mathematics itself.



6.3.1 Solutions of linear SPDEs perturbed by space-time white noise: stochas-
tic convolution

In an abstract form, we want to solve SPDEs written in the Hilbert space H
du(t) = Au(t)dt + dW (t), (6.52)

with an initial condition u (0) = ug € H, (W (t)),c
in another space U), and A : H — H. We assume that A generates a strongly continuous semi-group
(S (t))te[O,T]'

Definition 6.21 u is a weak solution of the SPDE (6.52) if for any £ € D (A*) and any ¢t > 0 we have

0,7] & cylindrical Wiener process in H (it could be

(u(t), €) = (o, €) + / (u(s), A*€) ds + (W (1), €)

Theorem 6.10 Assume that .
2
/O 1 ()12, .00, s < 00 (6.53)

Then (6.52) admits a unique weak solution, which satisfies:

u(t):S(t)qur/O S(t—s)dW (s).

A function u satisfying such a formula is a mild (or integral) solution. Moreover

t
Bl Ol = [ 156,00 ds
When ug = 0, the solution is denoted by W4 and is called the stochastic convolution
t
W () = / c=DAgR (s).
0

The condition (6.53) is precisely the one required to be able to define the stochastic integral in H. If it
is removed, there exists no H-valued solution.

6.4 Some notion of functional analysis

Definition 6.22 (Sobolev spaces) Let D be a domain and Y be a Banach space. For p > 1, the
Sobolev space WP (DY) is the set of functions whose weak derivatives up to order » € N are in
L? (D,Y). That is,

WP (D,Y):={u:D € LP(D,Y) if |a| <7}.
If p=2 and H is a Hilbert space, H"(D, H) is used to denote W™2(D, H).
WTP(D,Y) is a Banach space with norm

1/p

P
||u||WwJ(D,Y) = Z ||DauHLP(D,Y)
0<|a|<r

Definition 6.23 (L? (92, H) spaces) Let (£, F,P) be a probability space and let H be a Hilbert space
with norm ||.||. Then, LP (Q, H) with 1 < p < oo is the space of H-valued F-measurable random variables
X : Q — H with E[||X|"] < co and is a Banach space with a norm

1/p
1
X ooy = ( / ||X<w>||”dIP) _ BIX|".



We recall now some Gronwall’s lemma.

Lemma 6.8 (Gronwall’s inequality (differential form)) i Let f (.) be a nonnegative, absolutely con-

tinuous function on [0,T), which satisfies for a.e. t the differential inequality

frit)y<g@f)+h),

where g(t) and h(t) are nonnegative, summable functions on [0,T]. Then

ft)<e

& 9(s)ds {

t

h(s)d
ro+ [ n )
forall0<t<T.

ii In particular, if
f'<gf on[0,T] and f(0)=0,

then
f=0 on [0,T].
We also require the discrete Gronwall inequality

Lemma 6.9 (discrete Gronwall inequality) Consider z, > 0 such that z, < a+ bzz;é zk, form =

0,1,... and constants a,b > 0. Ifb=1, then z, < zg+na. Ifb#1, then

a
< bz + ——(1—b).
o S 20 + o (1=0")



GENERAL CONCLUSION

Keller—Segel chemotaxis model is described by a system of nonlinear PDE : a convection diffusion
equation for the cell density coupled with a reaction-diffusion equation for chemoattractant concentration

as follows
Movement of directed cell
radon cells movement
ou d +
S = V(mVu) +V((uVe) (x,t) € R x RT, (6.54)
5% = D.Ac +7C— pu (z,t) € R? x RY, ’
—— ———
chemical chemical degradation
diffusion by cells
this research work, we have studied the following Keller-Segel model
chu + (=A)Su— V(uVe) = g(u))/'\/(t)7 (t,x) € 10,T] x D, (6.55)
“ch +(=A)2c—cVe= f(c)W(t), (t,z) € [0,T] x D, '
and ) -
ur = kG4 = b (W2 f(0) + G
(6.56)
2 2171
ot = ags — 5 (o) + Gy -
and
ne +uVn — An — V(nVe) — V(nV0) =0, (z,t) € Q@ x RT,
ct+uVe—Ne—T1e—pu—00 =0, (z,t) € 2 x RT, (6.57)

O +uVl — kAO —nb =0, (z,t) € Q xR,
ug +uVu —vAu—Vp— (0 +n)f =0, (z,t) € Q x RT.
For the Keller-Segel chemotaxis model, under some assumptions on initial and boundary data we have

proved:

e In the first part, we discussed the biological and mathematical modeling of Keller-Segel chemotaxis
model.

e The required results in (6.55) is prove the existence and uniqueness of mild solution to time and
space-fractional , for this we use analysis techniques and fractional calculus and semigroup theory,
also studying the regularity properties of mild solution for this model.
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e In the problem (6.56), we consider stochastic chemotaxis Keller-Segel model impact by gaussian
process. Where we study the local-global existence solution to time of nonlinear stochastic Keller-
Segel-Model with zeros Dirichlet-Boundary-Conditions, we use analysis techniques, lemmas and

semigroup theory.

e In the problem (6.57) we study the phenomenon of Keller Segel model coupled with a Boussinesq
equations, where we prove of the global existence and uniqueness weak solution for the problem,
for this we use the technical of Galerkin method.

e finally we demonstrate how to solve nonlinear coupled partial differential equations emerging in an
attractor one-dimensional Keller-Segel dynamics system using a relatively new analytical technique,
the new homotopy perturpation method NHPM.



CONTRIBUTIONS

The research works that has been presented has several contributions, among which the following are

the most significant:

1. We covered the biology and mathematical modeling of the Keller-Segel chemotaxis model in the
first section.

2. Existence and uniqueness of stochastic Keller-Segel chemotaxis model (P) solutions are determined

through proof and analysis.A

3. Proving the existence and uniqueness of solutions for the fractional stochastic chemotaxis model
(FP) and the stochastic chemotaxis model perturbed with Gaussian pressure and Keller-Segel cou-

pled with Boussinesq equations.

4. studying the approximate solutions of a one-dimensional Keller-Segel model by new homotopy

perturbation methods.
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FUTURE RESEARCHS

In light of the Keller-Segel chemotaxis model’s significance in the sciences and its many uses.
There are many unexplored areas of inquiry that could be the subject of future studies. Research

in particular could be beneficial in the following areas:

e Investigating the theoretical study of solutions for the problem in different cases, such as
fractional stochastic, shows that fractional problems can be solved using different methods
with different boundary conditions.

e Investigating the numerical solution to various types of the problem, such as the stochastic
case and fractional stochastic, fractional problems solve using different numerical methods with
different boundary conditions, and nonlinear source terms.
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