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Abstract

This work investigates the fractional space-time behavior of the Fisher-KPP equa-
tion with initial boundary values. Notably, fractional versions of Fisher-KPP equa-
tions describe complex phenomena in cases where the classical local approach is lim-
ited. In this work, we combine different techniques from fractional calculus and
non-commutative analysis, which provide new results for various fractional models
involving the Fisher-KPP equation.

Firstly, we prove that if the initial data lies between 0 and 1, then the global
solution also belongs to the interval [0, 1]. Secondly, we establish that the solution in
the L? norm is bounded by the L? norm of the initial data. Lastly, we demonstrate
that the model exhibits blow-up behavior on a finite time interval under certain
conditions.

Importantly, the results obtained in the non-commutative analysis cover many
previously known results in the commutative case.

Keywords: fractional Fisher-KPP equation, stratified group, Caputo type deriva-
tive, fractional Poincaré inequality, fractional p-Laplacian, fractional p-sub-Laplacian,

blow-up solution.



Anmarna

By xKymbIc GacTalKpl YKoHe MeKapasiblK MOHJIEp] 0ap, KeHICTIK TIeH yaKbIT OONbIHITIA
6esmmek TybiH bl Puiep-KIIIT momenin 3eprreiiai. Aran afiTkaHIa, KIACCHKAJIBIK,
Qurnep-KIIIT mosiesrb cunaTTaybl JoPMEHCI3 2Karaiiap/ia, OeJIIeK Ty bIH IbLIbI TEHJIEY
Kyp/iesti KyObLIbIcTap bl cunarTtail agaapl. CrparudunupieHrer Tonrap MeH 0e/IImex
TYBIHIBLIAP KacueTTepin Kostany apkbuibl, Gurrep-KIIII Termeyin KaMTuThH 0pTYypIIi
OOJIIIEeK TYBIH/IBLIBI MOJE/IBJIED VIIH KaHa HOTUKEep aJaMbl3.

Bipinmrien, erep bactanksr jgepekrep 0 MeH 1 apasibIFbIH/1a XKaTca, OH/1a FaJTaM/IbIK,
mrertimi fie [0, 1] nETEpBaJIbIHA KaTATHIHBIH jostesIeiiMi3. Exinrmmien, L? HopMachIHIaFBI
memtiyM 6acTanKe! JepekTepIin L HopMachiMeH ImeKTe/IeTinin anbiKTaiivbrs. ConplHia,
MOJIEeJTB/IiH, Oesrijii 6ip maprTap/ia MeKTey I yaKbIT HHTePBAJIbIHIA KyHpey opeKeTiH
KepceTeMis.

MaHpI31bICEI, OV HOTUXKEIEP KOMMYTATUBTI Karaiiia OypbIiH Oe/riil Kerrerexn
HOTHZKeJIep/ll KaMTBII KaHa KoiMail, COHbIMEH KaTap OJiapJbl KOMMYTATUBTI €MecC
aHaJIu3Te JelliH KeHelTe .

Kiam coesdep: Gesmek TybiaabLiel Qumrep-KIIT renmgeyi, crparudurupienren
tor, Kamyro tunti Tybinasl, Gesmek [lyankape Temciziri, Oesexk p-Jlamracuamn,

beJiiek p-cyo-Jlamracuan, mentiMHaiH Kyipeyi.
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Chapter 1

Introduction

1.1 Problem formulation

The Fisher-Kolmogorov-Petrovsky-Piskunov (Fisher-KPP) equation is the nonlinear

differential equation
vy — Av =v(1 —v), (1.1.1)

which has been extensively studied due to its broad applications across various fields
[ |. Sometimes, we refer to the equation as a reaction-diffusion equation.

Replacing v with 1 — u in equation (1.1.1), we obtain the equation
u — Au = u(u — 1), (1.1.2)

which has particular relevance to the biological sciences | |.
This thesis aims to expand the investigation of the Fisher-KPP equation to its

fractional version in the form
Cou+ (—Ape)’u=ulu—1), QCG,t>0, (1.1.3)

where 2 is an open set on a stratified group G, p € (1,00), v € (0, 1], and s € (0,1]. In
equation (1.1.3), the Caputo fractional derivative 9? replaces the derivative in time,
and the Laplace operator is extended by the fractional p-sub-Laplacian (—A,¢)".
When v = 1, the equation reduces to the first-order partial derivative d;, while s = 1
with p = 2 gives the sub-Laplacian operator £ in the model. The initial and boundary

conditions for equation (1.1.3) are given by
u(z,0) = ug(x), x € (), (1.1.4)

and

u(z,t) =0, x €I, t>0. (1.1.5)

1



Even though G is a nilpotent, non-commutative group (in general), it has a closer
resemblance to classical analysis than one may expect. As a straightforward example,
we can refer to Euclidean space RY defined with a linear group law. We cite the
following works, as well as the references therein, which contain the key topics below
for further discussion.

For the Fisher-KPP (Reaction-diffusion) equation:

e The first appearance of the model with the wave solutions: | ],

[ |

e existence of local and global solutions in one-dimensional case:

[ |

e Numerical methods: | Bl ]

[ |

e Applications in different fields of science: | ],

[ ) ’ ]a
[ ]7

and especially, for fractional types of the Fisher-KPP model, the existence of:
e unique bounded mild solution: | ]
e unique globally strong solution: | |

e local, weak, global, and blow-up solutions: | ],

[ 1 |

Furthermore, it should be noted that the aforementioned works represent only a bit
of the extensive investigation available on this topic. Many additional studies can be
found in respectable sources such as Web of Science and Scopus journals.

The wide research mentioned above comes from various domains and a multitude
of applications. For instance, the solutions to the classical equation (1.1.1) express
the anticipated values for particles that move according to a Brownian process. The
motivation for considering the fractional case on R, meaning to replace the Lapla-
cian with the fractional operator, is the generator for a stable Lévy process, which
is a jump process. The existence of this process in the diffusion phenomena will

expedite the invasion of the unstable state (v = 0) into the stable state (u = 1).



Moreover, when Brownian processes do not properly describe diffusion, fractional dif-
fusion equations are needed in physical phenomena such as plasmas, turbulence, and
flames | |.

Another important remark of this research is that it carries a qualitative charac-
ter. In this work, the existence of a local solution to the problem (1.1.3) is assumed
for stratified groups. This assumption makes sense since local existence results are
well-established in Euclidean space. However, it is important to note that the find-
ings proven in this thesis are not mere extensions to more general spaces, but also
contribute novel results within the Euclidean space. More precisely, we state the

following theorems, which can be noted as the main results of this work.

Theorem 1.1.1. Let uy € L>®(Q) be such that 0 < ug(z) < 1. Then the global
solution of the problem (1.1.3)-(1.1.5) satisfies

0<u(z,t) <1, for (z,t)€Qx(0,T).

Theorem 1.1.2. Let ug € L*(Q) be such that 0 < ug(z) < 1. Then the global solution
of the problem (1.1.3)-(1.1.5) satisfies the following properties:

a) When 0 < s <1, v=1, we have

HU(SC7 t) ”LQ(Q) < eiAQ,Q,st

Uo(m)HLZ(Q)a
b) When0 <s<1,0<v <1, we have
Ju(z, D)2 < By (=2Aq2,t") [Juo(2)] L2(@)-
c) When s =1, v =1, we obtain
Ju(z, t)] L2y < €2 |uol| 2
d) When s =1,0<v <1, we have
[w(z, t)[|r2(q) < By (=2M12t") Juo(7)[| £2(0)-

Note that A\g2,s(§2) denotes the constant of the Poincaré inequality (2.1.16), and E,
is the Mittag-Leffler function. When s = 1, A\ 2(2) is the first eigenvalue of the

sub-Laplacian.



Theorem 1.1.3. Assume that ug € L*(Q). Let M\24(Q) denote the first eigen-
value and uy represent the corresponding eigenfunction of the Dirichlet sub-Laplacian
problem, such that [,ui(x) = 1. Suppose that 1 4+ A1 24(Q) < Hy, where Hy :=
Jo uo(@)ur(x)dv. Then, for p =2, the weak solution u of (1.1.3)-(1.1.5) blows up in
a finite time. Specifically, for the case v =1 in (1.1.3), the blow-up time is given by

Th = 1 lo Ho
O T M an(Q) P Hy — (14 Man(Q)

This thesis work is organized as follows. In the subsequent sections of this chapter,
we include background reviews related to the fractional-type models, fractional Lapla-
cians, and fractional derivatives/integrals. In Chapter 2, we recall some necessary
preliminary properties associated with stratified groups, the fractional Sobolev space,
and fractional calculus. Notably, in previous works such as | ,

|, authors analyzed problem (1.1.3)-(1.1.5) when the regional frac-
tional Laplacian with p = 2 was applied. The derived results in these studies are
covered in the findings presented in Chapter 3. Specifically, we investigate the case
of the Euclidean space by substituting the fractional Laplacian with the p-Laplacian
operator. Moving forward, in Chapters 4 and 5, we extend the result in the fractional
Sobolev space, and stratified groups. Appendix .1 is dedicated to considering the
Fourier definition of the fractional Laplacian.

We note that Theorems 1.1.1-1.1.3 are not proven in a single specific section.
Because problem (1.1.3) is divided into three cases based on the domain of the space
variables x that appear in each of the chapters (3-5). Furthermore, each chapter
is divided into two parts, containing the partial derivative case and the fractional
derivative case in time .

One of the major innovations of this research is that these techniques of solving
the problem combine two distinct fields of mathematics: fractional calculus, and
non-commutative analysis. In the context of our work, the first one is expressed by
derivative in time. While the last one appears on investigating the domain of space
variables.

Despite the inclusion of certain aspects of the main results published in our papers
[ : |, this work contains a

self-contained, independent study that presents unique and complete findings.



1.2 Background review

1.2.1 Fisher-KPP equations

Fisher-KPP equations (more generally, Reaction-diffusion equations) have their ori-
gins in the 30s of the 20th century with the works in population dynamics, combustion
theory, and chemical kinetics | |. This term is closely re-
lated to the researchers: Fisher and Kolmogorov, Petrovsky, and Piskunov. In this
subsection, we provide an overview of their contributions.

Fisher’s result: In 1937, Sir Ronald Aylmer Fisher was one of the first to intro-
duce a new approach to understanding spatial heterogeneity in population dynamics.
His research work | | was focused on studying the spatial propagation of a
favorable gene in a population. As a simplification, he considered a one-dimensional
space and defined the population proportion by u(zx,t), located at point x at time ¢,
that possessed the favorable gene, such that 0 < u(x,t) < 1.

To model a natural selection, he used a frequency equation (see | ,

equation 14.6]) and the continuous-time variable equation

0
8—1: = au(l —u), (1.2.1)
with a positive parameter a.

Equation (1.2.1) is called Verhulst’s logistic equation, and it satisfies the equation
u(z,00) = 1.

Moreover, Fisher claimed that the offspring of the favorable gene disperses randomly
in the neighborhood of x instead of staying at the same point. In other words, he
added a diffusion term to equation (1.2.1), resulting in the following equation:

ou 0%u

where D is a diffusion coefficient.
Equation (1.2.2) with the selection coefficient @ = 0 was considered by Fourier in
his “The Analytical Theory of Heat" | |.

A solution to equation (1.2.2) exists, and it can be shown by using the form
u(z,t) = W(x + vt)

that satisfies the following three conditions:



lim u(z,t) =0, lim w(z,t)=1 and 0<wu(z,t) <L (1.2.3)

T—r—00 T—r—+00
By making the substitution y = x + vt, we can express the solution u(x,t) as a
function of a single variable W (y), such that u(z,t) = W (y). Then, it can be easily
observed that

E = UW,<y>,
ou ,
and o9
Uu 1
902 W’ (y).

As a result, assuming u is a solution of equation (1.2.2), the following second-order

equation is obtained:

vW(y) = aW (y)(1 — W(y)) + DW"(y). (1.2.4)
When u — 0 (or y — —00), it is expected that

Jm W(y) =0 and  lim W(y) =0,

which leads to

- W(y)
1 =k
ymse W(y)
By applying L’Ho6pital’s rule, it is well known that
"
lim () =
y=—o0 W(y)

Therefore, we can write

W'y) _ W'(y) W'(y)
W(y) Wiy W)

We divide equation (1.2.4) by W (y) and with the approach y — —o0o, we obtain the

= k2.

second-order equation
DE* — vk +a=0.

It should be noted that £ must be a real number, which implies that the discriminant
of this equation has to be nonnegative: v —4aD > 0, or v > 2v/aD = v*. Therefore,
v > v* represents a necessary condition for the existence of a wave propagating at

speed v.



Kolmogorov-Petrovsky-Piskunov’s result: In the same year, in 1937, and
independently of Fisher’s work, Andrey Nikolaevich Kolmogorov, Ivan Georgievich
Petrovsky and Nikolay Semenovich Piskunov investigated the same problem of prop-
agation of a dominant gene. In their article | |, they used a
mathematical model based on Mendelian genetics, which has a similar form as in
(1.2.2), with the exception that the non-linear term u(u — 1) is replaced with a func-
tion denoted as f, that satisfies the conditions: f(0) = 0, f/(0) > 0, f(1) = 0 for
u € (0,1) and f'(u) < f'(0) for u € (0, 1]. Despite the result obtained by the authors
being analogous to Fisher’s one, they got more rigorous proof. Indeed, if the initial
condition satisfies 0 < u(z,0) < 1,u(z,0) = 0 for all z < z; and u(z,0) = 1 for all
x > x9 > x1, then the gene is propagated at the speed v* = 2\/W. It is easy to
mention that Fisher’s result is recovered when f(u) = au(u — 1).

The works written by Fisher, Kolmogorov, Petrovsky, and Piskunov became the
starting point for constructing many mathematical models with geographic diffusion
in ecology, genetics, and epidemiology. These models are well-known as “reaction-
diffusion equations (systems)” | |.

Nowadays, the theory of reaction-diffusion equation is a well-developed area of
research that includes qualitative properties of traveling waves for the scalar reaction-
diffusion equation and complex nonlinear dynamics, a system of equations, and nu-
merous applications in medicine, biology, chemistry, and physics
[ |. We refer to the sources |

, , | and the references

therein for further discussions.

1.2.2 Fractional integrals and derivatives

In basic calculus, differentiation operations can be carried out in the first order,
second order, and nth order. Integration can be reformulated as differentiation to
(—1)th order using the Fundamental theorem of calculus, and further differentiation
to (—2)th order, (—n)th order, etc. can be obtained by repeating integration. For
instance,
d-1 @ d-2 z py

@ = [ty Gt = [ e a (125

Otherwise, it is possible to find the derivatives of a function to any integer order, where

positive integers are given by differentiation and negative integers by integration. Note



that the Oth derivative of a function is the function itself. From here, it is appropriate
to introduce the concepts of fractional derivatives.

The main idea of fractional calculus is to generalize the order of differentiation and
integration outside the set of integers. In other words, the study includes non-integer

orders of differentiation and integration. For example,

di/s
Wﬂx)' (1.2.6)
We refer to the sources | , ,
| for a general introduction to fractional calculus. From a purely
mathematical perspective, it is about generalizing fundamental concepts of differ-
entiation and integration. On the other hand, the knowledge is widely studied by
physicists, chemists, biologists, signal processing, porous media, economics, and en-
gineers, because of its applications in many parts of science.

Fractional derivatives have been the subject of research by numerous scholars over
the years. Various types of fractional derivatives, including but not limited to Rie-
mann—Liouville, Caputo, Grunwald—Letnikov, Erdelyi-Kober, Hadamard, Marchaud,
and Riesz, have been studied. Among these, the Caputo derivative and the Rie-
mann—Liouville fractional derivative (integral) are of particular significance in frac-
tional calculus | , |, and we provide a detailed discussion

on these derivatives in Section 2.2.

1.2.3 Fractional Laplacians

Riesz introduced the concept of fractional integration for functions of multiple vari-
ables, which subsequently became known as Riesz potentials (see | ],

[ , : ). A notable example of these potentials is
represented by the negative fractional power (—A)®/2 of the Laplace operator A =

% +--+ %. It is realized through the following expression:
1 N

[ = C/ p(y)dy
R

N |z —yN-e

where RV denotes an N-dimensional Euclidean space, 0 < o« < N, and c is a normal-
izing constant | |.

In recent years, researchers have turned to fractional calculus to develop sophisti-
cated mathematical models that can more accurately describe complex anomalous sys-
tems | , , ,

|. The fractional Laplacian, in particular, has been found to replace



the integer-order Laplace operator in many applications, where the classical local
approach is limited or inappropriate. For example, it has been used in studying tur-
bulence | |, elasticity | |, anomalous transport and
diffusion | , |, image processing

[ |, wave propagation in heterogeneous high contrast media
[ |, and porous media flow | ],

[ |. Additionally, the fractional Laplacian serves as the
generator of s-stable processes, which find applications in stochastic models such as
mathematical finance | ) .

There are numerous equivalent definitions of the fractional version of the Lapla-
cian, as provided by Kwasnicki | |. However, these definitions are
limited to bounded domains and give rise to different operators depending on the
associated boundary conditions. In this subsection, we explore several significant
equations that involve the fractional Laplace operator. For a more comprehensive
understanding of fractional models, we refer to Lischke’s work | .
Additionally, for a detailed explanation of the definition of fractional Laplacians,
please refer to Appendix .1.

Reaction-Diffusion. Yamamoto | | studied the linear dissipative

equation of the form
Ou + (—A)*u + ku =0,

where N € N, s € (1/2,1], (z,t) € RY x (0,00), and the coefficient function k :
(z,t) — R. Case s = 1 is understood as the Laplacian operator (—A), and the

fractional Laplacian is given by
(—=A)w=F" [[g*Flu]] ,

where F defines the Fourier transform. Note that when s € (1/2,1], the fractional
Laplacian (—A)* describes the anomalous diffusion (see | D-
Yamamoto obtained the large-time behavior of decaying solutions by estimating the
difference between solutions and their asymptotic expansion. Moreover, the au-
thor derived the spatial decay of this difference. Studying a dissipative equation
with the fractional Laplacian presents difficulties in deriving the high-order asymp-
totic expansion of solutions due to the anomalous diffusion process. However, Ya-
mamoto considered the spatial decay of the difference between solutions and their
asymptotic expansion, which provides the high-order (arbitrary) asymptotic expan-

sion | |.



Quasi-geostrophic. Constantin and Wu | | investigated

solutions to the 2D quasi-geostrophic (QGS) equation of the form:
00 +u-VO+k(—A)0=f, (1.2.7)

where k > 0 with s € [0,1]. Here, §(z,t) denotes a scalar function. The non-local

® is defined by the formula of the Fourier transforms multi-

fractional operator (—A)
plied with [£]?*. QGS equation is a mathematically significant model investigated
over the last decades in oceanography, and meteorology | ,
I |-

The authors proved the global existence and uniqueness of smooth solutions for
s € (1/2,1]. However, the uniqueness result only holds in the class of strong solu-
tions. They also obtained essential aspects of large-time approximation from equa-
tion (1.2.7). In this model, u denotes the fluid velocity and 6 represents the po-
tential temperature in the two-dimensional QGS equation. The equation with the
particular power case s = 1/2 is derived from general quasigeostrophic models (see
[ |). Dimensionally, the two-dimensional QGS equation with s = 1/2 is
analogous to the three-dimensional Navier-Stokes equations |
It describes the temperature evolution on the two-dimensional boundary of a rapidly
rotating half-space.

Cahn-Hilliard. Ainsworth and Mao | | investigated

the well-posedness of the Cahn-Hilliard equation with a fractional derivative (—A)

replacing the gradient term in the free energy, given by the equation
Ou+ (=A)* (—e*Au+ f(u)) =0, (1.2.8)

where 0 < s < 1. Specifically, replacing the Laplace operator by (—A)?, they de-
rived an alternative version of equation (1.2.8) in the two-dimensional case. The new

fractional operator is expressed by
(A u=Y" (K +12) agetortiten,
k€7

where the Fourier coefficients 1y, are given by

akl — <u7€ikw1+ilax2> _ (21)2 / ueikzl+ilx2dx
m Q

with x = (z1, 23).
Ainsworth and Mao demonstrated the existence and uniqueness of a Fourier-

Galerkin approximation for the fractional type of the Cahn—Hilliard equation, and

10



used compactness arguments to establish the existence and uniqueness of the solu-

tion. They also derived a convergence rate estimate for the Fourier-Galerkin ap-

proximation and presented numerical results on the influence of the parameters ¢

and § on simple solutions of the fractional Cahn—Hilliard equation. Further in-

sights on this topic can be found in | , ,
| and other relevant references.

Porous medium. Pablo, Quirés, Rodriguez, and Vazquez | |
developed a theory of existence and uniqueness of the fractional porous medium
model, where the non-linear part is represented by f = 0, with an initial value of
ug € L'(RY). The authors denoted the nonlocal fractional operator (—A)2 by an
alternative definition by the Fourier transform a function in the Schwartz class of the

form:

(ZA)2h(E) = |€[R(E).

The motivation behind studying the problem lies in its various applications in ma-
terials science. This equation plays a crucial role in mathematical models for phase-
transition, damaging, viscoelasticity, complex fluids, and whenever diffuse interfaces
are present (see, | : , | and
references therein).

Time-space fractional diffusion. In a recent study, Borikhanov, Ruzhansky,
and Torebek | | studied the nonlinear diffusion equation (1.1.3),
but with the nonlinear part k|u|" 'u + [|u|™ %u, where k,l € R,n > 0,m > 1. They
established the existence of a weak solution applying the Galerkin approximation
technique. Furthermore, using the comparison principle, they provide the blow-up,
the asymptotic properties of global solutions results.

Fisher-KPP equation. In a recent study, Alsaedi, Kirane, and Torebek
[ | investigated the time-space fractional Fisher-KPP equation (1.1.3)
within a bounded domain 2 C RY and for p = 2. The Laplace operator is replaced
with the regional fractional Laplacian.

The authors established the existence of global solutions and finite-time blow-up
solutions for certain initial conditions. They also provided a detailed analysis of the
asymptotic behavior of bounded solutions. For further insight on this topic, interested
readers can refer to | | and related references. Indeed, all the results

presented in Chapter 3 are a natural extension of their findings.
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1.2.4 Fractional p-sub-Laplacians

The study of sub-Laplacians on stratified groups is of significant importance in the-
oretical (see, e.g., | : |) and applied mathematics,
such as mathematical models of human vision and crystal material (see, for exam-
ple, | , |). However, despite its relevance, research
in p-sub-Laplacians remains limited. One of the foundational works in this field is
Folland’s study | | of the well-behaved fundamental solution for the sub-
Laplacian on stratified groups. Here, we mention some progress in this knowledge.

Recent research has focused on eigenvalue problems involving subelliptic operators
on stratified Lie groups, as demonstrated by works such as those by
[ ) , |. One area
of recent progress is the study of nonlocal Dirichlet eigenvalue problems over fractional
Sobolev spaces on stratified groups associated with the fractional p-sub-Laplacian.
Ghosh, Kumar, and Ruzhansky | | used the strong minimum prin-
ciple to show that the first eigenfunction of the fractional p-sub-Laplacian is positive
and that the first eigenvalue is isolated and simple. More details on this work are
provided in Section 2.1.5.

Jinguo and Dengyun | | studied a problem that involves
the fractional p-sub-Laplacian. The authors established the existence and multiplicity
of non-negative solutions. In particular, they demonstrated that the nonlocal prob-
lem on the homogeneous group has at least two nontrivial solutions under certain
conditions.

Significant progress has been made in investigating eigenvalue problems associ-
ated with the p-sub-Laplacian operator on the Heisenberg group, which is a partic-
ular case of stratified groups (see Section 2.1.2). It is crucial to note that several
definitions of the fractional sub-Laplacian on the Heisenberg group exist in the liter-
ature | ) : .
For instance, Roncal and Thangavelu | | defined the frac-
tional sub-Laplacian by generalizing the definition obtained by Haagerup and Cowling
[ | regarding the heat semigroup.
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Chapter 2

Preliminaries

2.1 Stratified groups and fractional Sobolev spaces

This chapter covers the basic notations, definitions, theorems, propositions, and lem-
mas that are essential for proving the main results in Chapters 3-5. Many authors have
already considered these results, and to avoid repetition, we briefly mention works
such as | , , |,

[ , , | and provide ac-
knowledgments throughout this thesis work. Additionally, we provide references for

properties that require more specific mention.

2.1.1 Stratified groups

Let RY = {(z1,...,2n) 1 21,...,o5y € R} for a given N € N and let Q C RY be a
non-empty open set. We indicate a partial derivative operator with respect to the

j-th coordinate of RY using the notations

0;, Oz 0/0x;, ai%
For scalar functions ap,...,ax on 2 such that a; : @ = R forall j € 1,..., N, we
define the linear differential operator X of order one on 2 with components ay,...,ayx
as N
X =) a0 (2.1.1)
j=1

This operator is commonly referred to as a wvector field on €.

Assume that J C € is an open set. For a differentiable function f on J, we define

13



the function X f on J as
N
Xf(x) = a;(x)0;f(x) with x€J
j=1

If fis a vector-valued function, meaning f : J — R¥, and

fi(z)
fz) = o]
Ji(2)
then X f denotes the component-wise action of X on f, given by
Xf1 (%)
X[f(z) = :
X fr(z)

For the set of infinitely differentiable real-valued functions (smooth) denoted by
C>(J), we define X as a smooth vector field, if all of its component functions a; are
smooth. In this context, X is considered as an operator that acts on smooth functions

of the form

X :C®(J) = C=(J).

For a vector field X given by (2.1.1), the column vector of its components is provided
by
ay
XI:= : ,
an
where I denotes the identity map on RY. Note that [ = (I1,...,Iy) with I;(z) = z;,
and X (1) = a;.

Alternatively, we can define X f as a row and column product of the form
Xf=(Vf) - XI,

where the gradient operator V = (9y,...,dy) in RY is given for a smooth real-valued

function f on RY,

Example 2.1.1. Consider the smooth vector fields X; and X, on R?, with coordinates

x = (21, T2, x3) defined as follows:

Xl = 38351 + x281’37

14



and
X2 = 28961 + 6%18362 — $26x3.

The action of these vector fields on the identity map I(z) is given by

3 2
Xil(x)=1 0 |, and Xol(xz)=| 62y
i) —X2

For a set of smooth vector fields Y and Z in R, we define the operation known

as the Lie bracket as follows:
Y,z =YZ-ZY.

Indeed, if we define vector fields Y, and Z as in (2.1.1) for components a;, and b;,
respectively, we can easily show that the bracket is the vector field of the form

N

Y, 2] =) (Xb;—Y a;)0;.

j=1
As an example, consider the vector fields
Y =0, +2290,,, and Z =0, — 2110,
which yield
Y, Z] = —40,,.

Let T(RY) be the Lie algebra of vector fields defined on RY, and let a be a
sub-algebra of T(RY). For any vector fields Y, Z, W € T(RY), a bilinear mapping
(Y, Z) — [Y, Z] satisfies the Jacobi identity

Y. [Z, W]+ [Z, W, Y]] + [W.[Y, Z]] = 0,
for all vector fields Y, Z, W € T(RY). If a is closed under the bracket operator
Y, Z]€a

for each Y, Z € a, then a vector subspace a of T(RY) is called a Lie algebra of vector
fields.

Let J = (ji,...,jr) € {1,...,m}* be a multi-index and let Z;,%Zs,...,Z,, €
T(RY) be a set of vector fields. The commutator of length k of Zy, Zy,...,Z,, is
given by

Zy=12Z;,..1Zj_,, Zj)--]- (2.1.2)

When J = j;, we have a commutator of length 1 in the form Z; = Z; of Z,, 2, ... Z,,.

The commutator given in (2.1.2) is called nested.
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Definition 2.1.2. | |(The Lie algebra spanned by a set)
Assume that D C T(R") and the smallest sub-algebra of T(R") that contains D is
denoted as Lie{D}. Specifically, it is denoted by

Lle{D} = mba D g ha

where b is a sub-algebra of T(RY). We denote the dimension of the real vector space

generated by the Lie algebra Lie{D} at point x as
rank(Lie{D}(x)) := dimg{YI(x) | Y € Lie{D}}.

Example 2.1.3. Consider the vector fields Xy = 0,, +2220,, and X5 = 0,, —2210,,.
It can be shown that their Lie bracket is given by [Xi, Xs] = —40,,. Any other

commutator involves X; and X, more than twice is equal to zero. Thus, we have
Lie{ X1, X5} = span{ X1, X», [ X1, X3]},
and it can be verified that
rank(Lie{ X7, X5}(x)) =3
for all x € R3.

The next proposition claims that every element in Lie{-} can be represented as a

linear combination of nested brackets.

Proposition 2.1.4. Consider a set of smooth vector fields D on RY. Let us define
Dy :=span{D}, D, :=span{[u,w]||ue€ D,we D, 1},
form > 2. Then, it follows that
Lie{D} = span{D,, | n € N}.
Furthermore, for every u € D;, and w € D;, we have
[u, w] € Diy;.

The definition of D,, in the previous proposition implies that every vector field in

D,, can be expressed as a linear combination of the nested brackets

[wr [ws [ws [+ [wn 1, wa] -],

where wq,...,w, € D. We can now state another important proposition in this

context.
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Proposition 2.1.5. Let Z3, ..., Z,, be a fized set of vector fields in T(R™). Then, we

have
Lie{Zi,...,Zn} =span{Z; | with J = (ji,...,jx) € {1,....,m}* k € N}.

In this thesis, we introduce the notation [V;, V3] for any subsets Vi, Vs of T(R™),
where v; € V; and vy € V3, to denote the span of the commutator [vy, vs].
For any subsets V1, V5, of T(R") with v; € V4, and vy € V3, we define

V1, Va] == span{[vy, vo] }.

Definition 2.1.6. (Lie group on ]RN). Assume o is a group operation on RY for

(11, 22) € RY x RY such that there is the smooth mapping
(71, 72) — 25 0 2y,
where 25" o z; € RN. Then, the pair G := (RY, o) is called a Lie group on R".
Let a € G be fixed. We define the left-translation by o on G as follows:
To(2) == aouw.

Let X be a smooth vector field on RY and let ¢ : RY — R be a smooth function.
Then X is said to be left-invariant on a Lie group G, if it satisfies the following

condition:
X (poT1a)=(Xp)oT,

for each a € G.

The set of all left-invariant vector fields on G is denoted by g. It can be easily
shown that g is closed under linear combinations and the Lie bracket operation,
meaning that for any each vector fields Y, Z € g, we get \Y + 7 € g and [Y, Z] € g,
for A\, 8 € R.

Example 2.1.7. Consider the vector fields Y = 9,, + 2y20,, and Z = 0,, — 2y10,,
on R3. Let o be the operation on R? defined by

yoz=(y1+ 21,¥2 + 22, Y3 + 23 + 2 (Y221 — Y122)) ,

for y = (y1,92,93), and z = (21, 29, 23).
It can be verified that Y and Z are left-invariant vector fields on R? with respect

to the operation o. Therefore, (R3, o) is a Lie group.
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Definition 2.1.8. (Homogeneous Lie group on R"). A Lie group G = (R¥,0)

is said to be homogeneous if there exists a dilation mapping
S RY 5 RY, 6y(2, . 2n) i= (A7'2y, ., AN ay)

that is an automorphism of G for every positive real number . Here, the dilation
mapping is given by o = (0y,...,0y), where 1 < 07 < ... < oy. The datum of a
homogeneous group is denoted by G = (RY, o, 4,), where o is the composition law

and {d)}a>o is the dilation group.

Note that the dilations {0,},s¢ establish a single parameter group of automor-

phisms of a Lie group G with the identity mapping
0 =1.

Moreover, this family forms a one-parameter group of automorphisms of G, where
we have

drs() = 0, (05(x)) for r,s>0,VoeG.
and
(6x) " = 0r_1.
Additionally, for any z,z € G with A > 0, we have that
(o z)=(0)x) o0 (6r2).
If we denote the identity of G by e, then we have

dr(e) =e.

As an example, the Heisenberg-Weyl group H! = (R3,0) is a homogeneous Lie

group, where the dilation is given by
Ox (21, T2, T3) = ()\371, AT, )\2$3) .

Definition 2.1.9. (Stratified group). A homogeneous Lie group G = (R¥ o, §))

is said to be a stratified group if it satisfies the following two properties:

o RY =RM x ... x RM is split of RY for some natural number N = N; + N, +
...+ N,, and the dilation 6, : RY — R" is an automorphism of the group G
given by

oxn(x) = o (W, 2@, 2™y = (AW N2® o A
for every A > 0, where ) € R for k =1,2,...,7.

18



It follows from Definition 2.1.8 that (RY,o,d,) is a homogeneous Lie group on R,

e Assume the left-invariant vector fields 7, ..., Zy, on G with property Z(0) =

6;;\0, where k = 1,..., N;. Then, for every x € RY, we have

rank (Lie{Z,...,Zn,}) = N,
meaning that the iterated commutators of Z,..., Zy, spans the whole Lie al-
gebra of G.

A homogeneous Lie group G contains N; number of generators and r steps. The

sum of the products of these two notations denotes the homogeneous dimension of G

of the form .
Q=> kN
k=1
The vector fields Z;,...,Zy, are known as Jacobian generators, while a basis of
span{Zy,...,Zn,} is called a system of generators of G. Also, the horizontal (or

canonical) G-gradient is denoted by
Ve = (Z1,...,Zn,) -
We also define the horizontal divergence as
divgu := Vg - u.

Definition 2.1.10. (Sub-Laplacian on a stratified group). Assume that Z,..., Zy

1

is the set of Jacobian generators for a stratified group G = (R¥ 0,6,). Then the

canonical sub-Laplacian on G is denoted by the differential operator

N1
Ag =) 7}
j=1

By replacing the vector fields 71, . .., Zy, with abasis Y1,..., Yn, of span{Z1, ..., Zn, }(a

system of generators), the resulting operator is called a sub-Laplacian of the form

N1
L=V}
j=1

The (horizontal) £-gradient is defined as V, = (Y7, ..., Yy, ), and the p-sub-Laplacian

(or horizontal p-Laplacian) as
Lyf ==divg (Vo fl"*Vef), p>1L
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Each left-invariant vector field Z, on a stratified group G has an explicit form

given by

a r N; @ a
_ ( / (i—1)
Zy, = ] +ZZak’m («,...,2"Y) PG (2.1.3)

i=2 m=1
Example 2.1.11. Consider the Heisenberg-Weyl group H' equipped with the vector
fields X1 = 0., + 2290,, and X9 = 0,, — 2210,,. The canonical sub-Laplacian is
defined as

Ny
Am =) X7
j=1
= (811 + 2:528903) : (8901 + 25628963) + (8902 - 2x18¢3) ’ (6362 - 23:18903)

- (arl)Q + (8332)2 + 4I28961,r3 - 4%‘18@71«3 +4 (l‘% + I%) (8903)2 .

As an example of a non-canonical sub-Laplacian, we can consider

Ny
L=2.7
j=1
- [(aﬁvl + 21‘28303) - (aﬂﬂz - 2xlaﬂﬂ3)] : [(am + 2])28273) - (8382 - 2xla$3)]
+ (O, — 2:7018953)  (Opy — 22104,)
= (ax1)2 +2 (8@)2 - 28&:17502 +4 (21 + x9) 83[:1,963
+4 (x% + (21 + :U2)2) (6:63)2 — 4 (21 + (21 + 22)) Opy.a5-

2.1.2 Examples of stratified groups

Example 2.1.12. (Euclidean Group). Consider a homogeneous additive group
E = (RM,+,d)), also called the Euclidean group, where the dilations are defined as
the usual multiplication

I (x) =z, for A>0.

Its Jacobian generators are denoted by 0,,, ..., 0,, with step » = 1. In this group, the

well-known classical Laplace operator

N
A=)
j=1

can be defined as the canonical sub-Laplacian. Furthermore, any sub-Laplacian on E

can be expressed as



where W = (w; ;), i<y denotes a non-singular constant matrix. Thus, we may express

the operator £ by

N N N
1

ik=1 \j= ik=1

Conversely, any positive-definite symmetric matrix U = (u;x) i,k < N can be
written as a square of a non-singular symmetric matrix: U = W?2. This leads to
Y, = SN W0, and L = Z;VZI Y7, which is a sub-Laplacian on this additive
group.

We emphasize that the only stratified group of N generators and step r = 1 is
E, and only the Euclidean Laplacian is an elliptic operator and all the other sub-

Laplacians on stratified groups are not elliptic.

Example 2.1.13. (Heisenberg group). The Heisenberg group HY is a manifold
given by R2V+!1 = RN x RN x R, with the group law

yoz=(y+y,z+2t+t'+2 W'z —y2)),

where N € N, y = (y,z,t) e HY, 2 = (¢, 2/, t') € HY, and y, 2 € RY x RY x R. Here,
y'z, and yz' represent scalar products on RY. The dilation for A > 0 is denoted by

o (y) = (\y, Az, A%).

Additionally, the Heisenberg group HY has a homogeneous dimension of @ = 2n + 2.
In fact, a basis of the Lie algebra g is provided by the left-invariant vector fields
{X;,Y;}}L,, where

X =0y, +21;0,, Y; =0, —22;0, and [X},Y}] =0,

gr 1
Note that [X;,Y;] = 0; is the only nonzero commutator relation of the basis elements.
Therefore, the sub-Laplacian on H" is denoted by

N
E]HIN = Z(Xf + }/}2)7

j=1

and the corresponding horizontal gradient is given by

Vv = (X1, .., Xn, Y1 ... Yy).
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Example 2.1.14. (K-type Groups.) Consider a special block-form matrix of the

following form:

0 0 0 0
By 0 0 0

B=| 0 B, . i i[], (2.1.4)
S .0 0
0 0 --- B, 0

where B; is a ¢; X g;—1 block and has rank ¢;, for j =1,2,...,r.

We select the 0 blocks in (2.1.4) such that the resulting matrix B has dimension
N x N. Additionally, we assume that ¢ > ¢ > --->q.and g +¢ +---+¢ = N.
We will now establish that the group B associated with this matrix is a stratified
group, commonly known as a group of K-type (Kolmogorov).

We choose the 0 blocks in (2.1.4) such that the resulting matrix B has dimension
N x N. Additionally, we assume that

Go>q¢=>>¢g and g+q+---+q¢ =N.

We will now establish that the group B associated with this matrix is a stratified
group, commonly known as a group of K-type (Kolmogorov).
We observe that RY can be split as

RY =R® x R x --- x R
For each A > 0, we define
Dyz = D,y (a:(o), AN ,x(r)) = ()\:U(O), N )\THJ:(’")) ,
where 2(V € R% 0 < i <r. We also define the dilation 6,(¢,z) = (M, Dyz), which is
an automorphism of B. For further details, we refer to | |.
2.1.3 Green’s identities for sub-Laplacians

Consider the volume element dv(z)(or simply dx) on the first stratum of G, which

can be defined as

N1
dv :=dv(z) = /\ dx;.
j=1

Then, the expression of pairs between the left-invariant operators Z; with respect to

Euclidean derivatives, and differential volume element dv(x) is given by (Z, dv).
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Based on the explicit form of vector fields given in (2.1.3) and Theorem 2.1.15, we
can also express the pairing (Z, dv) with respect to differential forms that corresponds

to the Euclidean coordinates, such that

r

M N,
(Zy,dv(z)) = J\ dwﬁ-”/\ Pim,

j=1,j#k 1=2 m=1
with
Ny
him = — Z a,(i)m (x(l), o ,x(l_l)) dx,(cl) + dxﬁb)
k=1
where m =1,...,N;, and [ = 2,...,r. Here, a,(i)m is a similar homogeneous polyno-

mial of degree [ — 1 as that considered in equation (2.1.3).
If a boundary 02 of a bounded open set {2 C G is simple and piecewise smooth,
then € is called an admissible domain.

For an admissible domain 2 C G, we provide the following theorem.

Theorem 2.1.15. (Divergence formula). Assume a function f, € C*(Q) N C(Q)

fork=1,...,Ny. Then, for each left-invariant operator Z;, we have

/ Zkfkdl/ = fk <Zk, dl/> .
Q 0N

where k = 1,..., N1, Furthermore, we have
N1 Nl
> Ziv= [ 3 filZay
/Q k=1 O p=1
Theorem 2.1.16. / |(Green’s identities for p-sub-

Laplacian). Consider an admissible domain 2 C G on a stratified group G, and let
1 < p < oo. Suppose that v € CHQ)NC(Q), and u,w € C*(Q) N CH Q). Then we

have the following identities (also known as Green’s identities)

1.
/ <(|VGu|p_2 %v) u+ U,Cpu) dv = / Veul” > v(Vu, dv)
Q o0
with
~ M
k=1

where Zy, denotes the kth component of the left-invariant vector field.
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/ (uﬁpw —wlyu + (!VGw|p_2 — ]VGu]p_Q) (%w)u) dv
Q

= / <|V<Gw|p_2 w(Vw, dv) — |V<Gu]p_2w<6u,du>> :
o0

It is important to note that (%v)u is a scalar, as Vu is a vector field. This can be

expressed as:

N1 Nl
(Vv)u = Vou = Z (Zyv) (Zgu) = Z ZwZu.
k=1 k=1

It should be noted that (ﬁfu)u can be considered both an operator and a vector field.
Also, in this work, the boundary condition (1.1.5) leads to the right-hand side of

Green’s second identity becoming zero.

2.1.4 Sharp Poincaré inequality on stratified groups

In this section, we consider the sharp Poincaré inequality on a bounded open con-
nected set 2 C G that supports the divergence formula on G. This inequality is
a crucial tool in the study of spectral properties of the Dirichlet sub-Laplacian on

stratified groups. We start by stating the following theorem:

Theorem 2.1.17. / | Let Q C G be an open set that sup-
ports the divergence formula (Theorem 2.1.15). For any ¢ € C?*(Q) and allu € C3(Q),
we have )
0< / Veu — Mu dv = / <|VGu|2 + %WF) dv, (2.1.5)
Q ¢ Q ¢

where the equality case holds if and only if w is proportional to ¢.

Consider the spectral problem of the sub-Laplacian on stratified groups, also

known as the Dirichlet sub-Laplacian:

{—£¢(x) = AQ)¢(z), z€QCG, (2.1.6)

o(z) =0, x € 09.

The Dirichlet sub-Laplacian is a positive self-adjoint operator that exhibits a
spectral gap for a bounded, open, connected set €. Specifically, A\;(©2) > 0 de-
notes the smallest eigenvalue, which is also a simple eigenvalue. Furthermore, in
[ , Theorem 3.11], the authors establish the existence of
a corresponding eigenfunction ¢ such that ¢(z) > 0 for all z € Q. Therefore, since
¢ >0 and A\ () > 0 satisfy the system (2.1.6), we have % ==\ ().

24



Consequently, by considering the right-hand side of the inequality in Theorem

2.1.17, we obtain an estimate known as the sharp Poincaré inequality on 2 C G:

/|u|2dV< ;/ |Vgul|?dv, for any wu € Cj(Q). (2.1.7)
Q () Jo

In this direction, researchers | | have investigated the
use of the p-sub-Laplacian operator £, in studying spectral problems on stratified

groups. Specifically, the authors considered the Dirichlet p-sub-Laplacian spectral

problem
—Lyu(z) = MQ)|u(@)|P2u(z), z€QCG, (2.18)
u(z) =0, x € 09, o
and proved that there is the Poincaré inequality
Al,p(Q)/ |u|Pde < / |Vgu|Pdx (2.1.9)
Q Q

for the first eigenvalue A; ,(€2) > 0 with 1 < p < 0.

2.1.5 Fractional Sobolev spaces

If f is measurable on a stratified group G, then its distribution function A : [0, co] —
[0, o¢] is given by
Ar(B) =y : [f(w)] > B

Definition 2.1.18. (Gagliardo semi-norm). We define a Gagliardo semi-norm as:

1
|u(z) — uly)l” ’
[u]sps = (/Q 14 x|Q+ps drdy ) < oo,

Q |y

where 0 < s < 1, and 1 < p < .

Definition 2.1.19. (Fractional Sobolev spaces). The fractional Sobolev space
W#P(Q) is defined as

WP(Q) = {u € LP(Q) : [u]spa < 00}, (2.1.10)

equipped with
[ullwsr@) = llullr@) + [U]sp.0;

where 0 < s < 1,and 1 < p < 0.
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Additionally, the space W3* () is employed to denote the completion of the space
of differentiable functions C§°(€2) equipped with the norm ||u|wsr). It should be
noted that Wi*(£2) is equivalent to W*P(€2).

Furthermore, we use the notation Hy?(€2) to represent the closure of C§°(€2) under
the norm |[Jul|zr() + [U]spc, where © denotes an open bounded subset of G. It can
be observed that Hy?(2) and W;*(Q) are not similar even in Euclidean space (see

[ -

The quasi-ball of radius r centered at x € G is denoted by

D(z,r)={yeG: |y ox|<r}

and

D, C G\Q.
Lemma 2.1.20. / | If p > 1, then Hy"(Q) is a reflexive Banach
space.

We can write () — uly)P
w(x)P = —1 Q+ps |UT
) =y~ o] g

for every u € C§°(2), z € Q, and y € D,, which, after integrating both sides with
respect to y and x, yields

diam (D, U Q)97 y)|P
P
/Q'“<””>' = D] / / T 1og;|Q+ps o a[ee W

We can then define

diam(D U Q)@+ps
D]

= 0(Q,s5,p,Q) = mf{ . withaball D cC G\Q}

and obtain the Poincaré type inequality of the form

p
@iz <c | Jutz) = @) )4
‘y 1 Oleers

Alternatively, we have
||U||I£p(n < Clu ]spG

We can express the space H;”(§2) as the closure of C§°(€2) under the norm [u];s .

Hence, we have the equivalence

[ull ggr ) = [ulspe for all u € Hy" ().
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The space Hy?(€2) is defined by imposing the boundary condition u = 0 in G\
for functions u in Hy?(€2). Note that the inclusion map j : Hy?(Q2) — W5?(G) is

well-defined and continuous. In general, we have
H*(Q) C{u e W*P(G) : uw=01in G\Q}.

Furthermore, if 2 is a bounded domain with at least continuous boundary 052, then

we can represent Hy”(Q2) as
Hy?(Q) ={u e W*(G) : u=01in G\Q}.

This means that the space Hy? () is defined as the subspace of functions in W*?(G)

vanishes outside of 2.

Theorem 2.1.21. / | Assume that p > 1, s € (0,1), and G is a
stratified Lie group with homogeneous dimension Q. Suppose that p g := Q@;p with

Q > sp. Then the following properties hold:

o IfQ C G is an open subset, the space Hy" () continuously embedded in L"(Q)
forp <1 < pio. In other words, for all u € HP(Q), there exists a positive
constant C = C(Q, s,p, Q) such that

lullzr@) < Cllul

H(L)%P(Q) .

o If Q is bounded, then the embedding Hy"(Q2) — L"(Q) is compact for all r €
[1,p%q), and continuous for r € [1,p% o].

Definition 2.1.22. Assume that p > 1, and s € (0,1). The fractional p-sub-
Laplacian is defined as

u(y) P> (u(z) — uly))

WEPSNIET dy, xze€G, (2.1.11)

N L=

where P.V. denotes the Cauchy principal value, and Cg ,, is a positive constant that

depends on (@), s, and p.

Note that the s = 1 case of this definition corresponds to the sub-Laplacian £,
on G.
For any ¢ € Hy"(Q), we define the inner product as follows:

(—Ap6)° u, ) = //@ . Juz) — u(y) P~ (u(z) — uly)(p(z) - 2Y) ey, (2.112)

|y71 o $|Q+ps
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2.1.6 Fractional p-sub-Laplacian eigenvalue problem

Consider the following equation on a stratified Lie group G:

_ Sy — p—2 ;
{ (—A,¢) v = AulP"u, in Q, (2.1.13)

u=01in G\,

Here, Q) represents bounded domain in G, and A € R. We refer to (2.1.13) as the

fractional p-sub-Laplacian eigenvalue problem.

Definition 2.1.23. For every ¢ € C5°(Q2), weak solution u € Hy*(2) to the system
(2.1.13) is given by

(~B00) w0} = [ lupugds (2.1.14)
Q

where a nontrivial solution to (2.1.14) is referred to as a p-sub-Laplacian eigenfunction

corresponding to the eigenvalue \.

We introduce the eigenfunction u; € Hi?(Q)\{0}, which corresponds to the first
eigenvalue A, +(€2). We define the weak solution u; of (2.1.14), which satisfies the
following equation for all ¢ € HP(Q):

I ul@'i_;(gii? =) ((0) — p(y))dedy

ly
= Mps(€2) / | [P upd, (2.1.15)
Q

The eigenfunctions mentioned here are closely linked to the minimization problem

of the Rayleigh quotient, denoted as R, which is defined as follows

ffGXG —1ox|Q+pS d'rdy
fQ |u(x)|Pdx ’

R(u) := u e C(Q).

Note that the minimizer of the Rayleigh quotient preserves its sign. This can be

inferred from the triangle inequality, which implies that for

u(@) —u(y)| > |lu(z)] = |uy)ll;

where u(z) and u(y) have a opposite sign and u(z)u(y) < 0.
Let us introduce the space W as the set of functions that belong to Hy"(€2) and
satisfy the condition ||ul|, = 1, that is,

W ={ue€ Hy"(Q), suchthat [ull,=1}.
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Note that the eigenfunctions of the system (2.1.13) are the minimizers of the energy

// )|pd dy.
GxG Iy 10:1:|Q+p5

We can define the first eigenvalue \; over €2 as either

functional on W of the form:

A (@) = inf{R(¢) : ¢ € C°(Q)},

or

A (Q) =inf{I(u):u € W}

Based on Theorem 2.1.21, we can express the Sobolev inequality as

o\ luz) —u(@)l ,  \*
(/Q |u(x) s,Qd{L’) Q@ SC’(Q,p,s) (/G Gmdxdy) ,

where we select the exponents Z% and pf s’?p to use the Holder inequality.

=

Moreover, the first eigenvalue A; () of the system (2.1.13) is positive since

— p
AQ,p,s(Q)/ |u(x)|pdx§/ Mdmd(y, (2.1.16)
Q cJe |y tox|[*T?

where Ag,+(Q) = C(Q,p,s) 7|22 > 0.

Moreover, it is worth mentioning that the eigenvalues of the system (2.1.13) are
strictly positive. Moreover, the weak solution of (2.1.13) associated with A = A; is
commonly known as the first eigenfunction of the system. The following theorem

presents some noteworthy properties of the principal eigenvalue and eigenfunction.

Theorem 2.1.24. [ | Assume that p > 1, s € (0,1), and Q C G s
a bounded domain of G with homogeneous dimension ), such that () > sp. Then the
problem (2.1.14) ezhibits the following properties:

o The first ergenfunction is strictly positive;

o The first eigenvalue Ay is simple, and isolated.
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2.2 Fractional derivatives

2.2.1 Riemann Liouville integral

Lemma 2.2.1. Let f(t) be a function, andn € N. Then, the n-times repeated integral

of the closed form, also known as Cauchy’s formula for repeated integration, is given

by
t t1 to tn—2 tn—1
// / / F(ta)dty dtu_y ... dty dty
1

- / (£ — 5)" ' f(s)ds,

where ¢ 1s a lower limit of each integral.

Definition 2.2.2. (Riemann-Liouville fractional integral). For a function f(¢),
the Riemann-Liouville fractional integral of order v with respect to t and with any

integration constant c is defined as follows:

RLpV £(4) ﬁ / (t— )" f(s)ds, Re(w) >0, (2.2.1)

for general v € C.

Remark 2.2.3. The fractional integral (2.2.1) is well-defined for the finite constant ¢
if there exists fcd | f(t)|dt for some interval [c, d] with t € ¢, d].

Remark 2.2.4. The fractional integral (2.2.1) is well-defined for the infinite case ¢ =
—oo if f € LY(—o0, K| and its decay is provided by f(t) = O(t™""¢) as t — —oo for

some € > 0.

2.2.2 Riemann-Liouville derivative

Fractional integrals to order v are defined for any complex number v with Re(v) > 0.
The difference between integrals and derivatives is denoted by the sign of the order
v. Since v is complex, it is defined by the sign of its real part.

It is well-known that differentiating integrals yields derivatives. Given a function
fct f(s)ds, the first differentiation is f(¢), and the function is twice differentiable if
f'(t) exists. One can extend this idea to define fractional derivatives by differentiating

fractional integrals. For example,
d1/5 d d—4/5
=S (—dt4/5f(t)> |
d3.6 d4 d—0.4
dt3~6f<t) = (Wf(t)) ,
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This idea leads to the following definition:

Definition 2.2.5. (Riemann-Liouville fractional derivative). The fractional
derivative of a function f(¢) with respect to ¢ of order v € C with non-negative real

part is defined as
dn
FEDYF() = g (B F®) L = [Re()] +1, Re(v) 20, (2.2.2)
where |v] denotes the largest integer less than or equal to v. The constant of inte-
gration c is arbitrary, and we choose n € N such that n — v has a positive real part.

We assume that f is chosen so that the formula is well-defined.

Using the Fundamental Theorem of Calculus, Definitions 2.2.2 and 2.2.5 provide
a framework for fractional differentiation or integration to any order in C. It is

important to note that for all v € C, the agreement holds:
c Dt () = RIS,
which allows us to use the definitions of ZLTY f(t) for Re(v) > 0 and ZLD? f(t) for
Re(v) > 0 to denote both ZLTY f(t) and BEDY f(t).
2.2.3 Caputo derivative

Let us now consider one of the popular alternative definitions of the Riemann-Liouville

model.

Definition 2.2.6. In Caputo fractional calculus, formula (2.2.1) is used to define
fractional integrals, similar to Riemann- Liouville fractional calculus. For a function
f(t) with respect to t, the fractional derivative to order v (where v € C ) with constant

of integration ¢, is denoted with non-negative real part as follows:

“Drf(t) = By ( j:nf(t)> . n:=|Re(r)] +1, Re(v) >0, (2.2.3)

where t, ¢, and f are such that the formula is well-defined. Note that n is the same
as in the Riemann-Liouville derivative (2.2.2). However, in this case, a fractional
integral of an ordinary derivative is taken, rather than an ordinary derivative of a

fractional integral.

Let us consider important remarks about the Caputo model and the Riemann-

Liouville model.

31



Remark 2.2.7. The Caputo derivative of any constant is zero.

Remark 2.2.8. The Riemann-Liouville derivative is the analytic continuation in v of
the fractional integral (2.2.1), not the Caputo derivative since analytic continuations

are unique.

Remark 2.2.9. The principal difference between Caputo and Riemann-Liouville is
their different behaviors for initial value problems. This distinction is essential in the

study of fractional differential equations.

2.2.4 Caputo derivative of order 0 < v < 1

In this work, we focus on the Caputo derivative of order 0 < v < 1, as defined in
Definition 2.2.6. This particular case is important for our analysis with n = 1 and
¢ = 0 in Definition 2.2.6. The definition of the Caputo-type derivative for 0 < v < 1

is given below:

Definition 2.2.10. For 0 < v < 1 and ¢t > 0, the Caputo fractional derivative is
defined by

COF(t) = CDY F(t) = —— )/Ot(t—s)”%f(s)ds. (2.2.4)

N1l—v

We will now present two important theorems related to the Caputo fractional

derivative of order 0 < v < 1.
Theorem 2.2.11. / , Page 49, Part 2] Consider the problem

Corf(e) = f)(f(t) +1),
{ s =g+ 225

with 0 < v < 1. Then f blows up in a finite time.

Theorem 2.2.12. / ; | For any absolutely
continuous function f(t) on [0,T] with 0 < v < 1, the following inequality holds:

CopfA(t) < 2f(t) - Cor f(t).

The Mittag-Leffler function is an essential function in the analysis of fractional

differential equations. The power series E,(t) of the form

tk
Ea<t>—2m, OéE(C, ReOé>0,

00
k=0
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is called the Mittag-Leffler function. In light of the outcomes acquired in Theorem

1.1.2, it is crucial to present the following property given in | |:

1
E,(~t) < ——, t>0.
( )N1+t

Finally, we present a theorem related to the solution of fractional differential

equations.
Theorem 2.2.13. / , Section 4.1.3] Consider the Cauchy problem
for FDEs
“oyf(t) = Af(t) =0
¢ 2.2.6
{ fO)=foeR ( )

with t > 0, and A € R. Then the solution of (2.2.6) can be expressed as the multipli-
cation of the initial value by the Mittag-Leffler function, as follows:

f(t) = foEy[At"],

where 0 < v < 1.
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Chapter 3

Fractional Fisher-KPP equation on
the Euclidean space

3.1 Introduction

As discussed in Section 2.1.2, the Euclidean space RY with addition operation is a
prime example of a stratified group G. In light of this, we investigate the fractional
problem (1.1.3)-(1.1.5) on R and establish the validity of theorems 1.1.1-1.1.3 for this
specific case in the following subsections 3.2-3.7. The derived results cover the previ-
ous works such as | : |, where the authors ana-
lyzed problem (3.1.1)-(3.1.4) when the regional fractional Laplacian with p = 2 was
applied. Also, for other similar studies in this direction for time-space-fractional dif-
fusion equations, we refer to sources [ , ,
|. The study of the fractional version of the Fisher-KPP model in RY

is important since it provides a valuable framework to deal with real-world problems.
For example, solutions for the classical Fisher-KPP equation correspond to expected
values for particles moving under a Brownian process. The fractional Laplacian with
s € (0,1) serves as the operator for the generator for a stable Lévy process-a jump
process. It is plausible to anticipate that the existence of such jumps (or flights) in
the diffusion process will accelerate the progression of the invasion from the unstable
state (u = 0) to the stable state (u = 1)| |.

This chapter draws heavily on our recent work
| )

In this chapter, we examine two fractional Fisher-KPP equations, represented by

equations
w4 (A 'u=u(u—1) in QCRY te(0,00), (3.1.1)
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and
COu+ (—A)'u=ulu—1) in QCRY te(0,00), (3.1.2)

where (—Ap)(or (—A,g~)?) is the fractional p-Laplacian with p € (1,00), s € (0, 1),
and “9Y is the fractional Caputo type derivative with v € (0,1). Additionally, we

consider the initial condition
u(z,0) =up(x) in £, (3.1.3)

and the boundary condition
u(z,t) =0 in RV\Q, t>0. (3.1.4)

Although the primary concepts and tools are initially presented in Chapter 2, we
start with introducing certain concepts within the Euclidean space RY, such as the

fractional Sobolev space, the nonlinear Dirichlet eigenvalue problem, and the Poincaré

inequality.
We define the operator
A ) 2 T ju(x) — uy)P*(u(r) ~ uly) |
P e—0t {yGRNil’y*I|Z€} |$ — y|N+sp ’

which is a generalization of the fractional Laplacian for the case p = 2. One of the
motivations for using the fractional Laplacian instead of the Laplacian operator in
equation (3.1.1) is to describe anomalous diffusion processes.

We denote the fractional Sobolev space H?(€) as the completion of CS°(9) to

the Gagliardo seminorm of the form:

Ju@) = u()l?, . \? «

Definition 3.1.1. Let Q be a bounded open set in RY with N > 1, and let Hg?(9)

denote the fractional Sobolev space. For 0 < v < 1 [v = 1], we say that a function a

[l 5

function w in (3.1.2)[(3.1.1)] is a weak solution if it satisfies the equation

/QC O u(x,t)p(x)dx

o f, [ e _u%;)lpg_/mf’”_“(y’t”w(a:)—w(y))dxdy

—/Q (x,t)(u(z,t) — 1)p(x)de, (3.1.5)

for all ¢ € H3() and for pointwise almost everywhere ¢ € [0, 00).

Case v = 1 is understood as the first-order partial derivative 0;.
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For any u € C§°(2), the first (smallest) eigenvalue A = Ay, 5, corresponding to

the nonlinear Dirichlet eigenvalue problem given by

{ (—=Ap)u(w,t) = Mu(z, )P 2u(z,t)  inQ, (3.1.6)

u(z,t)=0 in RNV\Q,
coincides with the sharp constant in the Poincaré inequality for the Gagliardo semi-

norm. This inequality is defined as follows | )

|p
)\lps /|U |de< /I%N /]RN |J;_y|N+3P — 7 dx dy (317)

Here, Q2 denotes an open bounded subset of RV, 1 < p < oo, and s € (0,1) is the
fractional order of the derivative.

We introduce the eigenfunction u; € Hi?(Q2)\{0}, which corresponds to the first
eigenvalue A, (€2). We say that u; satisfies (3.1.6) weakly if it satisfies the following
equation for all ¢ € ]Tlg’p(Q):

/RN /RN lut(z) — ur (y)[P2(ur (2) — uy (y)) (p() — p(y))dedy

|z —y|Vrer
= Al,p,s(Q)/ |u |~y pd, (3.1.8)
Q
In | |, the equation (3.1.1) with the initial-boundary conditions
(3.1.3)-(3.1.4) was investigated for the regional fractional Laplacian with p = 2 and
a time-fractional derivative. However, it was shown in | , Re-
mark 2.4] and | , Theorem 1.4] that the localized Gagliardo

seminorm does not satisfy a Poincaré inequality when s < 1/p, which may require
additional restrictions on p and s. Notably, some results in this chapter also cover
the “regional” versions of the problem.

Let © C RY be an open set, and let u € C5°(2) be arbitrary. Then, there exists
a positive constant C' = C(n, s, p, 2) such that the inequality

// —uly ‘pdd <C// )‘pddy
RN xRN ’33_ ’Nﬂas Qx0 ’35— ’N+ps 7

holds for p € (1,00) and s € (1/p,1). This inequality follows from |

and can be proven by imitating the proof of | , Lemma 4|. Using this
equivalence, we can extend certain results to the regional fractional p-Laplacian case,
provided that 1/p < s < 1.

Finally, we provide a simple and useful observation.
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Lemma 3.1.2. Suppose 9(-) = min (v(+),0) for all x,y in the domain of v. Then

0 < (v(z) —v(y))(0(x) — 0(y))-

Proof. Notice that o(x) = min(v(z),0) = 1(v(z) — |v(z)]).
Suppose U :=v(x) —v(y) > 0 with U > W and W := |v(z)| — |v(y)|. Hence, we

have U? — UW > 0. Therefore, (v(z) — v(y))(0(z) — o(y)) = 2(U* —=UW) >0. O

3.2 Positivity and boundedness of the solution

In this section, we establish a positivity and boundedness result for the global solution
of the fractional Fisher-KPP equation (3.1.1) with the initial-boundary conditions
(3.1.3)-(3.1.4), assuming the existence of a unique global and bounded weak solution
to (3.1.1). We remark that a similar result was considered in | :
Theorem 3.7.1] (cf. | , Section 6.2.2]), where u admits a
unique strong solution. In contrast, we present a different approach to obtain a

global solution of the problem.

Theorem 3.2.1. Let T € (0,00) and ug € L>®(Q) satisfy 0 < up(xz) < 1. For all
(x,t) € Qx(0,T), the global solution u of (3.1.1) with the initial-boundary conditions
(3.1.3)-(3.1.4) satisfies

0 <wu(z,t) <1

Proof. To show that the solution u is non-negative, we consider the function
w(z,t) := min (u(z,t),0).

We substitute u(x,t) for ¢ in (3.1.5) with v = 1 for ¢, noting that the equality holds

pointwise almost everywhere t € [0, 00). This yields

/Qut(x,t)ﬂ(x,t)dx
n /RN /RN lu(z,t) — uly, t) P2 (u(x,t) — u(y,t))(a(x’t) iy, 1)) ddy

|z — y[Ntsp
= / u(z, t)(u(z,t) — D)a(z, t)d.
Q
Using Lemma 3.1.2, we obtain

/ / Ju(z, t) — uly, D"~ (u(z, t) — uly, 1))

|z — y| Nt

(a(x, t) —aly,t))dxdy = 0,
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which leads to the inequality
/Qut(a:,t)ﬂ(m,t)dx < /Qu(x,t)(u(x,t) — Da(z, t)dx.
Furthermore, it is easy to check that
/u(u — Dadz < —/uﬂdac. (3.2.1)
Q Q

Thus, we have

/Qut(x,t)ﬂ(a:,t)dxg —/u(x,t)ﬁ(:c,t)da:,

Q
which is equivalent to the estimate

i/Wm@wﬁm+2/hmummxgo

Since @(z,0) = 0, we can deduce that [, |a(z,t)[*dz = 0. Consequently, u(z,t) =
0, and u > 0 for (z,t) € Q x (0,T).

To show that u < 1, we use of the (anti-)invariance property of the fractional
operator, which implies that if u satisfies (3.1.5), then v := 1 — u also satisfies the

same equation. For a pointwise almost everywhere t € [0, 7], we have

/Qvt(x, t)o(x)dx

N P, 8) = 001 () — () dedy

|z — y| e
= /Qv(x,t)(l —v(z,t))p(x)d. (3.2.2)

Now, let © := min(v, 0) for a given t. Then, replacing ¢ with v in equation (3.2.2)

yields

/Qvt(x,t)ﬁ(yc,t)dx
+/RN /RN lo(z,t) — vy, P2 (v(z,t) — v(y, 1))

o — [N (0(x,t) — 0(y, ))dzdy

= /QU(:L‘,t)(l —v(z,t))o(x, t)dx. (3.2.3)

Using Lemma 3.1.2, it follows that

/ / [v(,) = vl D0, ) = 00:0) 4y oy 1))dady > 0.

|z — y| Nt
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Thus, we obtain
/f}t(x,t)@(x,t)dx < / 0(x,t)(1 — o(z,t))0(z, t)dz.
Q Q
By the assumption, the problem (3.1.1) has a unique bounded weak solution satis-
fying the initial-boundary conditions (3.1.3)-(3.1.4), we conclude that there exists a

maximum value C of |1 — 9] for (x,t) € Q x (0,7). As a result, we have

/@@@aammgc/ﬁ@@m, (3.2.4)
Q Q
and

K o?(z, t)dz — 20/ % (z,t)dz < 0.

dt Q
It implies [, 9*(x,t)dz = 0, since (z,0) = 0. Hence, 0(x,t) = 0, i.e, v < 0, and
u <1 for (z,t) € Q x (0,7). O

3.3 Asymptotic time-behavior

Theorem 3.3.1. Under the assumptions s € (0,1), p = 2, and ug € L>®(Q2) with
0 < up(z) < 1, the global solution of (3.1.1) with the initial-boundary conditions
(3.1.3)-(3.1.4) satisfies the following inequality:

lulz, )l 2@y S €2 luo| e, (3.3.1)

Here, A\125(S2) refers to the first eigenvalue of the fractional Laplacian, which satisfies
equation (3.1.8).

Proof. We start by fixing a time ¢ in (3.1.5) and setting ¢ = u(x,t) to obtain

/ut(xt ,t)dx
R

= [ v tutet) - e

By applying Theorem 3.2.1, we obtain the estimate 0 < u(z,t) < 1, and

t) —uly, )
2d / / [ulz, drdy <0, t )
2@ T fox u—|Mw vdy <0, >0

Using the Poincaré inequality (3.1.7), we get

1d
2dt

ud$+)\125 /|u Pdx <0, t > 0.
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We introduce the substitution W(t) := [, u*(x,t)dz and differentiate it with respect
to t to obtain

Wi(t) +2 X 2,(QW(t) S O.
Setting W (0 fQ ud(x)dx, we solve the differential inequality to obtain
W (t)e? 2=t < 17 (0).
Therefore, we obtain the estimate

lu(z, )20 S € 2P (@) | r20-

3.4 Blow-up solutions

Let us define H(t) = [,u(x,t)ui(x)dr, where ui(z) is the (weak) eigenfunction
corresponding to the first eigenvalue of the fractional Laplacian, such that fQ () =
1. It is known that us(x) can be chosen positive (see | , Section 3|
and | , Lemma 6]). We also use the notation Hy, := H(0).

Theorem 3.4.1. Assume that ug € L*(Q). Suppose that 1 + M\ 24(Q) < Hy. Then,
the weak solution u of the problem (3.1.1) with the given conditions (3.1.3)-(3.1.4)
blows up in finite time for p = 2. This can be expressed as H(t) — oo ast — T*,

where
Hy

T = lo .
81 Hy — 1 Maa(Q)

Proof. By using the eigenfunction u; for ¢ in equation (3.1.5), we obtain

/ut(x tuy (z)dx + /]RN /IRN |$ — |N+32/; t))(m(x) —uy (y))dzdy
= /Qu(x,t)(u(x,t) — Duy (z)dx. (3.4.1)

Using the symmetry of the Gagliardo integral in (3.1.8) with p = 2, we can simplify

the second term on the left-hand side as

1=y 1) = u(zx, t)uq (x)de
/RN /RN |x_y|N+2s (ul(x)—ul(y))dxdy)\1,275(9)/ (x,t)uy(z)d

Q

Thus, we obtain

/Q (i, ) (2)de + (M as(Q) + 1) /

Q

u(x,t)ul(x)dx:/uz(a:,t)ul(x)dx. (3.4.2)

Q
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On the other hand, by using the assumption fﬂ ui(z) = 1, we can apply the Jensen

inequality to obtain

/QUQ(x,t)ul(x)da: > (/Q u(x,t)ul(:c)dm)2 = H*(1).

Therefore, from (3.4.2), we arrive at the inequality

Hi(t) + (1 + Mas(Q)H(t) > H*(t), Hy:= /Qu(:p,())ul(x)dx. (3.4.3)

To establish a lower bound for H(t), we employ arguments from the theory of ordinary
differential inequalities. Specifically, we use the basic properties of Bernoulli-type
ordinary differential inequalities to obtain

14+ Ai25(2)
H(t) 2 T ara.@)=r

where T = log HO*+225(Q) ’ -

3.5 Positivity and boundedness of the solution: Time
fractional case

Theorem 3.5.1. Assume T € (0,00) and uy € L>®(Q) satisfies 0 < ug(x) < 1.
Then, for all (x,t) € Qx(0,T), the global solution of (3.1.2) with the initial-boundary
conditions (3.1.3)-(3.1.4) satisfies

0 <u(z,t) <1

Proof. We aim to prove that the solution w is positive and bounded by one.
Assume 4(x,t) := min (u(z,t),0) in order to prove u > 0. Using equation (3.1.5)

with 0 < v < 1, we replace ¢ with @(z,t) for a given ¢t. We obtain

/ Coru(x,t) u(x, t)ds
+ /RN /RN Jue,t) = uly, OP 2 ((@,t) = ul D) 2oy )dedy

|z — y|Ntsp

= / u(z, t)(u(z,t) — Da(z, t)de. (3.5.1)
Q
By Lemma 3.1.2; there is the non-negative term

/ / u(e,?) = uly, O 0@ D) =W, D) oy gy 1)dady > 0.

|z — y|Ntsp
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Moreover, applying Theorem 2.2.12, we have

%/ C@fff(w,t)dxﬁ/ Cou(w, t) iz, t)de
Q

< /Qu(x,t)(u(:c,t) — Da(z, t)dx (3.5.2)
< —/u(x,t)ﬁ(m,t)dx. (3.5.3)

This is equivalent to the inequality

08;’/ (2, t)dr + 2/ *(x,t)dx < 0.
Q Q
We define W (t) := [, @*(x,t)dz. Then we have
COW(t) +2W (t) <0.
We set W(t) as the solution of the differential equation
COW (t) 4+ 2W (t) = 0
with the initial condition

W(0) =W, = / @2(x)dz = 0.

Notice that 0 < W (t) < W(t) Using Theorem 2.2.13, we can easily show that
W (t) = 0. Consequently, we have Jo @ (2, t)de = 0, which implies that (x,t) = 0
and u(z,t) > 0 for all (z,t) € Q x (0,7).

Let us show that u < 1. For the fractional p-Laplacian, we employ the (anti-
) invariance property. Specifically, we observe that if u satisfies (3.1.5), then the
function v := 1 — u also satisfies the same equation. For ¢ pointwise a.e. in [0, 7], we

have the following identity
| Corvta ety
(1) — oy, I (v(z, t) — v(y, 1))
x) — dxd
R = (p(2) — ply))dedy

_/Q oz, 1)(1 — vz, 1))p(x)dz. (3.5.4)
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To simplify this expression, we replace ¢ with ¥ := min(v,0) for a given ¢. This

yields

/ o v(x, t)0(x, t)dx
v(z,t) —v(y, )P~ (v(z, t) — v(y,1))
Lot

& — [N (0(x,t) — 0(y, ))dzdy

= / u(z,t)(1 — u(z, t))o(x, t)d, (3.5.5)
Q
Using Lemma 3.1.2, we obtain

/ / o, t) = vly, D@8 = 0w, D) 0y oy 1)) dady > 0.

|z — y| N

As a consequence, we claim that
/ Coi(x,t) 0(x, t)dr < / 0(x, t)(1 — 0(z,t))0(z, t)d.
Q Q

Since problem (3.1.2) with the given initial-boundary conditions (3.1.3)-(3.1.4) has a
unique bounded weak solution, we know that for (z,t) € € x (0,7, there exists a
constant K such that |1 — 0| < K.

By applying Theorem 2.2.12, we get

1

c
5/ o v*(z, t)dx S/ 0 v(x, t)o(x, t)dx < K/fﬂ(m,t)dm, (3.5.6)
Q Q Q

and
C’au ~2 ~2
; /v (x,t)dx—?K/v (x,t)dx <0.
0 Q

By a similar argument as above, we deduce that [, 0*(x,t)dz = 0 since 9(z,0) = 0.
This implies that o(z,t) = 0, and therefore u(x,t) <1 for (z,t) € Q x (0, 7).
Hence, we have shown that 0 < u(z,t) <1 for all (x,t) € Q x (0,7T). O

3.6 Asymptotic time-behavior: Time fractional case

In this section, we present the large-time behavior of the global solution to (3.1.2)

under certain assumptions. The following theorem presents our main result:

Theorem 3.6.1. Let s € (0,1) and p = 2. Assume that uy € L>®(Q) with 0 <
uo(z) < 1. Then, the global solution of (3.1.2) subject to initial-boundary conditions
(3.1.3)-(3.1.4) satisfies the estimate

u(x, )| 2 < By (—=2A12,s(D)) [Juo ()| L2 ()
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Here, A1 24(§2) denotes the first eigenvalue of the fractional Laplacian on the domain
Q, and E, is the Mittag-Leffler function.

Proof. We start by fixing ¢ in (3.1.5) and setting ¢ = u(x,t). This gives us

/Ca” (2, 1) ulz, t)dx

P[] D e sl 0)

—/Q () (i, >—1>dx

Since 0 < u(z,t) <1 (by Theorem 4.2.1), we have

10 u(y,t)?
o | uid " dady <0, t > 0. 3.6.1
ot fo L PR <o o

Using the Poincaré inequality (3.1.7), we obtain

1
3 Cat”/ u?dx + Alvg,s(Q)/ lu|?dx <0, t > 0. (3.6.2)
Q Q
We introduce the substitution U(t) := [, u*(x,t)dz to obtain
COrU(t) +2 M2 (QU(t) S0,

~Y

and

U(0) = / 2(2)da.
Q
Note that U(t) < U(t), where U(t) is the solution of
COHUt) + 2 M2, QU(t) =0

with

U0) = U = /Q w2 (z)da.

We can solve the above differential inequality explicitly to obtain an upper bound for

U(t). In fact, using Theorem 2.2.13, we get the solution
U(t) < UoB, (—2M2.4t")
where F, is the Mittag-Leffler function. Therefore, we conclude that

Hu(x t)HLQ < E ( 2)\1’275#’) HUO({E)HLQ(Q) (363)
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3.7 Blow-up: Time fractional case

As previously defined in Section 3.4, let W (t) := fQ u(z, t)ui(x),dz, where Wy =
W(0), and uy(x) denotes the (weak) elgenfunctlon Correspondmg to the first eigen-
value of the fractional Laplacian. Note that [, ui(z) = 1, and u;(x) can be chosen to
be positive, as shown in | , Section 3| and | , Lemma
6].

We state the following theorem regarding the blow-up of the solution to problem
(3.1.2) for p = 2 with the initial-boundary conditions (3.1.3)-(3.1.4).

Theorem 3.7.1. Assume that ug € L*(Q). If 1 + M\2s(Q) < W, then the weak

solution u to problem (3.1.2) blows up in a finite time.

Proof. We multiply both sides of equation (3.1.2) by the eigenfunction w;, integrate

over {2, and obtain

/ Coru(x, t)u (x)dx + /RN /RN \x = ‘Ngs’ t))(m(x) —uy(y))dzdy
= /Qu(:x,t)(u(x,t) — Duy(x)dx. (3.7.1)

Using equation (3 1.8) with p = 2, we can take

/RN /RN |g: ) _|;\f+i’t)) (ur(z) — ur(y))dedy = M 2,5(Q2) / w(z, yu (z)dz

Q

Therefore, we have

/Q C oV u(, tyu (2)da+ (Mo s () +1) /

Q

u(x,t)ul(x)dx:/u2(x,t)u1(x)dx. (3.7.2)

Q

Since [, u1(z) = 1, the Jensen inequality yields

/Quz(x,t)ul(a:)daz > (/Qu(az,t)ul(x)dx)z = W?2(t),

where W (t) = [, u(x,t)us(x)dz. Hence, we have

COMW(E) + (14 Man( Q)W (E) > W), W 1= /Q e, O (@)de.  (3.7.3)

Without loss of generality, we define W (t) = W(t) — (1 + Ars,). We can then

express the differential inequality as

COPW (t) = W (¢) (W(t) Tl Am,s) > W)W () +1). (3.7.4)

Since we have assumed 1+ A; 5 < Wy, it follows that /I/IV/(O) =Wy—(14+m) > 0.
By applying Theorem 2.2.11, we can conclude that the solution of the differential
inequality (3.7.4) will blow up in a finite time. O
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Remark 3.7.2. Theorems 3.2.1 and 3.5.1 can be extended to the case with a general
Fisher-KPP type nonlinearity. Specifically, instead of the special nonlinearity u(u—1)

one may consider more general nonlinearity, for instance, some convex function f(u)

with £(0) = f(1) = 0.
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Chapter 4

Fisher-KPP equation in fractional
Sobolev spaces

4.1 Introduction

In this chapter, we present results in the study of the fractional Fisher-KPP equa-
tion involving fractional p-sub-Laplacian operators on stratified groups, where the
solution wu of the given problem is defined on fractional Sobolev space. This study is
important in theoretical (see, e.g., | , |) and applied
mathematics, such as mathematical models of human vision and crystal material (see,
for example, | , |). However, despite its relevance,
research in p-sub-Laplacians is limited. Note that the general approach established on
stratified groups allows one to get insights also in the commutative groups. Moreover,
the results obtained in the setting of stratified groups can be equally used for both
elliptic and subelliptic problems | |.

The achievement of this chapter was unreachable until its recent publication
[ |. The theorems derived by the authors are employed as tools
in the derivation of the results presented herein. Furthermore, this chapter can be
considered a natural extension of the previous chapter.

In this chapter, we investigate the fractional type of the Fisher-KPP equation
u~+ (—A,g) u=uu—1) in QCG,t>0, (4.1.1)

with the fractional p-sub-Laplacian (—A, )’ introduced in Definition 2.1.22, where
s € (0,1), p € (1,00). We also consider the same problem with the Caputo time-

fractional derivative d; of order 0 < v < 1 of the form

CoOu+ (—Apg)’u=ulu—1) in QCG,t>0. (4.1.2)

47



The initial condition for the problem is given by
u(z,0) =ug(x) in €Q, (4.1.3)
while the Dirichlet boundary condition is provided by
u(z,t) =0 in G\Q,t € [0,00). (4.1.4)

Definition 4.1.1. Let €2 be a bounded open set of a stratified group G. We denote
by HgP () the fractional Sobolev space introduced in Section 2.1.5. Given 0 < v < 1
[v = 1], a function w of (4.1.2) | (4.1.1)] is said to be a weak solution if it satisfies the
following equation for all ¢ € Hi?(2) and pointwise ¢ € [0, 00):

c
/Q Oy u(x, t)p(x)dx
S R EC BT F

’yil o x|Q+ps
= / u(z, t)(u(z,t) — 1)p(z)dx (4.1.5)
Q
where () is the homogeneous dimension of G and case v = 1 stands for the first-order

partial derivative 0.

4.2 Positivity and boundedness of the solution

Theorem 4.2.1. Assume u is a bounded global solution of (4.1.1), and T € (0, c0).
Let ug € L>®(Q2) such that 0 < ug(z) < 1. Then, the global solution of the problem
(4.1.1) with the given conditions (4.1.3)-(4.1.4) satisfies

0 <u(z,t) <1
for all (z,t) € Q x (0,7).
Proof. To show that u > 0, let us define @(z,t) := min(u(z,t),0). By putting @ for
¢ in equation (4.1.5), we obtain
/Qut(x,t)ﬁ(:z:,t)dx
] e ) V) ),
GxG

|y_1 o x|Q+ps

_ /Q w(z, ) (ulz, t) — 1)z, t)d. (42.1)
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Using Lemma 3.1.2, we conclude that the second term on the left side is non-negative.

Consequently, we get

/Qut(x,t)ﬂ(x,t)dx < / w(z, t)(u(z,t) — )a(x, t)dx

< /Q w(e, By, £)da. (4.2.2)

Therefore, we have
/ut(x,t)vl(x,t)d:l:—l— / u(z, t)a(z, t)dx <0,
Q Q

which is equivalent to

i/ |1l(a:,t)|2da7—|—2/ |ti(z,t)2dz < 0.

Using the same method as in Chapter 3, we introduce the substitution

K(t) ::/Q|ﬂ(m,t)|2dx,

with

K(0) = / tizdr = 0.
Q

It follows that @(x,t) = 0 and u > 0 for (x,t) € Q x (0, 7).
To show that u < 1, we commence by observing that if u satisfies (4.1.5), then the
function v := 1 — u satisfies the same equation due to the (anti-) invariance property.

Then, we have

/Qvt(x,t)gp(x)dx
= o) ol 0)et) =l

o7

= / v(z,t)(1 —v(z,t))e(x)de. (4.2.3)
Q
We then substitute v := min (v, 0) for ¢ and obtain

/Qvt(:v,t)ﬁ(x,t)dx
N R O A U R

|,y_1 o x|Q+ps

_ /Q o(a, (1 — v(z, )iz, )dz. (4.2.4)
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By utilizing Lemma 3.1.2, it becomes evident that the second term on the left-hand
side of equation (4.2.4) is positive. Therefore,
/vt(x,t)@(x,t)dx < / v(x,t)(1 — v(z,t))o(z, t)dz,
Q Q
and 1 —v(x,t) < L, we have

/ Oz, t)0(x, t)dr < L/ o?(z, t)dz. (4.2.5)
Q Q
Moreover, this is equivalent to

d

— | ¥*(x, t)dx — 2L/ (2, t)dz < 0.

dt Q

Using the initial condition o(x,0) = 0, we get [, 0*(x,t)dz = 0. Consequently,
0(x,t) =0 and u < 1 for (z,t) € Qx (0,7, which yields u < 1 for (z,t) € Q2 x (0,T).
Overall, we have 0 < u < 1. This completes the proof. O

4.3 Asymptotic time-behavior

Theorem 4.3.1. Suppose u is a bounded global solution of problem (4.1.1). Let
uy € L>®(Q) and 0 < up(z) < 1. For s € (0,1) and p = 2, the global solution of
(4.1.1) subject to conditions (4.1.3) and (4.1.4) satisfies the estimate

lu(z, )l z2@) S €92 D Jup(2) | 2. (4.3.1)
Here, \g2.5(2) denotes the eigenvalue of the Poincaré inequality (2.1.16).

Proof. By fixing ¢ in (4.1.5) and setting ¢ = u(a:, t), we have

u(y,t))?
ug(x, t)u(x,t) dm+// dxd
/ ( oG 1ox‘Q+2s Y

= / u(z,t)(u(x,t) — 1)u(93,t)d:1:. (4.3.2)
)
Therefore, it follows that
2dx+// uly, I dxdy < 0,t >0, (4.3.3)
th GxG -1 O:lj‘|Q+2S

since 0 < u(x,t) <1 (by Theorem 4.2.1).
Using the Poincaré inequality provided in Section 2.1.6, for the value Ag 2 +(£2) > 0
n (2.1.16), we get

1d

337 v+ haa.(0 /|u )2z < 0, > 0. (4.3.4)
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To solve the inequality, we make the substitution W (t) := [, u*(x,t)dz. This yields

W, (t) + 2 A2 (QW(t) < 0.

~Y

Therefore, we have
W (t)e? 2D <717 (0).

Finally, we obtain
lu(z, )2y S e 22D ug(2) [ 20 (4.3.5)

4.4 Blow-up solution

We consider the function H(t) := [, u(x,t)us(x)dx, where uy(z) is the weak eigen-
function corresponding to the ﬁrst eigenvalue of the fractional p-sub-Laplacian prob-
lem in (2.1.15), with the assumption [, ui(x) = 1, and Hy := H(0).

Theorem 4.4.1. Assume that ug € L*(). If 1 + M 25(Q) < Hy, then the weak
solution u of the problem (4.1.1) with conditions (4.1.3)-(4.1.4) for p = 2 blows up in

the finite time
1

T Ass(Q)
in the sense that H(t) — oo.

Hy
Hy— (14 Ma2s(Q)|’

log

Proof. We use the eigenfunction u; instead of ¢ with the special case p = 2 in equation
(4.1.5) to get

/w(m tuy (z)dx + //GXG (z,1) |y<‘1 o)i:iQ+(2f) — ul(y))d:vdy

_ /Q (2, 0) (ul, t) — Dy (). (4.4.1)

Setting ¢ = u;, p = 2, and using the first eigenvalue A = A; in equation (2.1.14), we

have

/ /G B u(z, ) (_1 o)>x(|Q+(Qf) —ul(y))d;cdy = A\12.5(Q) / w(z, tuy (v)de, (4.4.2)

| Yy Q

which yields

/Q (i, ) (2)de + (Mas(Q) + 1) /

Q

u(x,t)ul(x)dx:/uz(a:,t)ul(x)dx. (4.4.3)

Q
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Furthermore, from the Jensen inequality and the fact that [,ui(z) = 1, it follows
that

/ﬂuQ(a:,t)ul(x)dx > (/Q u(m,t)ul(x)dx)2 = H*(t).

Consequently, we can express equation (4.4.3) as

Hy(t) + (1 + M\as(Q)H(t) > H*(t), Hy:= /Qu(x, 0)uy (z)dz. (4.4.4)

The last part of the proof involves using the basic properties of Bernoulli-type ordinary
differential inequalities, which allows us to obtain an estimate for H(t). Specifically,

we have

14+ A25(92)
H(t) 2 T i@ =)

where T* is defined as
Hy

HO -1 )\172’S<Q) ’

T =log

O

4.5 Positivity and boundedness of the solution: Time
fractional case

In this section, we prove the positivity and boundedness of the global solution u to
problem (4.1.2), with initial-boundary conditions (4.1.3)-(4.1.4).

Theorem 4.5.1. Suppose u is a bounded global solution of (4.1.2), and T € (0, c0).
Let ug € L*(Q) satisfy 0 < ug(x) < 1. Then, the global solution of problem (4.1.2)
satisfies

0<u(z,t)<1

for all (x,t) € Q x [0,T].

Proof. First, we define a(z,t) := min (u(z,t),0) to show that u > 0. Plugging the
function @ instead of ¢ in equation (4.1.5) for a given ¢. Taking into account that the

equality holds for ¢ € [0, 00) pointwise almost everywhere, we obtain

Acﬁfu(x,t)ﬂ(x,t)dx
) e )~ sl D) )

|y_1 o x|Q+ps

- /Q wl, ) (ulz, ) — )iz, t)d. (45.1)
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From Lemma 3.1.2, we conclude that
/ Cou(z,t) a(x, t)dr < / u(z, t)(u(x,t) — u(x, t)de. (4.5.2)
Q Q

Furthermore, it is easy to check

/ w(u — 1)iids < / il |u — 1]de < —/ | de (4.5.3)
Q Q Q

Using the fractional derivative property given in Theorem 2.2.12, we can derive the

following equivalent inequality
CE);’/ €L2(:E,t)dx—|—2/ @*(x,t)dr < 0.
Q Q
Let us define

K(t) = /9&2(33,15)61;5,

and substitute this expression into the above inequality to obtain
COVK(t) +2K(t) <O0.

Using Theorem 2.2.13, we can easily show that the solution of the differential inequal-
ity is K (t) = 0. This leads to the conclusion that u(x,t) = 0, and u(x,t) > 0.
Similarly, we can deduce that u(x,t) < 1.
Assume u satisfies the equation (4.1.5). Using the (anti-)invariance property, we

find that the function v := 1 — u satisfies the following equality

/Q Corv(z, t)p(r)dr
[o(x,t) — vy, DI (v(x, £) — v(y, 1) (e(x) — ¢ ()
—i—//GXG dzdy

|y71 o x|Q+ps

:/Qv(at,t)(l—v(x,t))gp(x)dx, (4.5.4)

We can write this equality in a more convenient form by setting ¢ := min (v, 0) for ¢,

which gives

/Qcﬁfv(x,t)f)(x,t)dx
[ o)~ 0 =)

|,y_1 o x|Q+ps

:/Qv(x,t)(l—v(m,t))@(x,t)dx, (4.5.5)
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According to Lemma 3.1.2, we can deduce that the integral in the second term is
non-negative. Otherwise, we have

// o(z,t) = v(y, )P~ (v(x, t) — v(y, 1) (0(x, 1) — 0(y. 1))
GxG

’yil o x‘Q+ps

dzdy > 0.

which yields
/Qvt(x,t)f)(x,t)dx < / v(z, t)(1 — v(z,t))o(x, t)dz.

Q
Given that u is a globally bounded solution to (4.1.2), we have |1 —v(z,t)| < L. This
leads to the inequality

/@t(x,t)f)(w,t)dx < L/@Q(x,t)d:c. (4.5.6)

Q
and therefore,

d
—/@2(x,t)d:c—2L/@2(x,t)dx§O.
dt Jo Q

This implies that [, 0*(z,t)dz = 0 since 0(x,0) = 0. Hence, 0(z,t) = 0, which means
v<0andu<1for (z,t) € Q x (0,T).
Thus, we have shown that 0 < wu < 1, which completes the proof. O

4.6 Asymptotic time-behavior: Time fractional case

In this section, we prove a theorem about the asymptotic time behavior of global
solutions to (4.1.2) with initial-boundary conditions (4.1.3)-(4.1.4), where s € (0,1)
and p = 2.

Theorem 4.6.1. Let u be a bounded global solution, and let uy € L*>(2) with 0 <
uo(z) < 1. Then, the solution satisfies

(@, 1) 2@ < By (—2Xg2.5t") lluo(x) 22 - (4.6.1)

Here, \g2.5(§2) denotes the first eigenvalue of the fractional sub-Laplacian on 2, and
E,, is the Mittag-Leffler function.

Proof. First, we rewrite the weak formulation of the problem (4.1.2) with ¢ = u(z, 1),

and obtain
/ o u(z,t) u(z, t)dr
(u(, t) —u(y, ) (u(z, t) —u(y,t))
* //(GX(G dxdy

|z —y|9F>

= /Qu2(x,t)(u(x,t) — 1)dzx.
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Using 0 < u(z,t) <1 (by theorem 4.2.1), the above equation implies

c o [ 2 u(z, t) — u(t,y)P?
0; / dx+//GXG ]m— feze> dxdy <0, t> 0. (4.6.2)

Next, we apply the Poincaré inequality (Section 2.1.6) for Ag2 (2) > 0, and t > 0:

1
5 C(?f/ u?dx + AQQ,S(Q)/ lu(z)|*dz < 0. (4.6.3)
Q 0
We define the substitution W (t) := [, u*(x,t)dz and use it to obtain the inequality
COW(t) + 2 Agas (W (L) S0,

and
W(0) := / ud(z)dx.
Q
Note that W(t) < W(t), where W(t) is the solution of the differential equation

COW () + 2 Agas(QQW(E) =0

with the condition

Using Theorem 2.2.13, we obtain
U(t) < WoE, (—2Xga4t") ,
where F, is the Mittag-Leffler function. Thus, we have

lu(z, )] L2y < By (—2X0,2,5t") |[uo(2)|[22(0), £ > 0. (4.6.4)

4.7 Blow-up: Time fractional case

Let uy(x) be the (weak) eigenfunction corresponding to the first eigenvalue A o 4(£2)

of the fractional Laplacian, and assume that [, u;(z)dz = 1.

Theorem 4.7.1. Assume that ug € L*(Q). If 1+ X1 24(Q) < [, uo(@)u(x)da =: Hy,
then the weak solution u of the problem (4.1.2) with initial and boundary conditions
(4.1.3)-(4.1.4) and p = 2 blows up in finite time.
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Proof. Substituting u; for ¢ in equation (4.1.5) with p = 2, we have

/ Coru(z, t)u (z)dz + //@x@ (@) <_1 o))xiQJr(gf) — UI(y))dxdy

|y

_ /Q w(e, ) (ulz, ) — D (2)de. (4.7.1)

Using ¢ = uy, p = 2, and the first eigenvalue A2 4(€2) = Ay in equation (2.1.14), we
obtain

//(GXG - (—1 O))x(|Q+(i) — U1(y))dxdy = A12,6(2) / u(z, t)uy (x)dx, (4.7.2)

‘ Yy Q

which yields

Coru(z, uy(z)dx 19.s
| ot i@+ uan@+1) [

Q

u(x,t)ul(x)dx:/u2(x,t)u1(x)dx. (4.7.3)

Q

Applying the Jensen inequality and using the assumption that fQ uy(x)dr = 1, we

/QUQ(x,t)ul(x)dx > (/Q u(x,t)ul(:c)dm)2 = H*(t).

In order to analyze the behavior of the solution to equation (4.7.3), we first rewrite

have

it as follows:

COH)+ (1 + Mo ()VH(t) > HA(t), Hy:= / u(z, 0)uy (z)dz. (4.7.4)
Q
Next, we make the substitution H := H + (1 +A125(€2)), where H(0) > 0. This yields
the differential inequality

Coy H(t) > H(t)(H () + 1+ Mos(Q) > H)(H(t) + 1), (4.7.5)

and using the assumption 1+ \j 2, < Hy we have ﬁ(O) =Hy— (1+Ai2s)>0.
We can now apply Theorem 2.2.11 to conclude that the solution to the differential
inequality (5.7.3) blows up in a finite time. O

Remark 4.7.2. Using the same approach as in Theorems 4.2.1 and 4.5.1, the non-linear
term u(u—1) in the Fisher-KPP models can be extended to encompass a certain class
of convex functions f(u) that satisfies the conditions f(0) = f(1) = 0.
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Chapter 5

Fractional Fisher-KKP equation on
stratified groups

5.1 Introduction

In this chapter, the main purpose is to extend the study to the limiting case as s — 1
of the fractional p-Laplacian operator (—A, ¢)® on stratified groups. This fractional
operator corresponds to the sub-Laplacian operator L (or £) when s = 1 and p = 2.
In order to establish a self-contained study, we replace the fractional Laplacian with
the generalized p-sub-Laplacian operator denoted as L£,, where 1 < p < oo. The
validity of the theorems 1.1.1-1.1.3 on stratified groups is established in the subsequent
subsections 5.2 through 5.7.

Observe that this chapter not only serves as a natural extension of Chapter 4, but
also covers the results presented in the recent publication | |.
This publication investigated the Fisher-KPP equation on the Heisenberg group and
achieved analogous theorems. Notably, the Heisenberg group is an example of strat-
ified groups, as demonstrated in Example 2.1.13.

Some specific properties that appear in this chapter can be found in Section 2.1.4,
including spectral properties of the Dirichlet sub-Laplacian problem on stratified
groups.

The significance of investigating partial differential equations on stratified Lie
groups comes from the lifting theorem presented by | |.

This chapter is an extension of our publication | |, where
we consider a similar problem with a particular case p = 2.

In this chapter, we focus on the generalized p-sub-Laplacian operator £, with

1 < p < o0. Specifically, we consider the following two equations:
u — Lyu=u(u—1), reQ, t>0, (5.1.1)
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and
COu— Lyu=u(u—1), reQ, t>0, (5.1.2)

where () is a bounded smooth domain on a stratified group G, and 0f2 is its boundary.

We assume the initial condition

u(x,0) =ug(x) with z€Q, (5.1.3)
and the Dirichlet boundary condition

u(z,t) =0, xed, t>0. (5.1.4)

We note that the term w(u — 1) is locally Lipschitz continuous, and hence, for
p = 2, the semigroup approach (see, e.g., | , Chapter 6]|) guarantees the
local (T" < o0) existence of a unique classical solution of (5.1.1). Therefore, we can

assume a bounded global solution u for the problem (5.1.1).

5.2 The positivity and boundedness of the solution

Theorem 5.2.1. Let u be a bounded global solution of (5.1.1) with initial value
ug € L>(Q) such that 0 < up(z) < 1. Then the global solution satisfies

0<u(z,t) <1, for (x,t)eQx(0,T)
with the initial-boundary conditions (5.1.3)-(5.1.4).

Proof. Let 4(x,t) := min(u(z,t),0), which satisfies problem (5.1.1). Multiplying both
sides of (5.1.1) by @(z,t) and integrating over €2, we obtain
/ t(z,t) u(z, t) dv — / (x,t) Lyu(x,t)dv = / a*(z,t) (W(x,t) — 1) dv.
Q 0 Q

We apply Theorem 2.1.16 to the second term on the left-hand side and obtain

/Q <|VGﬂ(x,t)|p*2 %ﬂ(:p,t)) (x, t)dy = _/Qa(xat)ﬁpﬂ(%t)

Since

(IVsile, )" Vi, 1)) @, 1) = [Veile, S (Xyile, ) Xyii(e, t)
= [Veilr. O > 0,
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we have
t(z,t) u(x,t) dv + |Veu(z, t)P

/ﬂt(x,t) (z,t)dv <
Q

w*(z,t) (a(z,t) — 1) dv

S—~— 5—

< —/Tf(:c,t)dv.
Q
Hence,
d [, 9
— [ @ (z,t)dv+2 | @ (z,t)dv <0,
dt Jq Q

which is equivalent to the inequality
Yi(t) +2Y(t) <0, Y(t):= / w*(x,t)dv.
Q

We can conclude that Y'(t) < 0 for all ¢ > 0. This implies that [, @*(z,t)dv = 0
for all ¢ > 0, which in turn implies that @(z,t) = 0 for all x € Q and ¢t > 0. Since
t(x,t) = min(u(z,t),0), we have u(z,t) > 0 for all x € 2 and t > 0.

To complete the proof, it remains to establish that u(z,t) < 1. We begin by
assuming v := 1 — u, and defining o = min(v(z,?),0). As before, we obtain the

following inequalities:

1
1d 172d1/+/ |VGﬁ|pdy:/6(ﬁ(1—z7))du
and L4
—— @Qdug/ﬁ(@(l—@))du

Since u is a bounded global solution, there exists a constant C' such that |1 — o] < C.

Therefore, we have
1d

2dt [,
Using a similar argument as before, we conclude that [, 9*(z,t)dv = 0, and o(z,t) =
0. This implies that 1 —u(z,t) > 0, and therefore, u(x,t) < 1. Combining the results

from the previous steps, we obtain 0 < u(z,t) < 1, as desired. O]

7 (z,t)dv < C’/ o (z, t)dv.
Q

5.3 Asymptotic time-behavior

Theorem 5.3.1. Assume that w € L>®(Q) is a bounded global solution, p = 2 and
0 < wy < 1. Then the solution of the problem (5.1.1) with the initial-boundary
conditions (5.1.3)-(5.1.4) satisfies the inequality

e, 1)z < e uo@)l| 2, ¢ > 0. (5:3.1)
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Here, A\ 5 denotes the first eigenvalue of the Dirichlet sub-Laplacian problem.

Proof. By applying Theorem 5.2.1, we have 0 < u < 1 and u(u — 1) < 0. Hence, we

get the following estimate:
ur(z,t) — Lu(z,t) <0, xz€Q, t>0. (5.3.2)

Multiplying both sides of (5.3.2) by wu(z,t) and integrating over €, Theorem 2.1.16

provides

1d

5: u du+/|VGu9§ H*dv <

Applying the Poincaré inequality, we have

d
—/uQ(x,t)dZ/+2)\12(Q)/uQ(x,t)dl/g(),
dt Jo ’ 0

We define Y (¢ f w?(z,t)dv, and Yy = [, ud(x)dv and then obtain

Y'(t) + 20 2(Q)Y () <0, for ¢>0.
Consequently, we have
Y (1) < Yoe 22,

which gives us the time behavior in L?-norm:

|u(z,t)||22(0) < 6_2A1”’(Q)’tHU0(9ﬁ)||L2(Q), t>0.

5.4 Blow-up in finite time

Let A1 2(€2) the first eigenvalue with corresponding eigenfunction w;, which we in-
troduced in Section 2.1.4, and assume that [, ui(z)dz = 1. We prove the following

theorem:

Theorem 5.4.1. Assume that ug € L*(2). Suppose that 1 + A\ o(Q) < Hy, where
Hy = [, uo(x)uy(x),dv. Then, for p =2, the weak solution u of the problem (5.1.1)
with the conditions (5.1.3)-(5.1.4) blows up in a finite time

Th = 1 lo Ho
O T T (@) P Hy - (1+ Ma(Q)
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Proof. We multiply both sides of the equation (5.1.1) by u;, integrate it over €, and

obtain

/Qut(x,t)ul(x)dl/—/Qﬁu(x,t)ul(x)du:/u(:c,t)(u(x,t)—1)u1(:c)d1/. (5.4.1)

Q

Applying Theorem 2.1.16, we get

- /Q Lu(z, ) (z)dy = — /Q (@, t) Ly (z)dy = Ay 2(Q) / w(z, )us (z)dv.

Q

Using Jensen’s inequality, we have

/QUQ(x,t)ul(:c)dx > (/Q u(:v,t)ul(x)dx)Q = H*(t),

with H(t) = [, u(x,t)ui(x)dv. Therefore, equation (5.4.1) becomes
Hi(t) + (14 M2(Q)H(t) = / w?(x, t)uy (z) dv > H(t). (5.4.2)
Q

with Hy = fQ u(z,0)uq (z)dz. Finally, using the basic properties of Bernoulli-type
ordinary differential inequalities, we obtain

14+ A2(2)
H(t) 2 T ama @)

Ho

where T* = log Ho—1-\1.2(Q)

‘ . It completes the proof. n

5.5 Positivity and boundedness of the solution: Time
fractional case

Theorem 5.5.1. Let u be a bounded global solution. Assume that ug € L>®(Q2) and
0 < ug(x) < 1 for all x € Q. Then, the solution of problem (5.1.2) with initial-
boundary conditions (5.1.3)-(5.1.4) satisfies

0<u(z,t) <1, for (z,t)€Qx(0,T).

Proof. We define u(z,t) = min(u(z,t),0), which satisfies problem (5.1.2). By multi-
plying both sides of (5.1.2) by @(z,t) and integrating over €2, we obtain

Covu(x.t) ulx v — u(x u(x V= T —
/Qam,t)w)d /ﬂ<,t>cp<,t>d / 2(2,1) (. 1) — 1) dv.

Using Theorem 2.1.16 for the second term on the left-hand side, we get
- / i, )i, )y — / (1Vsite, 02 Ga(. 1)) a(a, v
Q Q
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Using the fact that
~ Nl
(|Vgi(z, O Vi, t)) a(x,t) = |Veu(z, P Z(Xkﬂ(:zc, 1) Xpu(x,t)
k=1
= |Vgu(z,t)|P = 0,

and Theorem 2.2.12, we conclude that

%Caf/ a*(z,t) dv < / COii(x,t) u(x,t) dv
Q

Q

< /Q Cora(z,t)a(z,t) dv + |Vei(z, t)[P
_ / (2, 1) (i, 1) — 1) dv

Q
< —/QfLQ(I,t)dV.

Then
Cat”/ﬂ?(x,t)dquQ/ @*(z,t)dv <0,
Q Q

which is equivalent to the inequality
COY(H) 42V (1) <0, with Y(t) = / (. t)dv.
Q
Setting Y (t) < }7(75) and applying Theorem 2.2.13, we obtain

COY()+2Y(t)=0 with Y(0)=Y, = / @2(x)dz = 0,
Q
and

Y(t) < YoE, (—2t") = 0,
where E, is the Mittag-Leffler function. This implies that [, a*(x,t)dv = 0, and
therefore a(x,t) = 0. Moreover, u(z,t) > 0.
To show that u(x,t) < 1, we introduce the function v(z,t) := 1 — u(z,t), and de-
note by o(x,t) := min(v(x,t),0) its negative part. Similar to the previous derivation,

we obtain the inequality

1
—Ca;//@?du—f—/|V¢;,1~)|pdl/:/1~)(1~}(1—1~}))dl/.
2 Q Q Q

By the assumption, u is a bounded global solution exists. Therefore, there exists
a constant L such that |1 — o] < L. We can use this estimate to derive

1
508;’/62(:B,t)dy < L/ﬁg(x,t)dy.
0

Q
By applying Theorem 2.2.13 again, we get [, 9*(x,t)dv = 0, and hence o(x,t) = 0.
This implies that 1 — u(x,t) > 0, and therefore u(z,t) < 1.

To summarize, we have shown that 0 < u(z,t) < 1, which completes the proof. [
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5.6 Asymptotic time-behavior: Time fractional case

Theorem 5.6.1. Let u € L>®(Q) be a bounded global solution and 0 < ug < 1 be
the initial condition. Consider the problem (5.1.2) with initial-boundary conditions
(5.1.3)-(5.1.4) with p = 2. Then the solution satisfies the inequality

Hu(l‘,t)HLZ(Q) S El, (—2)\17275”) ”UQ(SIZ)”LQ(Q), (561)

where E,, is the Mittag-Leffler function, and A1 5 is the first eigenvalue of the Dirichlet

sub-Laplacian problem.

Proof. We apply Theorem 5.2.1 with 0 < u < 1, and u(u — 1) < 0. Therefore, we
obtain
COu(x,t) — Lu(x,t) <0, z€Q, t>0. (5.6.2)

Multiplying both sides of (5.6.2) by u(z, t) and integrating over 2, and using Theorem
2.1.16, we obtain

1
= C@f/ u? dv +/ |Veu(z,t)]*dv < 0.
2 Q Q
Applying the Poincaré inequality, we get
CE);’/ u?(z,t)dv + 2A172(Q)/u2(m,t)dl/ <0,
Q Q

Setting W (t) := [w?*(z,t)dv, and Wy := [, uf(x)dv, we have
0

COW (t) + 20 W (t) <0, for t>0.
Let W(t) be the solution of the equation

COW(t) + 2 A 2( QW (E) =0

with

—~

W(0) = Wy = /ng(x)dx.

such that W (t) < W(t), then by Theorem 2.2.13, we obtain
W (t) < WoE, (=2 ot")

where FE, is the Mittag-Leffler function. Thus, we obtain

Hu(x,t)HLz(Q) < El, (—2)\1’2#/) HUO(SC)”Lz(Q) (563)
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5.7 Blow-up: Time fractional case

In this section, we establish the occurrence of finite-time blow-up phenomena for the
solution of the problem (5.1.2) with p = 2, and the conditions (5.1.3)-(5.1.4), in the
time-fractional setting. Assume that A; 5(€2) is the first eigenvalue with corresponding

eigenfunction u; that satisfy (2.1.7), Here, we use the assumption [, ui(x)dz = 1.

Theorem 5.7.1. Assume that ug € L*(Q). If 14 X 2(Q) < [, uo(@)ui (), dv := H,

then the weak solution w of (5.1.2) blows up in a finite time.
Proof. We begin by multiplying both sides of (5.1.1) by u; and integrating over 2,
yielding
/ Cou(x, t)uy (x)dy — / Lu(z,t)uy (x)dv = / u(z, t) (u(z,t) — Dy (z)dv. (5.7.1)
Q Q

Q

By using Section 2.1.4 and Theorem 2.1.16, we get

_/qu(x7t)ul(x)dy: —/Qu(a:,t)ﬁul(x)du:Al,g(Q)/u(x,t)ul(x)dV,

Q
where A 2(92) > 0.

Next, we use Jensen’s inequality to obtain

/Q W2(z, )y (2)dz > ( /Q u(x,t)ul(x)dx)2 — ),

with H(t) = [, u(x,t)us(x)dv. Substituting this into (5.7.1), we have

COHE)+ (1+ N 2()VH(t) = / w?(z, t)uy (v) dv = H(t). (5.7.2)

with Hy := [, u(z,0)u; (z)dz.
We introduce the substitution H = H + (1 + Ay 2()), with H(0) > 0. Then,

(5.7.2) becomes

oy H(t) > H(t)(H() + 1+ Ais() > H(H)(H(t) + 1), (5.7.3)

We note that the assumption 14X 5(€2) < Hy implies that H(0) = Hy—(14+A;2(Q)) >
0. By applying Theorem 2.2.11, we can conclude that the solution of the differential
inequality (5.7.3) blows up in a finite time. O

Remark 5.7.2. The nonlinear part u(u—1) of the Fisher-KPP models can be extended
by employing a similar approach to that used in Theorems 5.2.1 and 5.5.1. This

extension involves the utilization of a convex function f(u), satisfying the conditions

f(0) = f(1) =0
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Chapter 6

Conclusions

Nonlocal equations with fractional Laplacians have gained significant attention in
PDE research groups, and have been used to describe complex phenomena in various
fields such as turbulence | |, elasticity | |, anomalous
transport and diffusion | , |, image processing
[ |, wave propagation in heterogeneous high contrast media
| |, and porous media flow | |.  Additionally,
the fractional Laplacian is the generator of s-stable processes, which has applications
in stochastic models such as mathematical finance | , |-

This work studies the fractional type of the Fisher-KPP problem given by
COWu+ (-Aye)’u=ulu—1) in QCG, (6.0.1)

for p € (1,00), v € (0,1], t > 0 and s € (0, 1], where the derivative in time is given by
the Caputo fractional derivative 97, and the fractional p-sub-Laplacian (—A,g)*.

The initial-boundary conditions are given by
u(z,0) = up(x), x € Q, (6.0.2)

and
u(z,t) =0, zed, t>0. (6.0.3)

The examination of the Fisher-KPP equation in the setting of stratified groups is a
crucial part of this work. Studying the mathematical models with sub-Laplacians on
stratified groups is of significant importance in theoretical (see, e.g., | ,

|) and applied fields, such as human vision and crystal material
(see, for example, | , ).

We obtained three main results, presented as Theorems 1.1.1 to 1.1.3.
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Theorem 1.1.1 is a combination of Theorems 4.2.1, 4.5.1, 5.2.1, and 5.5.1. Theorem
1.1.2 is derived from Theorems 4.3.1, 4.6.1, 5.3.1, and 5.6.1. Finally, Theorem 1.1.3
is obtained by combining Theorems 4.4.1, 4.7.1, 5.4.1, and 5.7.1.

By considering Remarks 3.7.2, 4.7.2, and 5.7.2, we can extend the applicability of
the presented approach in Theorem 1.1.1 to analyze the Fisher-KPP equation with a
certain class of convex functions f(u) with the conditions f(0) = f(1) = 0.

Our results have provided important insights into the behavior of the solutions
of the fractional Fisher-KPP equation. In particular, we have demonstrated that the
global solution’s range remains between 0 and 1 if the initial data falls within this
range. Finally, under certain conditions, we have demonstrated that the solution of
the fractional Fisher-KPP equation blows up in a finite time. These findings improve
our understanding of the behavior of solutions of fractional differential equations and

may have important implications for the application of these models in various fields.
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.1 Appendix: Fourier definition of the fractional Lapla-
cian

This review section draws on the work of Lischke | | to introduce
the fractional Laplacian, denoted by (—A)®. Here, A is the second-order partial
differential operator expressed as

0? 0? 0?

The operator (—A)?® is defined as the fractional power of (—A) to obtain a positive
operator. It serves as the negative generator of the standard isotropic s-stable Lévy
process and can be reduced to —A when s = 1.

Our objective is to construct a fractional power of the Laplacian, denoted as
(—A)®, where 0 < s < 1. To achieve this, we define the positive real powers L* of a
positive self-adjoint linear operator L = —A, where p € [—1,1].

The spectral theorem, as introduced by | |, states that for
a self-adjoint, densely defined linear operator L on a Hilbert space H with a dense

subspace D(L), there exists a projection-valued measure ¥, such that

L= / AdW
Ao (L)

on D(L) C H.

Here, U, is the unique operator-valued spectral measure associated with L, and
o(L) C R is the spectrum of L, which is the support of V.

We define the operator L of order —1 < s < 1 as the self-adjoint operator

L ;:/ ASdUs. (.1.1)
A€o (L)

To avoid negative eigenvalues in the resulting fractional operator, we use —A instead
of A. The operator A has negative eigenvalues, which makes it unsuitable for applying
the spectral theorem, typically used for positive-definite operators.

The operator L® can be extended to the Hilbert space H by continuity. Our focus
is on studying the operator L = —A on RY in the Sobolev space H = H? (RY),
equipped with the H-norm, and domain D(—A) = C§° (RN ), which is a dense sub-
space of H. This leads to the following representation for —A:

—-A = / AdVU .
o(—A)
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In the case of a regular domain €2, it is known from the work of | |
that the spectrum o(—A) only contains eigenvalues, and thus d¥, can be regarded
as a projection operator onto the eigenspace of A for each A\. From equation (.1.1),

we prove the fractional Laplacian on R as:
(—A)° = / A5 dW (.1.2)
o(—A)

In order to provide a clear definition of (.1.2), it is important to have a precise
understanding of the spectrum o(—A) in R, which consists of eigenvalues |£]? for £ €
RY and their corresponding generalized eigenfunctions e~%#. Thus, the projection-

valued measure on D(—A) can be expressed as

1

v = (2m)N

(_’ e—if-x) eif-xdg

where (v,w) = [wvwdz is the L* inner product on RY. The scaling factor 1/(2m)"
ensures that [d¥, = I, where I is the identity. Hence, the fractional Laplacian in

RY can be expressed as

s _ 1 2s U efi X ei X — —1 2s U T
(=8 ule) = gy [ () €7 = PP F ) ©)} @),

where F and F~! are the Fourier and inverse Fourier transforms, respectively. Addi-

tionally, we have
F{(=A)u} (€)= [€*F{u}(g) (-1.3)

which implies that (—A)®, defined in (.1.2), is a Fourier multiplier operator with
symbol |£[*. This generalizes the well-known Fourier multiplier property of —A.
While some authors define the fractional Laplacian as a pseudodifferential operator
using this relation | |, this approach has the disadvantage of rendering the
Fourier transform unavailable for bounded domains, although the functional calculus
approach (.1.2) using the spectral theorem can still be employed in the case of zero
boundary conditions.

The multiplier |£]** decays for —N < 2s < 0 (fractional inverse Laplacians) and
has a Fourier inverse in the distribution sense, given by F~1 {|£|**} = C(N, s)|x| 742,
where C(N,s) is a constant given by the formula mentioned in | | or
[ I I

T(s+7%)

C(N,s):m

(.1.4)
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By using the convolution property of the Fourier transform and equation (.1.3),

the fractional inverse Laplacian can be expressed as

(—=A)*u(x) = C(N, s)|z| V"2 xu(x) = C(N, s)/ Lj)”dy =: [ ou(x),
r [T — y| VT2
(.1.5)
for —1 < s < 0. This expression is well-defined for a smooth function u(z) with
sufficient decay, as explained in | | or | |. The

operator I_o¢ is known as the Riesz potential, which is a crucial tool in the anal-

ysis of linear PDEs and harmonic analysis | |. The book by Stein
| | discusses the properties of the Riesz potential, such as its LP bounded-
ness.

However, for 0 < s < 1, the derivation presented earlier is not applicable because
the Fourier transform of the symbol |£|?* does not exist even as a distribution. In
this case, it is possible to obtain a real-space formula for the fractional Laplacian
using an argument based on analytic continuation in s, as presented by Landkof

(| |). This formula is given by:

(—=A)u=C(N,s) P.V. /RN %dy (.1.6)

Here, C(N, s) is the same constant as in equation (.1.4), and “P.V." denotes the
principal value of the integral. The principal value is defined as the limit of the
integral over a ball of radius € centered at x as ¢ approaches zero. The regularization
provided by the difference u(x)—u(y) in the numerator of (.1.6), which vanishes at the
singularity, along with averaging of positive and negative parts, allows the principal

value to exist for smooth u with sufficient decay.
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