Radial symmetry and mass-independent boundedness of
stationary states of aggregation-diffusion models

by

Chelsea Bright

Submitted in fulfilment of the requirements for the degree

Magister Scientiae

In the Faculty of Natural & Agricultural Sciences

University of Pretoria

Pretoria

April 2020

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Declaration

I, Chelsea Bright declare that the thesis/dissertation, which | hereby submit for the degree
Magister Scientiae at the University of Pretoria, is my own work and has not previously been
submitted by me for a degree at this or any other tertiary institution.

SIGNATURE:

DATE: April 2020

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Acknowledgements

I would first like to thank my supervisor Prof. Roumen Anguelov for his continual
support and guidance during my MSc research. I am highly grateful for his patience
and commitment in helping me understand the topic. His enthusiasm and expertise
drove my curiosity and motivation to learn.

I would also like to acknowledge my lecturers Dr. Labuschagne and Prof. Banasiak
for teaching me necessary mathematical fundamentals during my MSc study. I would
not have arrived where I am now without the help of the devoted academic and
support staff in the Department of Mathematics and Applied Mathematics. I am also
immensely grateful to my family - my mom, dad, and brother - for supporting me
emotionally throughout my journey, helping me to believe in myself and my abilities.

Lastly, I acknowledge the financial support that has aided me in the completion of
my MSc study, namely, the the postgraduate research bursary provided by the
University of Pretoria.

© University of Pretoria



&
&

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Contents

1 Introduction
1.1 General overview . . . . . . . ...
1.2 Modelling of collective behaviour . . . . ... .. ... ... ... ...
1.3 Research questions . . . . . . .. ... ... ... ...
1.4 Aims and objectives . . . . . .. ..
1.5 Organization of the dissertation . . . . . . ... ... ... ... ....

2 Mathematical Preliminaries
2.1 Measure and Integration . . . . . . .. ... ... ... ...
2.1.1 Abstract measure spaces . . . . . . . .. ...
2.1.2 Integration with respect to a measure . . . . . .. .. ... ...
2.1.3 Lebesgue measure on RY . . . . . . . ...,
2.1.4 The Dirac measure . . . . . . . . . . ...
2.2 Some results from functional analysis . . . . . . .. ... ... ...
2.3 Definition and basic properties of convolution . . . . .. ... ... ..
2.4 Decreasing rearrangements . . . . . . . ... Lo
2.5 Steiner Symmetrization . . . . . .. ..o
2.6 Continuous Steiner symmetrization . . . . . . . ... ... ... L.

3 Model of non-local aggregation and local repulsion
3.1 Basic properties of the model . . . . . . . . ... ... ... ... ...
3.1.1 Existence . . . . ... o
3.1.2  Conservation properties . . . . . . . .. .. ... ... ... ..
3.1.3 Emergy . . . oo
3.2 Stationary states of the aggregation diffusion equation. . . . . . . . ..
3.2.1 Stationary state equation. . . . . . . .. ...
3.2.2 Stationary states for kernels with infinite support . . . . . . ..

4 Stationary states for compactly supported kernels
4.1 General setting and basic properties . . . . . .. ...
4.2 Radial symmetry property of stationary states . . . . . . ... ... ..

© University of Pretoria

=k W NN

T O OO

10
13
15
16
18
20
23

26
27
27
30
30
31
32
32



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

5 Mass-independent boundedness of stationary states 59
5.1 A theoretical upper-bound . . . . . .. ... 59
5.2 Numerical simulations . . . . . .. ... .. ... ... ... ... 61
5.3 The aggregation-diffusion equation with a time dependent attractive kernel 76

5.3.1 Numerical procedures used . . . . . . . . ... ... ... .... 80

6 Model of non-local aggregation and non-local repulsion 81
6.1 Stationary statesform =2 . . ... ... ... L. 82
6.2 Stationary states form >2 .. .. ... 0oL 84
6.3 Approximation of stationary states using the energy . . . . . . . . . .. 86

7 Conclusion and Future work 88

© University of Pretoria



&

3

A 4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Abstract

General aggregation diffusion equations have been used in a variety of different set-
tings, including the modelling of chemotaxis and the biological aggregation of insects
and herding of animals. We consider a non-local aggregation diffusion equation, where
the repulsion is modelled by nonlinear diffusion (Laplace operator applied to mth power
of the spatial density) and attraction modelled by non-local interaction. The compe-
tition between these forces gives rise to characteristic time-independent morphologies.
When the attractive interaction kernel is radially symmetric and strictly increasing
with respect to the norm in the n-dimensional linear space of the space variable, it is
previously known that all stationary solutions are radially symmetric and decreasing
up to a translation. We extend this result to attractive kernels with compact sup-
port, where a wider variety of time-independent patterns occur. We prove that for
compactly supported attractive kernels and for power in the diffusion term m > 1, all
stationary states are radially symmetric and decreasing up to a translation on each
connected component of their support. Furthermore, for m > 2, we prove analytically
that stationary states have an upper-bound independent of the initial data, confirming
previous numerical results given in the literature. This result is valid for both attractive
kernels with compact support and unbounded support. Finally, we investigate a model
that incorporates both non-local attraction and non-local repulsion. We show that
this model may be considered as a generalization of the aggregation diffusion equation
and we present numerical results showing that m = 2 is a threshold value such that,
for m > 2, stationary states of the fully non-local model possess a mass-independent
upper-bound.

© University of Pretoria
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Introduction

1.1 General overview

The formation of aggregations in nature, such as insect swarms, fish schools, animal
herds, and bacteria colonies often arise as a result of the self-organization of the
individual members of the population. This self-organization is driven by social or
sensory mechanisms of the individuals, including sight or smell. The individuals of
the group self-organize through forces such as attraction and repulsion. Attractive
forces allow for individuals to aggregate together, which pose certain benefits. Firstly,
large aggregations allow for protection against predators. In particular, more
individuals will be positioned in the interior of the group, which decreases their
likelihood of being targeted by a predator, see [38] and references therein. Secondly,
larger aggregations increase an individual’s probability of finding a mate. On the
other hand, repulsive forces play an important role in the well-being of each
individual, as it inhibits crowding and thus decreases the potential to spread a
disease. In addition, repulsive effects reduce predation, as densely populated
aggregations are known to attract predators [45].

Additionally, formation of aggregations can occur as a result of exogenous forces such
as wind, gravity, food or light sources; however, in this dissertation we will focus
mainly on endogenous forces given by attraction and repulsion. We note that at low
densities, attraction should dominate over repulsion to allow for a group to form,
while at high densities, repulsion should dominate to prevent over-crowding. Hence,
both attraction and repulsion should be density dependent with repulsion possessing
a more non-linear density dependence compared to attraction.

It has been observed that physical and biological aggregations possess certain key
characteristics, such as sharp edges and a constant internal density that does not
change as the population size increases, see [37, 38, 39] and references therein. Hence,
a requirement for a realistic model of an aggregation is that the resulting population
density should have an upper-bound that is independent of the size of the swarm,
which represents the preferred maximum density. In addition, when the swarm is
large enough, the internal density should be constant with the height equivalent to

© University of Pretoria
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1.2. MODELLING OF COLLECTIVE BEHAVIOUR

the preferred maximum density. Furthermore, as the population grows, the height
should remain constant and the spatial extent of the swarm should increase.

1.2 Modelling of collective behaviour

General aggregation diffusion equations have been used in a variety of different
settings, including the modelling of chemotaxis and the biological aggregation of
insects and herding animals, see [7, 36, 37, 42, 1]. Additionally, use of these equations
can be seen in the modelling of opinion dynamics, see [15] and references therein. The
behaviour in these settings are typically driven by long-range attraction and
short-range repulsion. The competition between these forces gives rise to
characteristic time-independent morphologies. These resulting equilibria are the focus
of this dissertation. In particular, we consider a continuum description of collective
behaviour where we analyze the evolution of the population density p(z,t) at some
location x € R? and at time ¢ > 0.

We consider the initial value problem given by the following non-local
integro-differential equation

Op=cAp™+V-(pVWxp)) zecRLt>0 (1.1)

with initial condition py € L1 (R?) N L™(R?). The local repulsion is modelled using
nonlinear diffusion with m > 1 and where ¢ is the diffusion coefficient. The non-local
attraction arises from the second term on the right, where

W p= [paW(x—y)p(y) dy. In essence, the presence of individuals at position

y € R? creates a force, proportional to —VW (x — y), that acts on the individuals
positioned at z € R?. The interaction kernel W : R — R is given and is assumed to
be radially symmetric and non-decreasing from its centre. That is, there is a function
w :[0,00) — R such that W(z) = w(||z]|) for all z € R? and o'(x) > 0, x € R,.
Thus, the interaction kernel only takes into account attractive effects.

1.3 Research questions

In this dissertation, we address the following questions:

1. For which combination of attractive and repulsive terms do we obtain
stationary solutions of Equation (1.1) with characteristics that are physically
and biologically realistic?

2. What effect does the range of interaction of the attractive force have on the
properties of the stationary solutions?

3. What mechanisms allow for the formation of patterns over time?

4. Is there a benefit in replacing non-linear diffusion with a non-local term to
model repulsion?

© University of Pretoria
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CHAPTER 1. INTRODUCTION

1.4 Aims and objectives

In this dissertation, we aim to present a mathematical model of collective behaviour
based on interactions between group members, which results in pattern formation
that is realistic to aggregations in nature. Furthermore, we extend this model to
incorporate terms modelling the group’s interaction with its environment as well as to
incorporate interaction kernels that are dependent on both time and space.

Our first main result in this work is that, for m > 1 and the case where w’ has
bounded support, a stationary solution of (1.1) is radially symmetric and decreasing
up to a translation on each connected component of its support.

Our second main result is that for m > 2 the stationary states have an upper-bound
independent of the initial data for both cases of w’ with bounded and unbounded
support. This is a notable characteristic of the model as it is a natural property of
physical and biological aggregations, where individuals will aggregate together up to
a maximum density and no further. The value of the diffusion coefficient m plays a
key role in the emergence of this boundedness, where m = 2 is a threshold. More
precisely, we prove analytically that for m > 2 we obtain boundedness of stationary
states independent of the initial data, while for m < 2 the maximal density grows
with the total mass fRd po(x) dzx. This boundedness property for the special case of
m = 3 is shown numerically in [42].

1.5 Organization of the dissertation

This dissertation is made up of seven chapters. In Chapter 2, we provide some
mathematical preliminaries from measure and integration theory, functional analysis
and the theory of decreasing rearrangements, which will be used for analysis and
proving the results in later chapters. In Chapters 3, 4, and 5, we provide a theoretical
analysis of Equation (1.1), which incorporates non-local aggregation and diffusion.
We first provide a summary of the results obtained in the existing literature in
Chapter 3, which includes existence and basic properties of solutions and stationary
states of (1.1).

In Chapter 4, we present our first main result of this dissertation, namely, the radial
symmetry property of stationary solutions to (1.1) for a compactly supported
attractive kernel. In Chapter 5, we prove the existence of a mass-independent
upper-bound for m > 2, where there is no restriction on the support of the attractive
kernel. Furthermore, we present numerical simulations which support these
theoretical results and illustrate how patterns can be formed by considering a
compactly supported interaction kernel as well as an interaction kernel that is
dependent on both space and time.

In Chapter 6, we present a model incorporating both non-local attraction and
non-local repulsion, where the range of interaction of the repulsive kernel is less than

4
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1.5. ORGANIZATION OF THE DISSERTATION

that of the attractive kernel. We first provide a summary of results of the model
obtained in the existing literature. We then present numerical simulations of
stationary solutions and compare our numerical results with the results obtained for
stationary states of Equation (1.1). In addition, we show that for m > 2 we are able
to derive a mass-independent upper-bound for stationary solutions of the fully
non-local model using its corresponding energy functional. We conclude the
dissertation in Chapter 7 and outline possibilities for future work that build upon the
results presented here.

© University of Pretoria
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2

Mathematical Preliminaries

In this chapter we provide the mathematical background needed to prove the results
given in the chapters that follow. In Section 2.1, we provide some mathematical
preliminaries on measure and integration theory, which follows mostly from the book
[2]. In Section 2.2, we introduce some concepts from functional analysis, based
mainly on the book [11], and in Section 2.3, we provide some basic properties of the
convolution function from [32].

Furthermore, in Section 2.4, we give an introduction on decreasing rearrangements
and their basic properties. We then use the theory introduced in Section 2.4 to define
the Steiner symmetrization of a set or function in Section 2.5. Finally, in Section 2.6,
we use the concept of Steiner Symmetrization to define the continous Steiner
symmetrization of a set or function, which is a necessary tool in proving the results
given in the subsequent chapters. The last three sections of the chapter follow mostly
from the books [30] and [35].

2.1 Measure and Integration

We now provide some relevant definitions and theorems from measure and integration
theory. We begin by introducing the basic notion of a measure space and then
introduce some useful results on integration with respect to a measure. This
background allows us to give an appropriate introduction to integration with respect
to the Dirac measure and the Lebesgue measure on R?, which plays a role in the
development of the theory in Sections 2.4, 2.5, and 2.6. This theory is necessary to
obtain the properties of solutions to Equation (1.1), including the radial symmetry
property and the compactness of the support for stationary solutions.

2.1.1 Abstract measure spaces

Definition 2.1 (o-Algebra). A class X of subsets of a set X is called a o-algebra if
X € X and the class is closed under the formation of countable unions and of
complements.

© University of Pretoria
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2.1. MEASURE AND INTEGRATION

Remark 2.1. If we consider the class to be closed under the formation of finite
unions, the class is known as an algebra.

Theorem 2.2. [2] Let A be a class of subsets of a set X. Then there exists a smallest
o-algebra S, containing A, such that S is called the o-algebra generated by A.

Definition 2.2 (Borel o-Algebra). The o-algebra, denoted B, generated by the class
of intervals of the form [a,b) is known as the Borel o-algebra. Its members are called
the Borel sets of R.

Definition 2.3 (Measurable space). Let X be a set and let 3 be a o-algebra over X .
Then the pair (X,Y) is a measurable space. If E € ¥, then E is called a measurable
set.

Definition 2.4 (Measure). A measure p: % — [0,00] is a function defined on a
o-algebra ¥ with the following properties:

1. u(0) =0.

2. If {E,}2 is any sequence of disjoint measurable sets, that is E; N E; =0 for
any E; # E;, we have that

PJ(U E,) = ZU(EH)

Example 2.1. Some examples of measures defined on R? include:
1. The Lebesgue measure, (see Subsection 2.1.3).
2. The Dirac delta-measure, (see Subsection 2.1.4).

Definition 2.5 (Measure space). If X is a set, ¥ is a o-algebra over X, and
p X — [0,00] is a measure on X, then the triple (X, %, p) is called a measure space.

Definition 2.6 (Almost everywhere). If a property holds except on a set of measure
zero, then it holds almost everywhere, abbreviated a.e.

2.1.2 Integration with respect to a measure

Let (X, S, 1) be a measure space. For the development of the theory, we first define
the integral of a non-negative simple function, where a simple function is defined as
follows:

Definition 2.7 (Simple function). A function g : X — [0,00) is a simple function if
it takes only finitely many distinct values aq, ..., a, and is defined by

g0) = > axa (),
i=1
where the sets A; = {x € X : g(x) = a;} are measurable.

7
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CHAPTER 2. MATHEMATICAL PRELIMINARIES

Definition 2.8 (Integral of a simple function). Let g : X — [0,00) be a non-negative
simple function. Then the integral of g with respect to i is defined by

n
/9 dp =Y aip(A;).
i=1
We now define what it means for a non-negative function to be measurable, in order

to obtain the definition of its integral.

Definition 2.9 (Measurable function). Let f be a real-valued function defined on a
measurable set E. Then f is a measurable function if, for each o € R, the set
{z € E: f(z) > a} is measurable.

We note that measurable functions are closed under addition and multiplication, as
proved in [2].

Definition 2.10 (Integral of a non-negative function). Let f : X — [0, 00] be a
non-negative measurable function. Then the integral of f with respect to p is defined

by
[ fdu=sup{[gdu: g is a non-negative simple function, g < f}.

Now, that we have defined the integral of a non-negative function with respect to a
measure i, we can define what it means for a non-negative function to be integrable
with respect to p.

Definition 2.11. A function f: X — [0, 00| is integrable if it is measurable and
[ fdu < .

In the theorems that follow, we provide some of the basic properties of the integral of
a non-negative function, relevant for the results given in later chapters.

Theorem 2.3. [2] Let f and g be non-negative measurable functions.
(@) If f < g, then [ f du < [g dp.
(b) If A is a measurable set and f < g on A, then [, f du < [, g dpu.

(c) Ifa>0, then [af du=a [ fdu.
(d) If A and B are measurable sets and A C B, then [, f du < [, fdpu.
Theorem 2.4. If f : X — [0, 00] is measurable, then

u({xeX:f(x)za})S%/fdu, for all a > 0.

Proof. Fix a > 0. Then, since ax{s>q1(z) < f(z) for all z € X,

onl{e € X fle) 2 ah)=a [ xipsy du < [ £ dn

by Theorem 2.3. O]

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

2.1. MEASURE AND INTEGRATION

Corollary 2.5. Suppose f : X — [0,00] is measurable. If [ f du =0, then f =0 a.e.
Proof. Assume [ f du = 0. By Theorem 2.4, we have that

,u({xEX:f(a:)Za})S%/fd,uzO, for all a > 0.

Hence, since pu(E) > 0 for any E € S, by definition, it follows that
pu{x e X : f(x) >a}) =0, forall a > 0.
Therefore, f =0 a.e. [

Theorem 2.6. [2] Let f, : X — [0,00] be a sequence of non-negative measurable
functions. Then,

Theorem 2.7. [2] Let f : X — [0,00] be a non-negative measurable function. Then,
there exists an increasing sequence of simple functions g, such that g, T f pointwise

as n — oo and
/fdu: lim /gndu.
n—oo

We have now given the definition of the integral of a non-negative measurable
function and have outlined some of its relevant properties. However, it is still
necessary to extend the definition of integrability to any measurable function.

In order to do this, we consider a real-valued function f defined on X and define
fT(x) = max(f(x),0) and f~(z) = max(—f(x),0). It is easy to see that f = fT — f~
and |f| = f* 4+ f~. Furthermore, by the definition of a measurable function, we have
that f is measurable if and only if f* and f~ are measurable. Hence, we are able to
define an integrable function on X as follows:

Definition 2.12. Let f : X — R be any measurable function. If [ f* dp < co and
J [~ dp < oo, then f is integrable and

[tan=[5 du= [ 1 an

Definition 2.13. If E is a measurable set, f is a measurable function, and xgf is
integrable, then f is integrable over E and [, f du= [ fxs dpu.

Remark 2.8. We note that, since |f| = f* + f~, we have that f is integrable if and
only if | f| is. We denote the class of functions integrable with respect to u by

LY(X, ). If X =R and p is the Lebesgue measure, then we write L'(R).
Furthermore, we denote the set of non-negative integrable functions with respect to
the Lebesgue measure on R by L! (R).

Definition 2.14. For p > 0, we define LP(X, ) to be the class of measurable
functions {f : [|f|P dp < oo}.

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 2. MATHEMATICAL PRELIMINARIES

2.1.3 Lebesgue measure on R

In this subsection, we provide an introduction to the Lebesgue measure on R?. We
first give a definition of the Lebesgue measure on the real line and then extend this
definition to define the Lebesgue measure on RY.

The Lebesgue measure on R

Definition 2.15 (Lebesgue outer measure). Let ¢(I) denote the length of the interval
1. Then, the Lebesgue outer measure of a set is given by

m*(E) = inf { Zﬁ([n) ' EC U I, and I,, = (an,by,),n > 1},
n=1 n=1

Definition 2.16 (Lebesgue measurable set). The set E is Lebesque measurable if, for
each set A, we have

m*(A) =m (AN E)+m" (AN E°).

We denote by M the class of Lebesgue measurable sets, which is a o-algebra, as
proved in [2]. We recall the notation of the Borel o-algebra given by B. We see that,
by properties of a o-algebra, B is generated by the class of open intervals and open
sets. Additionally, we have the following useful theorem:

Theorem 2.9. [2] Every Borel set is measurable. That is, B C M.
We now outline some properties of the Lebesgue outer measure on the real line.

Theorem 2.10. [2] Given sets A, B C R, the Lebesgue outer measure has the
following properties:

1. m*(A) >0 and m*(A) < m*(B) if AC B,
2. m*(0) =0 and m*({z}) =0 for any x € R,

3. For any sequence of sets {E,}52,
m*([J E.) <) m*(E,).
n=1 n=1

Theorem 2.11. [2] If {E,}>°, is any sequence of disjoint measurable sets, that is
E;NE; =0 for any E; # E;, we have that

m ([ JE.) =) _m*(E,).

Remark 2.12. If E is a Lebesgue measurable set we write m(E) := m*(E), where m
denotes the Lebesgue measure and is defined on the g-algebra M of Lebesgue
measurable sets.

10
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2.1. MEASURE AND INTEGRATION

Example 2.2. (R, M,m) is a measure space, where M denotes the class of all
Lebesgue measurable sets and m denotes the Lebesgue measure, defined for all sets

Ee M.
Definition 2.17. For any sequence of sets {E,}2,

JirgoinfEn = D ﬁ E,,

n=1m=n
and

lim sup E,, = ﬁ G E,..

n—oo
n=1m=n

By Definition 2.17, we have that lim,,_, . inf £, C lim,,_., sup F,. If equality holds,
then the set is denoted by lim,,_,, F,. Furthermore, it is easy to see that if

E, C Ey, C ..., then lim, ,o F,, = U2 E, and if B} D Ey D ..., then

limy, oo B = N0, B,

Theorem 2.13. [2] Let {E,}°, be a sequence of measurable sets. Then,
a) If By C Ey C ..., we have that m(lim,, o E,) = lim,,_,.. m(E,,).

b) If By, D Ey D ... and m(E,) < oo for each n € N, we have that
m(lim, o0 ) = lim, 0o m(E,).
Lastly, we state the following theorem regarding a Lebesgue measurable function

defined on R, which will be used in the development of the theory in Section 2.4.

Theorem 2.14. [/1] A monotone increasing function is Lebesque measurable.

The Lebesgue measure on R?

We now use the definition of the Lebesgue measure on the real line to construct the
Lebesgue measure on R, In order to do this, we first need to define what it means
for a measure to be ¢ - finite and complete.

Definition 2.18 (o - finite measure). Let (X, S, u) be a measure space. If there
exists countably many sets Ey, Es, ... € S such that u(Ey) < oo for each k and
X = U, Ey, then u is a o-finite measure and (X, S, 1) is a o-finite measure space.

Definition 2.19 (Complete measure). If, for E € S, F C E and pu(E) = 0, we have
that F € S, then 1 is a complete measure and (X, S, 1) is a complete measure space.

Example 2.3. [2] The measure space (R, M, m) is o-finite and complete.

Suppose p is a measure, defined on a g-algebra S, that is not complete. This measure
may be extended to a complete measure by adjoining to & the subsets of the sets
E € S where p(E) = 0. This is outlined in Theorem 2.15, which is used to construct

the Lebesgue measure on RY. We denote the symmetric difference of two sets A, B by
AAB, where AAB = (A — B)U (B — A).

11
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CHAPTER 2. MATHEMATICAL PRELIMINARIES

Theorem 2.15. [2] Let 1 be a measure on a o-algebra S. Let E and N be any sets
such that E € § and N s contained in some set in S of zero measure. Then the class
S of sets of the form EAN s a o-algebra and [i, defined by i(EAN) = u(E), is a
complete measure on S.

In order to construct the Lebesgue measure on RY, we must give the definition of a
product measure. We first introduce some necessary preliminaries.

Definition 2.20. If X and Y are spaces, then the product space X XY 1is the space
of ordered pairs {(x,y) :x € X,y € Y}.

To define measures on X x Y we assume that (X,S) and (Y,.A) are measurable
spaces.

Definition 2.21. A space Q) C X XY 1is called a rectangle if there exists A C X and
B CY such that Q2 = A x B. Furthermore, we say that a space A x B in X XY is a
measurable rectangle if A € S and B € A.

We denote S x A to be the o-algebra generated by the class of measurable rectangles.
Furthermore, we denote (X x Y, S x A) to be the product of the measurable spaces
(X,S) and (Y, A).

Now, if £ C X x Y, we define the sets E, :={y : (z,y) € £} and

EY :={z: (z,y) € E}, known as the x-section and y-section of the set E,
respectively. The following theorem states that if the set E is measurable then the
x-section and y-section of E are also measurable.

Theorem 2.16. [2/ If E € S X A, then for each x € X andy €Y, E, € A and
EY e S.

Similarly, for a function f defined on X x Y, we define the z-section of f by
fx(y) = f(x,y), for a fixed x € X and the y-section of f by f,(x) = f(x,y), for a
fixed y € Y. We say that a function f : X — Y is S-measurable if the set

{re X :f(x)e E} € Sforall E € A. As aresult of Theorem 2.16, we have the
following theorem, given a measurable function f on X x Y:

Theorem 2.17. [2] Let f be an S X A-measurable function on X XY . Then, for
each x € X and y € Y, we have that f, is A-measurable and f, is S-measurable.

We now introduce the main theorem that is used to define the product measure on
the o-algebra S x A.

Theorem 2.18. [2] Let (X,S, p) and (Y, A,v) be o-finite measure spaces. For
VeSxA, letop(x) =v(V,), and Y(y) = u(VY), for each x € X, y € Y. Then ¢ is

S-measurable, 1 is A-measurable, and

A¢w:£ww
12
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2.1. MEASURE AND INTEGRATION

As a result of Theorem 2.18, we can define the product measure ;4 X v on § x A as
follows:

Definition 2.22. Let (X, S, ) and (Y, A,v) be o-finite measure spaces. Then, the
product measure X v on S x A is given by

V) = [ ot du= [ ) av

Y
for each V€S x A.

We now have all the tools necessary to construct the Lebesgue measure on R
Indeed, since (R, M, m) is a o-finite measure space, we can apply Theorem 2.18 to
define the product measure m x m on M x M in terms of Definition 2.22.
Furthermore, using Theorem 2.15, we can form the completion of the product
measure m X m, which we define to be the Lebesgue measure on R2.

Definition 2.23 (Lebesgue measure on R?). The completion of the product measure
m x m on M x M is the Lebesgue measure my on R%. Furthermore, My denotes the
class of Lebesgue measurable sets that are measurable with respect to ms.

Now, using induction, we are able to define the Lebesgue measure on R? as follows:

Definition 2.24 (Lebesgue measure on R?). For d > 1, define m'¥ = m{@=Y x m
and MDD = M@= x M. We define the Lebesque measure mq on My to be the
completion of m@ on M@

In order to be consistent with the notation used in the relevant literature on
aggregation diffusion equations, for the remainder of the dissertation we denote the
Lebesgue measure on RY by |E|4, where E is any Lebesgue measurable set in RY.
Furthermore, we denote |E|; = |E|.

2.1.4 The Dirac measure

In this subsection we give the definition of the Dirac measure, an example of a
measure defined on R?. The Dirac measure is used in the development of the theory
on decreasing rearrangements, provided in Section 2.4.

Definition 2.25 (The Dirac measure). Fiz a € R?. The Dirac measure on R?,
located at a, is defined for any set A € My by

5.(A) = 1, ifacA
U100 dfad A

We see that the Dirac measure is a probability measure, that is, §,(R?) = 1, and thus
is finite. A notable property of the Dirac measure is the following:

Let f be any measurable function. Then,

[ 1 5.~ rt@.
13
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We can prove this property as follows:
From the definition of the Dirac measure we have that

/ 5. — 1, ifae A
Xa®a=0 ifa ¢ A

Hence, considering a simple function

we have that, for a € Ay,

/g(x) dé,(z) = éai/x&(f) 46, () = a.

Here, we have used Theorem 2.6 and the fact that each A; N A; = 0 for any i # j.
Now, since a € Ay, we have that

and so
/ 9(x) ds(z) = gla).

Hence, the property holds for any measurable simple function. Now, by Theorem 2.7,
for any non-negative measurable function f, there exists an increasing sequence of
simple functions g, such that g, T f pointwise as n — oo and

/ f dé, hm Gn dd,.

Hence, since g,(a) 1 f(a) and g,(a) = [ gn(z ) for each n, we have that

/f ) dog(z) = lim [ gn(z) dd.(z) = lim g,(a) = f(a).

n—oo n—o0

Finally, since f = f* — f~, where fT(x) = max(f(x),0) > 0 and
f~(z) = max(—f(z),0) > 0, it follows that

[ 1@ dsw) = [ 1@ a0 - [ £ @ dw@)

= f"(a) = f(a) = f(a).

Hence, the property holds for any measurable function f.

14
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2.2. SOME RESULTS FROM FUNCTIONAL ANALYSIS

2.2 Some results from functional analysis

In this section, we provide some definitions and mathematical theories from
functional analysis used in the results that follow. A major part of this section is to
define the notion of a Sobolev space, which plays an important role in the theory of
partial differential equations, as they usually contain the weak solutions of PDEs,
that is, solutions that may not necessarily have classical derivatives.

The function space, given in Definition 2.27, is important in deriving the weak
formulation of a partial differential equation, which is solved to obtain the weak
solutions of the PDE.

Definition 2.26. C>(R%)
Let C™(R%) be the class of functions with continuous derivatives up to order m in R<.
Then C(R?) is the class of functions in C™(R®) for each m.

Definition 2.27. Cg°(R?)
A function f is in Cg°(R?) if it is in C°°(RY) and it has compact support.

In order to give the definition of a Sobolev space, the notion of a weak derivative
must first be defined.

Definition 2.28. A function f € L'(R%) has a weak derivative 0 f € L*(R?) if

Of¢ dx = (—1) / f0%¢ dx, for all ¢ € C(RY). (2.1)
R4

R4

Here, we have set % = (9,,)*"...(9,,)* where |a| = >>% | a;. Note that we denote
the weak gradient of f by Vf where Vf = (0y, f, ..., Ou, f).

Now that we have the definition of a weak derivative, we can introduce the notion of
a Sobolev space.

Definition 2.29. Suppose k € N and 1 < p < oo. Then, we define the Sobolev space
WEP(R?) to be the space of functions f € LP(R?) such that

0°f € LP(RY), for |a| < k.
Furthermore, we write W*2(RY) = H*(R?).
We note that the space W*P(R9) is a Banach space equipped with the norm
b = 3 ([ 102 do) ™
jaj<k /R
for 1 <p < oo and

,00 — aa 5
|f lyeooe (ray lrﬁg(ess]@upl 1)

where
esssup f =inf{a e R: [{x € X : f(x) > a}|4 =0} (2.2)
be

15
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is the essential supremum of a Lebesgue measurable function f: X — R.

In particular, H¥(RY) is a Hilbert space with inner product defined as
()= 3 @@
lal <k

Theorem 2.19 (Holder’s inequality ). [35] Suppose E is a Lebesgue measurable set.
Let % + % =1 with1 <p< oo andlet f € LP(E) and g € LY(E). Then fg € L'(E)
and

[E ol dz < |11z llg]l oo

Theorem 2.20. Let E be a Lebesque measurable set with finite measure. If
0<p<q<oo, then LY(E) C LP(E).

Proof. Let f € LY(E). Then f? € L%?(E) and so by Holder’s inequality,

[ ~ /El-|f|”dx
]f|pq/p dx p/q dx 1-p/q
) (f, )

1
= rErd P19 | F1e, < oo

IN

]

2.3 Definition and basic properties of convolution

In this section, we will give a formal definition of the convolution function defined on
R? and state some basic properties that will be used in the analysis of Equation (1.1).

Definition 2.30 (Convolution). Let f € L'(R?) and let g € LP(R?), where
1 < p < oo. Then the convolution function is defined by

(f % g)(x /fx— y) dy, = €R%

Theorem 2.21 (Young’s convolution inequality). [35] Let f,g € L'(R?) so that the
convolution of f and g exists. Furthermore, let f € LP(RY), g € LY(RY), and
%—l—%zl—i—%, where 1 < p,q <r < oo. Then,

1 glle < 11 f11pl19llq-

We now introduce an important theorem regarding the gradient of the convolution
function.

Theorem 2.22. Suppose f € WHHR?) and g € L'(RY). Then,
V(f*g9)=(Vf)*g

16
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In order to prove Theorem 2.22, we need to introduce some preliminary results. It is
first necessary to define the Fourier transform of a function f € L'(R?).

Definition 2.31. If f € L'(R%), then the Fourier transform of f is the bounded
continuous function in R? defined by

FUHE) = / i) F(r) du, € € R

R4
If the Fourier transform of f is integrable, we can express f in terms of its Fourier
transform, as follows:

RN oY)
@) = gz [, “OFUNE) de (2.3

We now provide the following theorem which states that the Fourier transform of the
convolution of two integrable functions is equal to the product of their Fourier
transforms.

Theorem 2.23 (Convolution theorem). Let f and g be two integrable functions with
convolution f x g. Then

F{f =gt = F{f}- g}
Proof.

Firsgy = [ [ re=pat) dy do

- /R 9(y) /R T f(x —y) d dy

Setting 7 = & — y, we have that

FUrsade) = [ ot [ ) dr dy

= FUHO [ o) dy
= FUHO - Flg}©).

The last result needed for the proof of Theorem 2.22 is as follows:
Theorem 2.24. [32] Suppose f € WHHRY). Then,

FAVIHE) = 2imE F{f}(&).

Proof of Theorem 2.22.
The proof follows directly by applying Theorems 2.23 and 2.24. Indeed, we have that

FAV(f xg)} = 2mlF{f * g} = 2imEF{f} - Flg} = F{Vf} - Flg} = F{Vf * g}.

Hence, applying the inverse Fourier transform, we obtain

V(fxg)=V[xg

17
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2.4 Decreasing rearrangements

In this section, the definition and basic properties of decreasing rearrangements for
non-negative functions are introduced, which are used to define the continuous
Steiner symmetrization of a non-negative function.

Definition 2.32 (Vanishing at infinity). A non-negative measurable function f on
R? is said to vanish at infinity if |{x € R : f(x) > t}|q is finite for all t > 0.

The functions that are appropriate for the definition of rearrangements are Lebesgue
measurable functions that vanish at infinity. By Theorem 2.4, we have that functions
in L! (R?) vanish at infinity. Hence, we restrict our attention to the definition of
decreasing rearrangements for any f € L. (R?).

We are now able to introduce the following definitions:

Definition 2.33. A non-negative function f on R? is radially symmetric if there is a
function f defined on [0,00) such that f(x) = f(||z||) for all x € R.

Definition 2.34. A non-negative function f on R? is radially decreasing up to a
translation if there exists some xo € R? such that f(- — o) is radially symmetric and
f(||z = zol]) is non-increasing in ||x — x|

Here, || - || denotes the Euclidean norm.

Definition 2.35 (Rearranged function). A non-negative function f is rearranged if it
15 radially symmetric and f is a non-negative, right-continuous, non-increasing
function on (0, 00).

Definition 2.36 (Connected component). The connected components of a topological
space X are closed, disjoint, non-empty subsets of X such that their union is the
whole space X .

Definition 2.37. Denote the level set of a function f by
{f>71}:={x eR?: f(x) > 7}. Then the distribution function of f € L% (R?) is
given by

Ce(r) = |{f >7}Ha forall 7>0.

Note that the distribution function (f(7) of f is a monotonically decreasing function
of 7. We use this fact to define the Hardy-Littlewood one-dimensional decreasing
rearrangement of f, as follows:

Definition 2.38. The Hardy-Littlewood one-dimensional decreasing rearrangement of
f is the function f*:[0,00) — [0, 00] such that

f5(s) =sup{r > 0:(s(r) > s} for all s € [0, 00).

18
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Proposition 2.25. [30] The functions f and f* are equimeasurable. That is, they
have the same distribution function.

Corollary 2.26. [30] If f € LP(R?) for 1 < p < oo, then f* € LP(0,00) and

Al ey = (11| 2r(0.00)-

Making use of the definition of the Hardy-Littlewood one-dimensional decreasing

rearrangement, we can define the following symmetric decreasing rearrangement on
R,

Definition 2.39. The Schwarz spherical decreasing rearrangement of f is the
function

f#(@) = f*(Saallzl|), © € RY,
where Sq_1 is the surface area of the unit sphere in RY,

By definition of f# and by the properties of f* outlined above, we can easily see that
f# is radially symmetric and decreasing, f, f*, and f* are equimeasurable, and if
f € LP(R?), we obtain the invariance property of the LP norms for f, f*, and f#.

Furthermore, let E# be the ball centred at the origin with |E#|; = |E|4, for any
measurable set £. Since f# is radially symmetric and decreasing with the same
distribution function as f, we have that, for Q; = {z € R?: f(z) > 0}, f* is
supported in the ball Q?&

Theorem 2.27 (Layer cake representation). [35] Let v be a measure on the Borel
sets of [0,00) such that ¢(t) := v([0,t)) is finite for every t > 0. Let (2,%, 1) be a
measure space and f any non-negative measurable function on €2. Then

A¢U@Ww@%:Athwﬂw>%DW@)

In particular, if v is chosen to be the Lebesgue measure, then, by Theorem 2.9 and
the definition of ¢, ¢(0) = 0 and ¢ is monotone increasing. Hence, ¢ is a non-negative
measurable function by Theorem 2.14 and

[ ots@naua) = [ w0, @)into) = [ re)inte

Now, choosing i to be the Dirac measure at some point y € €2, we have that

/f e /f )b, () = f(y)

and
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Hence, from the layer-cake representation theorem, we obtain

fly) = / X (W)t (2.4)

Equation (2.4) is known as the layer-cake representation formula of f. Notably, using
(2.4), we are able to obtain the following representation of the Schwarz decreasing
rearrangement of f:

f#(x) :/ X{f>ry# dT,
0
where we have used the fact that {f# > 7} = {f > 7}#, proved in [30].

We conclude this section by giving an example of the Schwarz decreasing
rearrangement of a non-negative integrable function on R.

Example 2.4. Consider

—lr—1+1, 0<2<2
flz) = =~ 1 .
0, otherwise

From the definition of f*, we see that

S
. —+1,0<s5<2
fr(s) =4 2 ,

0, otherwise

and therefore,

—lzl+1, |zl <1

0, otherwise.

[ (x) = f*(2lal) = {

Indeed, we see that f# is symmetric about 0 and decreasing for > 0. Furthermore,
we have that |Qf| = \Qfﬂ = 2 and it can be easily seen that the invariance property of
the LP norms is satisfied.

2.5 Steiner Symmetrization

We now use the theory on decreasing rearrangements given in the previous section to
introduce the Steiner symmetrization of both a measurable set £ C R? and of a
non-negative function f on R? The concept of Steiner symmetrization can then be
used to define the continuous Steiner symmetrization, which is necessary for the
results given in Section 4.2. We first introduce some notation.

Denote x € R? by z = (x1,2') where 2’ = (29, ..., 74) € R4"L. Additionally, for any
measurable set £ C R?, denote

B, = {1‘1 eR: (xl,l'/) S E}

We first define the Steiner symmetrization of a set £ C R.

20
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Definition 2.40. The Steiner symmetrization of a measurable set E C R is the
symmetric interval
E|

S(E) = {:c eER:|z| < 7}
We can extend this definition such that

Sj(E):{:ceR:]x—:i-K%}

is an open interval, symmetric about some z € R.

Now, consider d > 2. We define the Steiner symmetrization of a measurable set
E C R? in the direction corresponding to the unit vector e; = (1,0, ...,0). We note
that the definition can be modified to consider any other direction in R¢.

Definition 2.41. The Steiner symmetrization of a measurable set E C RY in the

direction xq is the set S(E) which is symmetric about the hyperplane {z1 = 0} and
defined by
S(E) = {(x1,7") € R : 2, € S(Ep)}.

We can extend this definition by defining Sz(E) to be the set which is symmetric
about the hyperplane {x; = Z} and defined by

S:(E) = {(z1,2)) € R : 2y € Sz(Ew)}.
In particular, we see that |E|; = [S(E)|q and thus, |E|g = |9:(E)|a.

Now, consider a non-negative function f € Li(Rd). For the special case of d =1, we
define the distribution function of f by

r(h) = U], h>0,
where
U'={aeR: f(a) > h}.

Similarly, for f defined on R, d > 2, we have that the distribution function of f(,z’)
is
Ci(h, ') = UL, h>0, 2/ e R

where

Ul ={z; € R: f(zq,2") > h}.

We first give the definition of the Steiner symmetrization of a non-negative function
on R.

Definition 2.42. The Steiner symmetrization of a non-negative function f on R is
given by
Sf(a) =sup{h >0:(s(h) > 2|al}, aeR.

21
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Now. we consider the Steiner symmetrization of a non-negative function on R in a
)
particular direction.

Definition 2.43. The Steiner symmetrization of a non-negative function f on R in
the direction xq is given by

Sf(xy,2") =sup{h > 0:s(h,a") > 2|aq]}.

From the above definition, it can be seen that the Steiner symmetrization of f(-,z’) is
equal to the Schwarz rearrangement of f(-,z’). Since this is the case, the Steiner
symmetrization of f(-,z’) has the same properties as the Schwarz rearrangement of
f(-,2"). In particular, we have that Sf and f have the same distribution function,
yielding the invariance of the L” norms. That is,

||Sf||Lp(Rd) = ||f||Lp(Rd) for all 1 S p S Q0.

Furthermore, by the layer-cake representation formula, we have that, for d = 1,

Sf(a) = / T sm(a) dh

and for d > 2,
Sf(ay,a) = / Yswny(a1) dh.
0

Now, consider the following definition of a function that is symmetric decreasing
about a hyperplane:

Definition 2.44. A function f € LL(Rd) 1s symmetric decreasing about a hyperplane
H C R4, with normal vector e, if for any x € H, the function g(t) = f(x + te) is
rearranged. That is, g = g7 .

From Definitions 2.43 and 2.44, we see that the Steiner symmetrization S f(zq,2’) is a
function that is symmetric decreasing about the hyperplane {z; = 0}.

Similar to the case of a measurable set F in R?, we can extend the definition of the
Steiner symmetrization of a non-negative function f on R in such a way that we
obtain a function that is symmetric about the hyperplane {z; = &}, for z € R
arbitrary. To do this, we fix £ € R and define S; f in the direction z; as

Sif(xy,2") = Sf(@ —x1,2") =sup{h > 0:(s(h,2") > 2|xq]}.
Hence, [{Szf > h}|la=|{Sf > h}|la=|{f > h}|s and so
1Sz f | Lrway = || f]] Lr(rey for all 1 < p < oo.

Furthermore, by the layer-cake representation formula,
Sif(xy,2) = [fH(&—x,2)
= / X{>r# (T — x1) dh
0

= / Xs,wt)(@1) dh.
0 x
22
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The reasoning behind extending the definition of the Steiner symmetrization to that
of the function S; is so that it can be used in the arguments given in Section 4.2.
Indeed, in Section 4.2, we investigate the radial symmetry of stationary solutions of
Equation (1.1) for compactly supported attractive kernels. In this case, the support
of the of stationary solutions may consist of multiple connected components. In
particular, we investigate whether the stationary states are radially symmetric and
decreasing on each connected component of their support. Hence, it is necessary to
extend the definition of Steiner symmetrization to that of S; in order to consider a
function Sz f(x1,2’) that is symmetric about the hyperplane {z; = &}, where Z may
not necessarily be zero.

Lastly, we introduce Riesz’s Rearrangement Inequality, which is used in Section 4.2

Theorem 2.28 (Riesz’s Rearrangement Inequality). [35] Let f, g, and h be
non-negative Lebesque measurable functions defined on RY that vanish at infinity.
Then,

| [ t@te = ohio) dedy < [ [ $#@a* @ - ) dody.

Rd JRRA

2.6 Continuous Steiner symmetrization

In this section, we introduce the concept of continuous Steiner symmetrization.
Recall that, for W with compact support, the stationary states of (1.1) may have a
support with multiple connected components. In Section 4.2, we are interested in
investigating the radial symmetry of stationary states restricted to a single connected
component of the support. This made it necessary in the previous section to extend
the definition of the Steiner symmetrization of a set to be symmetric about an
arbitrary point z € R. Similarly, we extended the definition of the Steiner
symmetrization of a function on R? in the direction z; to be symmetric about the
hyperplane {z; = Z}, for some arbitrary € R.

In this section, we define the continuous Steiner symmetrization of a set U C R such
that it represents an interpolation between the set U and S;z(U). Similarly, for a
function f on R?, we define its continuous Steiner symmetrization in a particular
direction, say x1, as an interpolation between f(-,z’) and Sz f(-,z"). We use this
concept in our proof of the radial symmetry of stationary states of Equation (1.1),
given in Section 4.2, for the special case where the attractive kernel W has compact
support.

Note that, for simplicity, we henceforth denote Sz by S.

Definition 2.45. The continuous Steiner symmetrization of any open set U C R,
denoted M™(U), 7 > 0, is defined as below. We denote
I(Z+cr)=(@+c—r,2+c+r), where T,c,r € R.

1. f U =1(Z +¢,r), then

23
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M™(I(Z +c,r)) = {](:Z‘—I—C—ngnc,r), if0<7<|

I(z,r), it 7> |c|.
2. f U = UN,I(Z + c;,7;), where all I(Z + ¢;,r;) are disjoint from each other, then
M™(U) == UN, M7(I(% + ¢;,r;)) for 0 < 7 < 7y, where 71 is the first time two
intervals M7 (I(Z + ¢;,7;)) share a common endpoint. Once this occurs, we

merge the two intervals sharing a common endpoint into one open interval and
then define M7 (U) in the same way, starting from 7 = 7.

3. U U = U2, (T + ciymy), let Uy = UN I(Z + ¢;,715), for each N > 1, and define
M™(U) == U3_M"(Uy).

We see that, for all three cases of U outlined above, as 7 tends to infinity, M7 (U)
ultimately becomes a single open interval that is symmetric about . Furthermore,
case 3 can be considered as a limit of case 2. Indeed, suppose that

U=UX,1(Z+ ¢;,r;). For N < Ns, we have that Uy, C Uy, and so

MT(UNI) = MT( UzNzll ](i‘ +Ci,Ti))
C MT((ULI(E+c,mi) U (U2, 1(E+¢,mi))) = M7 (Uy,),
for all 7 > 0. It then follows directly from Definition 2.17 that

MT(U) = U?VoleT<UN> = lim MT(UN)

n—oo

We now state some properties of the continuous Steiner symmetrization of an open
set in R.

Lemma 2.29. [21] Let U C R be any open set with M7(U) as defined in Definition
2.45. Then,

1. M°(U)=U and M>(U) = S(U).
2. IM™(U)| = |U| for all T > 0.
3. If Uy C Uy then M™(Uy) C M7 (Usy) for all T > 0.

4. M™ has the semigroup property. That is, M™5(U) = M7 (M*(U)) for any
7,8 > 0.

Using the definition of the continuous Steiner symmetrization of an open set in R
given in Definition 2.45, we are now able to define the continuous Steiner
symmetrization of a non-negative function f defined on R.

Definition 2.46. Let f € LY (R). The continuous Steiner symmetrization for f is
given by

5@ = [ xarwnfe) b
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Similarly, we may define the continuous Steiner symmetrization of a non-negative
function f defined on R?, with respect to a specific direction, as follows:

Definition 2.47. Fiz z1 € R, 2/ € R", and h > 0. Let f € L1 (R%). The
continuous Steiner symmetrization for f in the direction xq is given by

o
ST f(x1,2") ::/ Xarrwhy (T1) dh.
0 T
We can now introduce some properties of the continuous Steiner symmetrization of a

function, as defined in Definition 2.47.

Lemma 2.30. [21] Let f € LL(R?). Then the continuous Steiner symmetrization of
f, with respect to a specific direction, has the following properties:

1. S°f = f and S*f = SF.

2 For any h> 0, [{S77 > W}l = 1{f > b}, and 115" Ly = 1 fllmcuey for all
p € [1,00].

3. ST has the semigroup property. That is, ST f = ST(Sf) for any 7,5 > 0.

Lastly, we give a theorem that is used in Section 4.2 for the proof regarding the radial
symmetry of stationary states of (1.1).

Theorem 2.31. [27] Let f € C(RY). Suppose that for every unit vector e, there
exists a hyperplane H C R® with normal vector e such that f is symmetric decreasing
about H. Then, f is radially decreasing up to a translation.
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3

Model of non-local aggregation and local

repulsion

As previously stated, our main interest is the long-time behaviour of solutions to the
aggregation-diffusion equation (1.1). In particular, our aim is to investigate what
conditions should be placed on the aggregation and diffusion terms that are
biologically reasonable and produce spatial patterns over time. The model for physical
and biological aggregations, given by (1.1), incorporates long-range attraction and
short-range repulsion. It is interesting to note that in absence of any attractive
effects, Equation (1.1) reduces to the well-known porous medium equation, given by

op=ceA(p™), z€RY t>0 m>1

A notable feature of the porous medium equation is that for a compactly supported
initial condition, the solutions remain compactly supported for positive time. This is
a contrast to the case when m = 1, the heat equation, where for any ¢ > 0 the
support of the solution is R¢.

Furthermore, it is proved in [44] that weak solutions of the porous medium equation,
with initial condition py € L (R?), converge uniformly in time to the self-similar
Barenblatt solution, given by

U(z,t;C) =t7(C — xlla| P2,
where (s); = max(s,0) and

d

T

1)
dim—1)+2’ '

a
d’ om

The constant C' can be changed to adjust the mass M of the solution, which is
independent of time. More precisely, we have

M= [ Uzt C) dx:/

R4 R

plx,t) de = / po(x) dx > 0.
d Rd
From the definition of the Barenblatt solution, we see that the solutions of the porous
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3.1. BASIC PROPERTIES OF THE MODEL

medium equation converge uniformly to zero as ¢ — oo, resulting in the absence of
patterns for large enough time.

In contrast, setting ¢ = 0, Equation (1.1) takes into account only attractive effects. It
is proved that, depending on the initial condition and the strength of the attractive
kernel, solutions may blow up in finite or infinite time. Considering weak measure
solutions, the solution will aggregate to Dirac measures in either finite or infinite
time, resulting in a scenario that is biologically unrealistic [23].

Hence, a natural next step would be to investigate the existence and long-term
behaviour of solutions to Equation (1.1), which combines both attractive and
repulsive effects. We note that, in the existing literature, significant work has been
done on the aggregation diffusion equation where the interaction kernel is the
attractive power-law kernel of the form

£
W) = = k#0
In|z|, k=0,

for2—d <k <2]21,6,5, 3,10, 17] . A special case of a power-law kernel where

k =2 — d is the Newtonian kernel. In fact, if the convolution operator Wk acting on
p in Equation (1.1) is the Newtonian potential then we obtain the nonlinear parabolic
elliptic Keller-Segel model of Chemotaxis, see [9, 13]. This follows from the fact that
the Newtonian potential is the inverse of the negative Laplacian.

3.1 Basic properties of the model

To begin our analysis of Equation (1.1), in this section we outline results on the
existence of solutions to Equation (1.1) as well as some basic properties of the model.

3.1.1 Existence

Mathematically, the first question regarding Equation (1.1) is the existence of
solutions. In [6], the local and global existence of solutions to (1.1) are investigated
for the case of bounded domains for dimension d > 2 and for the whole space R¢ for
d > 3. In particular, the authors show global existence of weak solutions to Equation
(1.1) with initial data py € L*(R?) N LL(R?) for m > 2 — 2 and for W no more
singular at the origin than the Newtonian kernel.

In what follows we derive the weak formulation of Equation (1.1), which allows us to
give a formal definition of the weak solutions of Equation (1.1).

Let H}(R?) denote the completion of C§°(RY) with respect to the inner product
(Fau = [ VI Vo) d
R
27
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Furthermore, define Q7 = R? x [0, 7] and fix ¢ € H}(Qr) such that
¢(+,0) = ¢(+,T) = 0. Then, multiply Equation (1.1) by ¢ and integrate to obtain

/ i dx = / [eAp™ + V- (pVW % p)| ¢ da.
Rd Rd

Assume p™, Vp™ € L2((0,7T); L*(R%)), p € L=(Q7) N L>=((0,T); LY(R?)), and
pVW x p € L*((0,T); L*(R%)). Under these assumptions, we have that

/ pi¢ do = V- [eVp™ + pVW x p|¢ dx
R4 Rd

= — / [5me + pVIV x p] Vo dr.
Rd

Now, integrating with respect to ¢, we obtain

T T
/ / pi¢ dxdt = —/ / [eVp™ + pVW % p| V¢ dadt.
0 Jrd 0o Jrd

In order to swap the integrals so that

T T
/ / pr¢ dxdt = / / pr¢ dtdzx,
0 JRd R2 JO

T
| 1ol dt < .
0

Consequently, applying integration by parts,

T T
/ / o dtdx = —/ / poy dtdzx,
R Jo R Jo

we must have that

yielding
T T
/ / poy dadt = / / eVp"N o+ pVW x pV ¢ dadt.
0 Jrd 0o Jrd

We can now define weak solutions to Equation (1.1) as follows:

Definition 3.1. Let py € L*(R?) N L. (R?) and suppose W is no more singular at
the origin than the Newtonian kernel. Then, p: R? x [0,T] — [0, 00) is a weak
solution of (1.1) if p € L>=(Q7) N L>=((0,T); L*(RY)), Vp™ € L*((0,T); L*(R%)),

pe € L2((0,T); Hy Y(RY)), and

T T
/ / poy dxdt = / / eVp"Vo+ pVW x pV¢ dxdt,
o Jrd o Jrd
for all ¢ € HY(Qr). Furthermore, it is required that
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p(,t) = po in HY(R?) ast — 0.
Note that we have denoted the dual space of H}(R?) by Hy'(R9).
The existence result given in [6] is extended in [5] to obtain global existence of weak

solutions in R? for d > 2, where a slightly stronger restriction is placed on the initial
data, namely that py € L®(R?) N L! (R?) has finite second moment, that is,

/ 2[)?po dx < 0.
Rd

In [25], a further extension of the existence is given for solutions to Equation (1.1)
with initial data py € Po(R?) N L™(RY), where Py(RY) is the space of probability
densities with finite second moment. We note that the assumption that p, is a
probability density is not restrictive.

Indeed, for p a probability density that satisfies equation (1.1), we consider p = Mp
such that [, p dz = M. Then,

pr=Mp;,  A(p™)=M"A(p™), and V- (pVW xp) = M*V - ()VW * p).
Hence,
M_lﬁt = Pt
eA(p™) +V - (pVW x p)
= eM "A(P™) + M 2V - (VW % p).

This then yields .
pr=EA(P™) + V- (pVIW % p),
where € = eM*™™ and W = M~'W. Since & > 0 and W satisfies the same

assumptions placed on W, we can conclude that the existence result given in [25]
holds for solutions with any positive mass.

In the sequel, we assume the conditions that allow for the existence of solutions to
Equation (1.1) hold. The assumptions on W made so far can be given as follows:

W1 W(z)e CY(R?\ {0}) is radially symmetric and non-decreasing. That is, there
exists a function w : (0,00) — R such that W(x) = w(]|z||) = w(r) and
W'(r) > 0 for all r > 0.

W2 There exists some C,, > 0 such that «'(r) < C =% for r < 1.

It is easy to see that Assumption (W2) restricts the kernel to be no more singular at
the origin than the Newtonian kernel. We can now formulate the existence of
solutions to Equation (1.1) as follows:

Theorem 3.1. Let m > 2 — 2, and let po € L1 (R?) N L™(R?) have finite second

moment. Furthermore, suppose W satisfies assumptions (W1) and (W2). Then,
Equation (1.1) has a weak solution p € L>((0, 00); L1 (R?) N L™(RY)).
29
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3.1.2 Conservation properties

Now that we have confirmed the existence of solutions to Equation (1.1), we can state
some of the equation’s conservation properties, where the solution is defined on the
whole space R%. The proofs of these properties may be found in [14].

Theorem 3.2 (Preservation of positivity). If po € L>°(R?) is non-negative, then
p(x,t) >0 for allt > 0.

Theorem 3.3 (Conservation of mass). Let p be a weak solution of (1.1). If
Jga p(2,0) doz = M then [,,p(x,t) =M for allt € [0,T].

Theorem 3.4 (Conservation of the centre of mass). Let p be a weak solution of
(1.1). Then,
/ zp(z,0) dx :/ xzp(z,t) doe for all t € [0,T].
Rd

Rd

The preservation of positivity is expected as p represents the population density. The
conservation of mass is also physically relevant, as the equation does not incorporate
terms modelling growth or decay of the total population. In addition, since the centre
of mass is conserved, Equation (1.1) cannot be used to model travelling swarms or a
change in swarm behaviour due to exogenous forces. Some results regarding such
behaviour may be found in [8] and [36]. Further, in the numerical simulations
presented in Section 5.3, we investigate the interplay between a time dependent
attractive kernel and exogenous forces.

3.1.3 Energy

A further property, which is particularly useful in determining stable stationary
solutions of (1.1), is that there is a Lyapunov functional for the evolution of Equation
(1.1) given by the energy functional,

€

el = [ doeg [ oW ep de=SplHTpL B

The first term of (3.1) arises from repulsion and the second from aggregation. We see
that the energy dissipates under the dynamics of (1.1) by considering the time
derivative of €. Indeed, if we assume that p is a classical solution of (1.1), we have
that

€ 1 1
Ol = [ =E0") 5OV % )0k 5oV = (Bup) d

€ 1 1
= [ e 5 papdat s [ ] @t W - y)os.t) dyds
R R4 J R4

am—1
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Now, since W is symmetric it follows that

[ ot ow @y d = [ ] et W= o) dyds
= /}Rd g Op(y, OW (y — z)p(x,t) dedy

= Ohp(y, )W = p(y, 1) dy.

Rd

Hence,

am—1

a&lp] = / T 0+ (W p)Dyp dv.
R

Since p is a solution of Equation (1.1), we have that

me
m—1

0€lpl = » V- (eVp™ 4 pV(W % p)) (

pmt +W*p) dx

= / \ (ﬂprm_l + pV(W % p)) <£pm_1 + W p) dx
Rd m—1 m— 1

2
— _/ p( me mel—i—V(W*p)) dr <0,
]Rd

m—1

where we have applied the divergence theorem and used the fact that, by Theorem
2.4, p € L} (R?) vanishes at infinity, as defined in Definition 2.32.

This is extended in [6], where it is proved that weak solutions of (1.1), as defined in
Definition 3.1, satisfy the energy dissipation inequality, for almost all ¢t € (0,7), given
by

)+ [ [ o( 2Tt V0V ) et < ),

m—1

3.2 Stationary states of the aggregation diffusion
equation

Once existence of solutions is known, an important next step is to consider the
long-time asymptotics of the model. We recall that one of our objectives is to
investigate what choice of diffusion coefficient m and attractive kernel W allows for
the emergence of non-trivial patterns which exhibit characteristics of physical and
biological aggregations. In order to do this, one must first consider the existence of
stationary states to Equation (1.1).
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3.2.1 Stationary state equation

Assuming that the density p does not depend on time, we obtain the stationary
problem of (1.1), given by

AP +V - (pV(W xp)) =0, z€R% (3.2)

We first derive the variational form of Equation (1.1). We consider test functions
¢ € C°(R?). As before, we multiply (3.2) by ¢ and integrate to obtain

/ eAp"p+ V- (pVW % p)o dz = 0.
R4

Now, by the divergence theorem and using the fact that ¢ vanishes at infinity, we
have that

/ eVp"Vo+ (pVW % p)V¢ dx = 0.
Rd

Hence, considering weak solutions of Problem (1.1), we have that
ps € LY (RY) N L>(R?) is a stationary state of Equation (1.1) if p* € H'(R?),
VW x p, € LY(R?), and it satisfies

eVpy' = —ps(VW x py) in supp ps, (3.3)

in the sense of distributions in R<.

3.2.2 Stationary states for kernels with infinite support

A general method to prove existence of stationary states of (1.1) is by showing that
the global minimizer of (3.1) corresponds to a stationary state of (1.1). It is proved in
[21] that a global minimizer of (3.1) exists for W with infinite support.

Indeed, under assumptions (W1) and (W2), as well as the following additional
assumption on the interaction kernel W, given by (W3), it is proved in [21] that in
the diffusion dominated regime, that is m > max{2 — 2,1}, a global minimizer exists
for any given mass, and this global minimizer is uniformly bounded and corresponds
to a stationary solution of (1.1) in the weak sense. We state the additional
assumption as follows:

W3 w'(r) > 0 for all » > 0 and there exists some C,, > 0 such that w'(r) < C, for
r > 1. Moreover, lim, ., w(r) = 0 and there exists an « € (0, d) for which
m > 1+ % and w(rr) < 77%(r) for all 7 > 1 and r > 0.

Assumption (IW3) combines assumptions (K3), (K4), and (K6) given in [21], allowing
us to refer to the results obtained therein. Note that in [21] it is assumed that
lim, 0o w(r) = ¢ € (0,00). However, it is not restrictive to assume that ¢ = 0 since
adding a constant to the potential W does not change Equation (1.1).
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Note that the threshold value » =1 in (W2) and (W3) can be replaced by any
positive value since, in essence, (WW2) places restriction on w’ when r is small, while
(W3) places a restriction on w’ when 7 is large.

Furthermore, under assumptions (W1), (W2) and (W3), it is proved in [21] that
stationary states of (1.1) are radially symmetric and decreasing up to a translation,
as defined in Definition 2.34. We note that this result cannot be applied to kernels
with compact support, as Assumption (W3) requires that w(r) is strictly increasing
in r for all » > 0. In terms of the notations adopted here, the results in [21, Theorem
2.2, Theorem 3.1, Theorem 3.7, Lemma 3.8, Lemma 3.9] can be formulated as follows:

Theorem 3.5. [21] For m > max{2 — 2,1}, assume that conditions (W1), (W2),
and (W3) hold. Then, for any positive mass M, there exists a stationary state

ps € LL(RY) N L>(R?) of (1.1). Furthermore, any stationary state in

LY (RY) N L (RY) is radially symmetric and decreasing up to a translation and
compactly supported.

As a result of the radial symmetry of stationary solutions, in [26] it is proved that
stationary states are unique up to a translation, for a fixed mass. The proof relies on
the fact that all stationary solutions of (1.1), where (W1), (W2), and (W3) are
satisfied, are radially symmetric and decreasing. Thus, we are not able to extend this
uniqueness result given in [26] to the case where W has compact support.

It is therefore an important question to ask whether stationary solutions of Equation
(1.1), for W compactly supported, are also radially symmetric and decreasing, as it
may allow for the extension of the uniqueness result to a wider class of interaction
kernels. In fact, to our knowledge, radial symmetry of stationary solutions for the
case when W has compact support is an open question.
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Stationary states for compactly supported kernels

In this chapter, we consider stationary solutions of Equation (1.1) where the
attractive kernel W has compact support. We prove, for this case of attractive kernel,
that continuous, compactly supported stationary solutions of (1.1) exist. Our main
result of this chapter is that, for m > 1, stationary states are radially decreasing up
to a translation on each connected component of their support, where the definition
of a connected component is given by Definition 2.36. Furthermore, we prove that if
the support of a stationary state has more than one connected component then the
distance between any two components is at least the radius of supp W.

4.1 General setting and basic properties

Throughout this chapter, we assume that W satisfies assumptions (W1) and (W2) as
well as the following assumption given below.

W4 There exists ¢ > 0 such that w'(r) > 0 for all 0 < r < ¢ and «'(r) = 0 for all
r>q.

The threshold value r = ¢ in (W4) can be assumed to be 1, as proven in the following
theorem.

Theorem 4.1. Consider Equation (1.1) with initial condition py and suppose the
assumptions (W1), (W2), and (W4) hold. Then we may assume, without loss of
generality, that ¢ = 1.

Proof. Let z = - and 0(z,t) = p(z,t). Then we have, by the chain rule, that

8t0(zvt) = 8tp(:L‘,t), Vggm(,z,t) = q2Vipm(fL‘, t),
V. (002, ) V(W % 0(2,1)) = ¢*Vo - (p(, ) Vo (W * p(a,1))).
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Hence,

0 = eAp™+V - (pV(W *p))
€ m 1
= ?AG +q—2v-(9ww*9))
= EAG™ + V- (OV(WV % 0))

where W(z) = 5W (z) and & = % Now, letting 7 = ||z|| and W (z) = &(7) we have

! q
that
- x
VW (z) = -V, W(z) = w'([]]])

q qll]]

and . .
V-W(2) = W@'(H»ZH)-

Therefore, using the fact that r = ¢||z|| = ¢7, we obtain

~ 1/~ 1 /

(1) = =u'(r).

q

Hence, it follows that

W'(r) >0 for all 0 < r < ¢ implies @'(7) > 0 for all 0 < 7 < 1 and
W'(r) =0 for all r > ¢ implies @'(7) = 0 for all 7 > 1.

Since £ € R, € > 0, and W satisfies (W1), (W2), and (W4) with ¢ = 1, we may
assume that ¢ = 1 without loss of generality. O]

Therefore, for simplicity, we reformulate (W4) as follows:

W4 W(r)>0forall 0 <r<1andw(r)=w(r)=0foralr>1.

Assumption (W4) implies that W is integrable. This property will be used in the
sequel. Hence, we prove it in the theorem below.

Theorem 4.2. If W satisfies assumptions (W1), (W2) and (W4), then W € L*(R?).

Proof. Firstly, using assumption (IW2) we see that, for 0 < r < 1,
1 1
/ W'(s) ds / st ds

1
lw(r)| < C, / st ds

by the fundamental theorem of calculus. Computing the integral on the right we see
that there exists some Cy > 0 such that |w(r)| < Cy¢(r) for all 0 < r < 1 where

< Cu

?

which implies that

Y
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r2=d_1 ifd>3
o(r) =< —log(r) ifd=2
1—r ifd=1.

Now, consider the case d = 1. Following from (W1), (W2) and (W4), we have that

[w@lde = [ (el do

-/ ()] dr

1
< C’l/ (1 —7)dr<oc.
0
Similarly, for d > 2 we obtain
W@lde = [ el do
Rd B1(0)
1
= Sd—l/ rd_1|w(r)\ dr
0
1
< C’lsd_l/ Td_lgb(r) dr. (4.1)
0

Applying integration by parts, we see that for any d > 2, the integral (4.1) is finite.
Note that for d = 2 we applied L’Hospital’s rule to obtain the limit
lim, _,o+ log(r)r? = 0. Hence, for any d > 1, it follows that

|W(z)| dx < oo,
Rd

as required. O

We summarize our main results of this chapter in the following theorem.

Theorem 4.3. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4).
Then there exists a stationary solution ps € L (RY) N L>®(RY) of (1.1). Furthermore,
ps € C(RY), and is radially symmetric, decreasing, and compactly supported on each
connected component of supp ps. Additionally, if supp ps has more than one connected
component then the distance between any two components is at least the radius of
supp W.

As previously mentioned, global minimizers of the energy functional can be used to
determine existence of stationary states of (1.1). Hence, we start by stating a
previous result on the existence of radially decreasing global minimizers of (3.1).
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Theorem 4.4. [}] For m > 2, W € LY(R?) radially symmetric and non-decreasing,
and for any M > 0, there exists a radially symmetric and decreasing global minimizer
of the energy functional (3.1) defined in

={p € LLRY) N L™R?) : ||pl| 1 may = M}.

Since W € L}(R?) under assumptions (W1), (W2), and (W4) by Theorem 4.2, we
have existence of a radially symmetric and decreasing global minimizer of (3.1). We
further show, under these assumptions on the interaction kernel, that all global
minimizers of (3.1) defined in Y,,, whose support consists of a single connected
component, are radially symmetric and decreasing, compactly supported, uniformly
bounded, and correspond to stationary states of (1.1) in the weak sense.

Theorem 4.5. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4). If
p is a global minimizer of (3.1) in Yy whose support consists of a single connected
component, then p is radially symmetric and decreasing up to a translation.

Proof. Suppose for a contradiction that p is not radially symmetric and decreasing
under any translation. We show that the energy decreases strictly when p is replaced
with its Schwarz decreasing rearrangement

p7(x) =sup {7 > 0: |{p > 7}a > Sa_1||z||"}, z € RY,

as defined in Definition 2.39. By Corollary 2.26, we have the invariance property of
the LP norms for p and p#, that is, for every m > 1,

|~ [ o ax (42)

Furthermore, by Riesz’s rearrangement inequality, it follows that

/Rd Rdf or =t ()dyd$</Rd Rdf#( z)g ( —y)h#(y) dydz,

for all f,g,h € L1 (R?). Now, suppose g(z) = g(||z||) is radially symmetric and
non-increasing on ||z|| > 0. Also, suppose f and h are radially decreasing up to the
same translation, as defined in Definition 2.34, such that there exists an x, € R?
where f#(z) = f(x + x0) and h*(z) = h(x + 7). Hence, we obtain

/Rd Rd f@)gle = y)hly) dydz = Ad [+ x0)g(x — y)h(y + o) dydx

= /Rd /z: F#(@)g% (x — y)h*(y) dydz.

Now, since =W (x) = —w(||z||) is non-negative, radially symmetric, and
non-increasing on ||z|| > 0, then

/Rd /Rd plx)W(x —y)ply) dyde = /Rd /Rd P ()W (z — y)p” (y) dyd. (4.3)

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 4. STATIONARY STATES FOR COMPACTLY SUPPORTED
KERNELS

If p were radially decreasing up to a translation we would have equality in (4.3), but
by assumption p is not radially decreasing under any translation. Hence, it must be

that
/Rd /Rd o)Wz —y)ply) dydz > /R ) /]R @)W (@ —y)p*(y) dyde. (4.4)

Combining (4.2) and (4.4) yields F[p*] < E[p], contradicting the assumption that p is
a global minimizer. Hence, p is radially symmetric and decreasing up to a translation.

[]

The proof of Theorem 4.6 below follows similarly to the proof of [22, Theorem 3.1],
which considers global minimizers of the energy functional corresponding to the 2D
Keller-Segel equation, that is, where W is the Newtonian kernel. Theorem 4.6 is used
to show that global minimizers of the energy functional are in fact stationary states

of (1.1).

Theorem 4.6. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4). If
p is a global minimizer of (3.1) in Yy whose support consists of a single connected
component, then there exists a constant D[p] such that

me

m— 1ﬁm_1(x) + (W % p)(xz) = Dp|, a.e in suppp (4.5)
and e
—— " (z) + (W= p)(x) > DIpl, a.c outside supp p (4.6)
where ) o
Dlpl = 17 + g Il
That is, -
m— 1ﬁm—1(x) = ((-W *p)(z) + D[ﬁ])Jr

for all z € R* where (a), = max{a,0}.

Proof. To prove (4.5), consider § > 0 and a test function v € C$°(R?) such that
Y(x) =1(—x) and define

plr) = <¢(%‘) i w( )p(2) d >ﬁ(a:).
It is easy to see that ¢ € LY(R?) since
/Rd o(a)] dv < / [o)lp(e) det3p | pla) | ()p() dede

< [l llpllr + Mlliﬁllwllﬁllil < 00.

Similarly, it can be shown that ¢ € L™(R¢). Furthermore,

/ o(x) de =0
Rd
38

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

4.1. GENERAL SETTING AND BASIC PROPERTIES

1
and supp ¢ C supp p. Moreover, for § < §p == ————,
2m| |||
p+mdp > p[l+md(v— |[¢||r=)]
> p[1—2md|[¢||r~)] > 0.

For the same choice of 9, it also follows that p+ d¢p > 0, since m > 1. Hence,
p+ dp € Yy, allowing us to calculate the first variation of £ defined by
o0& Elp + 0] — £[p]

@[p] = I 5

We find that

Elp + 59;] —&[p] _ /Suppp 5(m€_ 3 (7 + 6p)™ — 5] da +/ ©W * p dz + W],

where
Wip] = %/Rdso(W * ) da.
Elp+ o¢] — E[p]

Now, it must be shown that lims_, exists. We see that

J

1 ! _
5/ (P4 0p)" —p"] dz = m/ / (p+ ote)™ L dadt.
supp p 0 Jsuppp

By Hoélder’s inequality, we find that, for all £ € [0, 1] and § < dy,

/ (74 dtp)" o dr < (/ ((/5 + 5t90)m_1> dw) </ " dx)
supp p supp p supp p

_ m—1
< (1ol zmway + Gollol|zmmay) ™ @l Lmray-

Using the fact that (||p]|m ey + 50]](pHLm(Rd))m_l\|g0HLm(Rd) is Lebesgue integrable
with respect to ¢ on [0, 1] and that the first order Taylor expansion of (p + dp)™ at
§ = 0 is given by p™ + mdp™ Ly, it follows by Lebesgue’s dominated convergence

theorem that .
lim

= / (p+dp)" = p") de= [ mp" ' da.
5—0 & Rd

R4

Now, if W € L%(Rd) then, by Young’s convolution inequality,
(W @) (@) < (W] 2y gy [l gty

for all z € R%. Hence, we need to show that W € L=-1(R?). But, this follows from
Holder’s inequality, since

1

n =\ =
W ()| de < </ (1w ()| dx) </ 1 dx)
R4 B1(0) B1(0)

Sy 1\ 1w m
= (Z2) IV ey < oo
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Consequently, we have that

[ o@ x 0)(@) do < W el e,
R
and so limgs_,o IW[p] = 0. As a result,

hm£[p+5so]—5[p]:/ ( me ﬁm_1+W*ﬁ)wdx20’
6—0 5 Rd m_l

where the non-negativity follows from the fact that p is a global minimizer of £ and
so E[p+dp] > &E[p].

Now, by performing the same argument using —1 instead of v, we obtain
me
/ ( ﬁm_1+W*ﬁ>g0dx:0,
Rd m—1

me . - N\
/d(m_lp 1+W*p—D[p]>pwdw=0,
R

which gives us

for all even functions ¢ € Cg°(R?). Hence, using Theorem 4.5, we have that

me

m— 1pm_1($) + (W p)(xz) = D[p], a.e in supp p.

To show (4.6), we consider an even function 1 € C5°(R?) with ) > 0 such that
Y(z) € [0, 1]. Define
D
= _ — d
v M Jra V(o) de

Then ¢ € L'(R%) N L™(RY) and [p. ¢ dz = 0. Furthermore,

p+mop > <1 - — )
suppw

> ﬁ(l - ﬁ|supp¢|d>-
Choose § < dg := m Then p + mdy > 0. Similarly, for the same choice of ¢,
p+ dp > 0. Hence p+ dp € V). Using the same argument as for the proof of (4.5),
we find that

/Rd {mm_glpm_l + (W xp) — D[p]:|1/) dx > 0,

for all ¢ as defined above. Again, by Theorem 4.5, we have that

me . _ _
——— " (x) + (W p)(z) — D[p] > 0,
m—1
for a.e. x € RY, yielding (4.6). O
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Using Theorem 4.5 and 4.6, we are able to obtain the following result:

Theorem 4.7. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4). If
p is a global minimizer of (3.1) in Yar whose support consists of a single connected
component, then p is compactly supported.

Proof. Suppose for a contradiction that supp p is not compact. Then supp p = R?
since, by Theorem 4.5, p is radially decreasing from some z, € R? acting as a centre.
Hence, from (4.5), we have that there exists a constant C' such that

me

P (@) + (W p)(2) = C, (4.7)

m—1

for a.e. z € RY. Since p is radially decreasing and in L'(R?), there is a function p,
where p(z) = p.(||z||) and where lim|;||—0 px(||2]|) = 0.

In addition, we claim that limjg|—ec(W * p)(x) = 0. To show this, let

A={yeR: ||z —y|| <1} and fix ||z|| > ||zo|| + 1. Then, since ||z — y|| < 1 implies
[|zol| < ||| = 1 < ly[, we have that p.(|[zol[) = pu(|lx]] = 1) = pi([lyll). Therefore,
for [[[| > [[zol| + 1,

W —y)aly) dy = / Wz — 9)a.(llyl]) dy

ﬁ*(||l‘||—1)/AW(l“—y) dy
< el = DIIW]loi .

R4

IN

N

Taking the limit as ||z|| — oo yields our claim.

Now, taking the limit as ||z|| — oo in (4.7), we obtain

me

M m(a) = (<W s p)(a).
for a.e. z € RY. Fix 2z € R? and define B = {y € A : ||z|| > ||y||}. Since

W(z) = w(||z]]) <0 for all ||z]] > 0, we have that |[W (z)] = =W (z) for all z € R?
and so there exists C' > 0 such that

We—y)ply) dy > / W (e —)l5.lyll) dy
> p*<||x||>/8|w<x—y>|dy
= Cp(|jal]) > o.

Thus, it follows that

p" () > Cp(x) > 0,

m—1
41
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1
1)\ w2
plx) > (M) >0,
me
for a.e z € R?. Hence,
C(m — 1)\ 72
/ p(x) doe > / (L> dx = o0,
Rd R4 me
This contradicts the fact that p € L'(R%). Hence, supp p is compact.
m

Theorem 4.8. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4)
and let p € Yy be a global minimizer of (3.1) whose support consists of a single
connected component. Then p € L°°(R?).

Theorems 4.5, 4.6, and 4.7 are applied to obtain the above result. The method of
proof for Theorem 4.8 follows similarly to that of [21, Lemma 3.9], where it is proved
that the boundedness property of p holds under the assumptions (W1)-(W3). Indeed,
if (W4) holds, then lim, . w(r) = 0 and there exists C,, > 0 such that w'(r) < C,, for
all 7 > 1, as given in (W3). Furthermore, the proof of [21, Lemma 3.9] does not rely
on the assumptions made in (W3) that w'(r) > 0 for all » > 0 and that there exists
an o € (0,d) for which m > 1+ § and w(7r) < 77%(r) for all 7 > 1 and r > 0.

Theorem 4.9. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4)
and let p € Yy be a global minimizer of (3.1) whose support consists of a single
connected component. Then W x p € WL (RY).

Proof. We show first that VIV « p is globally bounded. Fix z € R? and let
A={y eR?: ||z —y|| <1}. Then,

(W@l < [ Wlle=ylats) dy

1 _
< CW/AWP(?J) dy

1
< Cullpl] Lo (re /—dy

ED Tl =yl
= (' := Const.

Furthermore, we see that W x p is globally bounded since

W@l < [ W=l dy

H15||L°°(]R{d)||W||L1(Rd)7 for all z - Rd.

IA
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The following theorem relates global minimizers of the energy functional to stationary
solutions of Equation (1.1).

Theorem 4.10. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4)
and let p € Y be a global minimizer of (3.1) whose support consists of a single
connected component. Then p is a stationary solution of (1.1) in the weak sense.

Proof. From Theorem 4.6 we have that

me

— 1,5m_1 + (W % p) = D[p], a.e in supp p. (4.8)

Furthermore, from Theorem 4.9 it follows that W  p € W1H(RY). Hence, we can
take gradients on both sides of (4.8) and multiply by p to obtain
me

p— 1,5Vﬁm_1 = —pV(W % p), a.e in supp p.

Using the fact that pVp™ ™ = Z=1¥p™ we have that
eVp™ = —pV(W % p), a.e in supp p,
yielding (3.3), as required. O

From Theorem 4.10 we have the existence of a stationary solution ps of (1.1) in

L (R%) N L>*(R%). We now show that, for any stationary state of (1.1) in

L! (R%) N L>(R?) with support possibly made up of more than one connected
component (as defined in Definition 2.36), we have that on each connected
component of supp ps, ps is radially symmetric and decreasing up to a translation and
compactly supported. Additionally, the distance between any two components is at
least the radius of supp W.

From this point onwards we restrict our attention to the case where m > 2, where we
have existence of stationary states of (1.1) for any W satisfying assumptions (W1),
(W2) and (W4).

In order to prove our result on radial symmetry of stationary solutions for compactly
supported W, given in the next section, we need Lemma 4.11 given below. A similar

result, for the case when (W1) — (W3) are satisfied, is given in [21, Lemma 2.3]. Note
that in [21, Lemma 2.3] an extra assumption is made, that is, w(1 + ||z||)ps € L}(R?).

This assumption need not be made for the case of w satisfying (W1), (W2), and
(W4) . This is because w(r) = 0 for all » > 1, by assumption (W4), which yields
w(l+||z||)ps € L*(R?), as required.

Lemma 4.11. Let p; € Lt (R?) N L*°(R?Y) be a non-negative stationary state of (1.1)
where m > 2 and where W satisfies assumptions (W1), (W2), and (W4). Then
ps € C(R?) and

me

p— 1,0;"_1(95) + (W * ps)(x) = Cy, forax e Dj, (4.9)
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where C; may be different on each connected component D; of supp ps.

Furthermore, there exists some C' = C(||ps||p1, ||ps|| e, Cu, d) > 0 such that

me
m—1

V(o) < C in supp p,.

Proof. The proof follows the same approach as that of [21, Lemma 2.3]. It is only
necessary to prove, under the assumptions (W1), (W2), and (W4) , that VIV x p;
and W x ps are globally bounded. This is proved by using the same argument as in
the proof of Theorem 4.9.

[

From Theorem 4.10, we have that global minimizers of the energy, whose supports
are connected, are stationary states of Equation (1.1). The converse is not necessarily
true; however, it is the case that a stationary state of (1.1) is a stationary point of the
energy, as stated in the following theorem.

Theorem 4.12. If p, is a stationary state of Equation (1.1), then ps is a stationary
point of the energy functional (3.1).

Proof. Consider § > 0 and a test function ¢ € C$°(R?). Similarly to the proof of
Theorem 4.6, we define

o) = (060 = 37 [ weInle) d= (o)

In order to prove the result we must show that the first variation of £ vanishes. That
is,

1
lim <(Elps + 0] = Elps]) = 0.

From the proof of Theorem 4.6, we know that ¢ € L*(R%) N L™(R?) and

/Rdgp(x) dz = 0.

1
————— we have that ps; + mdp > 0 and p, + dp > 0,
2m| ||| e

since m > 1. Calculating the first variation, we obtain

Furthermore, for § < dp :=

Elps + 0] = Elp] _ / C [(p+00)™ — ] do+ / W 5 py di+ W),
) Supp ps 5( - 1) R4
where 1
Wig] = 5/ (W ) dx.
]Rd
44
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Using the same arguments as in the proof of Theorem 4.6, we find that

iy E1Ps +9¢] = Elps] :/ ( me

m—1

Now, since [, ¢(x) dz =0, for the first variation to vanish it must be that

me

- 1p’sn’1(x) + W x ps(x) = C; for x € supp ps,
where C is a constant that may be different on each connected component of supp p;.

Hence, since p; satisfies (4.9) by Lemma 4.11, we have that p; is a stationary point of
E. O

4.2 Radial symmetry property of stationary states

In this section, we prove our main result of this chapter. Namely that, for m > 2 and
W satisfying assumptions (W1), (W2), and (W4), all stationary solutions of (1.1) are
radially symmetric and decreasing when restricted to a single connected component
of their support. Furthermore, we show that, for any stationary state whose support
has more than one connected component, the distance between any two components
is at least the radius of the support of W. These results are summarized in the
theorem below.

Theorem 4.13. Let m > 2 and let W satisfy assumptions (W1), (W2), and (W4).
Let ps € LL(RY) N L>(RY) be a stationary state of (1.1) and let D C R? be a
connected component of supp ps, as given in Definition 2.36. That 1is,

D N closure (supp ps \ D) = 0. Then the following holds:

1. There exists an xo € D such that ps|p is radially symmetric and decreasing from
Ty as a centre.

2. For all x € interior (D) and for any y € interior(supp ps \ D), we have ||z —y|| > 1.

Proof outline for Theorem 4.13.1
We prove Theorem 4.13.1 by contradiction, assuming p; is not radially symmetric and
decreasing under any translation.

Similarly to the proof of [21, Theorem 2.2], we use continuous Steiner symmetrization
to construct a family of densities (7, ) with ps|p = (0, ) =: po such that
Ep(r)] — Eluo) < —Cyr, for some C; > 0 and any sufficiently small 7 > 0.

However; since pi is a stationary state of £, it can be shown that
|E[1(T)] = E[po]| < Co7? for some Cy > 0 and for all 7 small enough. Combining these
two inequalities results in a contradiction for 7 sufficiently small.
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In order to prove Theorem 4.13.1, we must prove the preliminary results, Lemma 4.14
and 4.15, given below, where we investigate how the interaction energy, denoted by Z
in (3.1), between two densities u1, po € C'(R) changes under their continuous Steiner
symmetrizations. That is, we consider how

Iy, o) () o= /R (@) (B (@ — 5) dads, (4.10)

changes with respect to 7, given some K € C'(R) to be defined later.

Lemma 4.14. Assume K € C'(R) is an even function with K'(z) < 0 for all
0<z<Rand K'(2) =0 for all || > R. Let t; *= Xi(z4cir) fori=1,2. Then, for
I(7) i= I |, p2)(7),

1. £1(0) > 0.

2. In addition, if sgnc; # sgn ¢y,

lco — 1] <ro+m+ R, and |ro—m| <|ca —c1| + R, (4.11)
then

+ .

4-1(0) > gp(er,m,c0,79, R) S Fx o) K'(r) =¢>0,
where

o(c1,71,Co, 79, R) = min{—|ry — ro| + |co — 1| + R, —|ca — c1| + r1 + 12+ R, R} (4.12)

Proof. Without loss of generality, assume ¢y > ¢;. For the case where ¢y < ¢; the
roles of  and y in the proof are reversed.

For x € R, we have that S™u; = fooo Xmr(h () () AR = Xrr (1(i4e, ) for @ =1,2.
Then for any 7 > 0 it follows that

I(T) = IK [XI(95+C1,T1)7 XI(QEJrCQ,T‘Q)](T)

r1+Z+c1—Tsgncy ro+ZT+co—Tsgnca
= / / K(x —y) dydx

—r1+Z+c1—7sgncy J —ro+IT+co—T7sgnca
T2

1
= / K(z —y+ (c1 —c2) + 7(sgnece —sgney)) dydx
.

—79

If sgn ¢y = sgn ¢y, then

d+
—1I(0
dr (0)

T1 T2
(sgney —sgney) / / K'(x —y+ (c1 — ) dydx
—r1 J—rg
= 0.

If sgn ¢ # sgn ¢y we have that sgncy — sgn ¢y is either 2 or 1. Hence,
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a) b)

—1I(0) = (sgncy —sgn cl)/ / K'(x—y+ (c1 — ¢2)) dydx
= (sgncy; — sgn cl)/ K'(x —y) dydx (4.13)
Q

where @ is the rectangle [¢; — r1,¢; + 1] X [ca — 79, ¢o + 72]. Define

Q- =QN{0<zx—y<R}and Qt :=QN{—R <z —y < 0}. Note that
K'(x—y)<0in @ and K'(x —y) > 0in @*. Since K'(z —y) =0 for |z — y| > R,
we have that

d+
—1(0) > K'(x —y) dydx —i—/ K'(z —y) dydx.
dr Q-+ Q-

Regardless of the choice of r; and ry, since sgn ¢y # sgncy and ¢ > ¢q, () forms a
rectangle with its centre, given by (cy,¢y), lying above the line y = z. Hence, for any
h > 0, the length of the line segment Q™ N {x — y = —h} will be greater or equal to
the length of @~ N {z —y = h}. This implies that |Q*| > |Q~| and so
d+
2 1(0)>0,
dr (0)=

which proves 1.
Now, assume that sgnc; # sgnce and (4.11) holds. Furthermore, assume that ro > 7.

Under these assumptions we obtain three possibilities, given in Figure 4.1 and 4.2 (a).

We see in Figure 4.1 (a) that, since ro — 1 < |c2 — ¢1| + R, the bottom left-hand
corner of the rectangle must be above the line y = x — R. Similarly, in Figure 4.1 (b),
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since |ca — ¢1| < ro +r; + R, we see that the bottom right-hand corner of the
rectangle must be below the line y = = + R.

Under our assumptions we will always have that the area of Q1 will be strictly
greater than that of ()7, regardless of the choice of r; and ro, where r9 > ry.
Furthermore, in all cases the difference in area will be at least the size of the triangle
denoted D in Figure 4.2 (b) (outlined red in Figure 4.1 (a), (b), and Figure 4.2 (a)).

The vertices of D are given by (¢; +71,¢1 + 71+ R), (c1 +71,2) and (2 — R, 2), where
z :=max{2¢; — ¢y +19,¢1 + 11,00 — 12 }. Now, consider the trapezium ©Q C D where
the bases of €2 lie parallel to the hypotenuse of D and the longer base intersects the
medicentre of D, as illustrated in Figure 4.2 (b). Since K'(z —y) > 0 for all x,y € Q,
we have that

v

/ K'(x —y) dydx
D

/K’(m—y) dydx
0

> Q] min K'(z —y).
> (0] min, K'(x~ )

EI(O)

Vv

Now, substituting (¢ + 71, z) and the medicentre of D, given by
%(201 +2r;1 42— R,c; +r1 + R+ 2z), into the equation of the unit normal to y = x,
given by \%(y —x) =0, we find that

min K'(x —y) = min K'(r),

(z,y)€Q r€(z1,22]

where
212\%(2—01—7”1) > %
and
29 = ﬁ(z—cl—rl%—QR) < $(01+7‘1+R—C1 -1 +2R) = \%.

Hence,

min K'(r) > min  K'(r) > 0.

re(z1,22] 7’6[%7%}

Furthermore, by the properties of the medicentre, the longer base of €2 divides both
the base and the height of D in a ratio 1 : 2 as illustrated in Figure 4.2 (b).
Therefore, by the definition of Q, we find that |Q = #(c; + 71 — 2 + R)”.

Now, denoting

o*(c1,r1,02,72,R) = o+ —2z+R
= min{r; —ro+ce—c1+ R,c; —ca+r1 + 12+ R, R},

by our assumptions we have that ¢*(c1, 71, ¢, 72, R) > 0. Hence, we may conclude
that
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a)

b)

(C] +7ry,c1 +711 + R)

(e1,¢2)
. y=x+ R
/ y=z
Q" y=x—R

0

Figure 4.2: a) Illustration of the rectangle ). b) Illustration of the trapezium 2
contained in D.

d+ 1
—1I(0) > =¢*(¢1,71, 09,79, R)  min  K'(r) > 0. (4.14)
R ety

For r; > 79, one can obtain in a similar way the inequality (4.14), where r; and ry are
swapped. Accommodating also the case of ¢; > ¢ the inequality (4.14) holds with

90*(617T1a627742a R) - 90(6177‘170277‘27}%)7

as defined in (4.12) O

Lemma 4.15. Assume K € CY(R) is as defined in Lemma 1. For any open sets Uy,
Uy CR, let p; :== xu, fori=1,2 and I(1) = Ix|u1, p2)(7). Then

d
%I(T) >0 for all 7> 0.

Proof. Suppose first that U; and U, consist of a finite union of disjoint open intervals.
Fix 75 > 0. Define M™(Uy) =: UM, (& + ct,7L) and M™(Uy) =: Un2, I(& 4 ¢, 1)
where I(Z + cj, r}) and I(Z + ¢2,7}) are disjoint for all k € {1,..., N1} and

k€ {1,..., No}, respectively.

Now, S has the semigroup property. That is, S™"*u; = S™(S%u;) for i = 1,2 and any
7,8 > 0. Hence, for s > 0 small enough, where we set 7 = 7y + s, we have that
MT(Uy) = U, M*(I(Z + ek, rh)) and M7(Uy) = Up?, M3(I(Z + ¢2,72)). Assume
without loss of generality that ¢} < ¢Z for all k € {1,..., Ny} and £ € {1,..., Na}.
Denote I(k7£)(s> = Ik [X(iJrc,lg,rk)a Xl(a~c+c§,rf)](8)' Then,
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I(t) = Ik[xXmmo@w), Xmmows)(s)

= / XMT(Ul)XMT(Uz)K(x —y) dydx
RxR

Ny
= ZZ/ / K(x —y) dydx
s( I(x—l—ck rk (I(f—&—cg,r?))

k=1 ¢=1

N1 Na
= Z Z IK z+ck Th)s (xJFCz Tz)]( )

k=1 (=1

- 3>

k=1 ¢=1

Hence,

Taking s = 0, we obtain

—ITO ZZ 1%9(0) > 0, (4.15)

k=1 (=1

by Lemma 4.14. Therefore, since 79 > 0 is arbitrary, the result holds.

Now, if Uy, U, each consist of an infinite union of disjoint open intervals then, for
T = 19 + s, we have that

I(r) = / / K(x —y) dxdy
T Ul) T(UQ

= Tx[Xmmow), Xarro )] (8), (4.16)
where
MTO(UI) = UjovoleTO(UN) = Uy-1 Ugﬂ ](i‘ + Cllc7 Tli)
and

M™(Us) = URg_  M™(Unr) = Usj—y Ul]cwzl I(z + 0%77”1%)‘

Now, if N; < Ny then M™(Uy,) C M™(Uy,) for all 75 > 0 and so
th%oo MTO(UN) = UﬁleTO(UN) and hmM*)OO MTO(UM) = UﬁleT()(UM), for any
To > 0. Hence, for s sufficiently small, we have that

I(r) = lim lim / K(z —y) dxdy
N—o00 M—00 MS(MTO(UN)) MS(MTO(U ))
= Jim  lm T [xaro i), Xarro wan | (5)- (4.17)
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Therefore, combining (4.16) and (4.17), we see that

Nh_I};o A}l_{ﬂ T [Xarmo Un)> Xarmowan))(8)s=0 = T [Xarmo ) Xarmo )] (8)|s=o-

Furthermore, Ix[Xarrowy), Xaro(wy))(s) is differentiable and
]K[XMTO Un)> XMTO(UM)]( )| =

d
ds
N
- Z
k=1

M

ck+rk cz+7'e
(sgnc; —sgnc / / —y) dydx
=1 Tk C _Tz
M c +r c +T
Tk )
< 2 Z / / —y) dydx
=1 (=1 YTk Y]

= 2/ / K'(x —y) dydx.
MToUn) J M7 (Un)

That is, 7 Ly [XMmo Uy s X o ()] (8)]s=o0 18 bounded above and is increasing as

N, M — oo, implying that limpy_,ec ima; e & STk Xm0 ) X ()] (8)|s=o exists.
Hence,

d

d
afK[XMTo(Ul),XMTo(Uz)]( §)s=o = lim  lim_ d—IK[XMTo(Um Xaro Uy)] (8)|s=0 > 0,

by (4.15), yielding

d d

—T](To) = %[K[XMTO(UQ,XMTO(UQ)](SNs:o >0,

as required. O

Proof of Theorem 4.13.1.

Assume, for a contradiction, that po|p is not radially decreasing with respect to any
xo € D considered as a centre. Then by [21, Lemma 2.18] there exists a unit vector e
such that pg is not symmetric decreasing about any hyperplane with normal vector e.
We set e = (1,0, ...,0) without loss of generality.

Recall Definition 2.47, where we define the continuous Steiner symmetrization of a
non-negative function on R with respect to a specific direction. In order to prove
Theorem 4.13.1, we modify S7p in such a way that U travels at the speed v(h)
instead of a constant speed 1, where

1 if h>h
v(h)::{7 o, =t

()", i 0 < h < ho.

for some hg sufficiently small, defined later. We let p(r,-) = S7 11y where

o1
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ST;LO = / XMu(h)T(Uh/)(x1> dh.
0 x

Now, in [21, Proposition 2.8] it is shown that there exists some §; > 0 and C' > 0,
depending on m, pg, and W, such that, for any 7 € [0, d1],

\u(r,z) — po(z)] < Cuola)r for all z € R, (4.18)

[}Maw—m@»m ~ 0, (4.19)

for any connected component D; of supp .

The proof of [21, Proposition 2.8] does not rely on the infinite support of w’ assumed
in [21]. As a result, we see that (4.18) and (4.19) hold for W satisfying assumptions
(W1), (W2), and (W4).

Since (4.18) and (4.19) hold, we can use the same argument as in the proof of [21,

Theorem 2.2] to obtain that there exists some Cy > 0 and J§y > 0 with dy < d; such
that

|E[u(T, )] — Elpo]| < Cor? for all T € [0, &) (4.20)

It remains to be shown that there exists a C'y > 0 and some 7, 75 with
0 <71 <1 < such that

Elu(r, )] — E[po) < —Cy7 for all 7 € [, 1ol (4.21)

This will allow us to conclude that (4.20) and (4.21) hold for all 7 € [, 7»).
Combining (4.20) and (4.21) will then lead to a contradiction of 7.

In the proof of [21, Proposition 2.8], it is shown that S[u(7, )] < S[ue] for all 7 > 0.
Hence, it is sufficient to show that

(7, )] = Zlo] < —Cyr for all 7 € [71,72].

We prove this result as follows:

Fix 7 € |1, 72|, where 71, 79 are to be defined later. Fix 2’ € D,,, where
D,, = {z € R¥!: (21, 2) € D}. Consider the interval [a, b], where

a:=max{x; € R: po(z1,2") = maxyer to(z,2')}
and
b:=min{z; € [a,a + g] oz, x') = minze[a’aJrg} po(x, )}
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From the definition of @ and b, we have that 0 < b —a < g and
po(a, ') > po(x, z") > po(b,2’) for all x € (a,b).

For o > 0, define H* := {(a/,h) € D,, x (0,00) : |U% N [a,b]| > a}. By continuity of
[o, we can choose a sufficiently small so that H® has positive measure.

By [21, Proposition 2.8], for any ho > 0, u(7, -) satisfies (4.18) and (4.19) for all
T € |11, 73], since 11,75 < 0;. Hence, we may choose hq := ,uo(“Ter, 2’) and define
B1 = {($/7h) e HY:h Z ho}

and

By, = {(l‘/,h) EHY: h< ho}

By our choice of hg and continuity of po we have that B; and By have positive
measure.

Now, consider (2/, ;) € By and (¢/, hy) € By where 0 < ||2/ —3/|| < 1. Let U"' and
U;,Q consist of either a finite or infinite union of disjoint open intervals. Then, there
exist intervals I(c},,7,) and I(c3,,r7,) in Uf} and U;L,z, respectively, such that
|I(c},,rt,) N[a,b]| > B and |I(c2,,72,) N [a,b]| > B for some 5 € (0, .

We show that there exists some 71, 75 with 0 < 77 < 75 < dy such that
1 3= X oo (1(ch b)) and py 1= X nmeh2)mo(1(c2, r2,)) satisfy the assumptions of Lemma
4.14.2 for all 7y € [11, 7).

We choose H = {x; = 2} for some & € D,y = {z1 € R: (x1,2") € D} and let
I(ct, i) = 1(Z +c1,my) and I(c2,,r2.) =t I(Z + ca,73). We consider the following
two cases: ¢; = ¢o and ¢ # ¢s.

Case 1: ¢1 = ¢

e
) Co

which M7 ([ (2 r2.)) shares a common endpoint with a neighbouring interval (if
one exists). Since fip is not symmetric decreasing about any hyperplane with normal
vector e, we have that j is not symmetric decreasing about H = {z; = 7}.

We choose & such that |¢i] = |Z — ¢, | = $ min{R, §y, 7%, &} where 7* is the value at

Now, let 71 = |¢1]. We claim that the assumptions of Lemma 4.14.2 hold at 7 = 7.
Indeed, we have that

Mv(hl)nu(i + ¢, 7’1)) = [(f +c — U(hl)ﬁ sgncy, 7’1)
and
MO ([(F 4 ¢9,15)) = I(Z + ¢ — v(ha)T1 580 C2, 7).

23
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Figure 4.3: Illustration of case 1 where ¢; = ¢, > 0 and 2’ is fixed. On the left, 7 =0
and on the right, 7 = 7.

Set ¢; :=c; —v(hy)Tisgne; and ¢ := co — v(hy)Tisgnce. Then, ¢ = 0, since
v(hy) = 1. If ¢ > 0, then é = |ca| — v(hg)|c2| > 0 and if ¢; < 0, then

¢a = —|ea] + v(ha)|e2| < 0. This follows from the fact that v(hy) = (Z—f))m_l < 1.
Hence, sgn ¢; # sgn és.

Furthermore, since hy > hs implies r; < rg, by continuity of 1, and since |¢;| < %, we
have that

A . R
|Ca—¢1| = |é2] = |ea—v(h2)T sgnca| < |eo|+v(ha)|c| < 2|ep] < 5 < ritre+R. (4.22)

Also, since [T 4 ¢1 4+ 11,Z + 2 +72] C [a,b] and b — a < £ it follows that
To —T1 = (.i"FCQ‘F?“Q)—(i'—i‘Cl—{—Tl) S % < ’62—61‘+R,

as required.

It remains to be shown that the assumptions of Lemma 4.14.2 continue to hold for all
T € |11, 73], where 75 := min {7 + |é2/, %,50}.

Now, we have that
Mv(hl)T2 ([(QN? + C1, 7"1)) = [(QN?, 7"1)
and

Mo ([(F 4 ¢9,15)) = 1(Z + ¢ — v(ha) T2 580 C2, 72).

Set ¢ :=c¢; —v(hy)masgne; and é 1= ¢g — v(hg)Tesgncy. Then ¢ = 0. Furthermore,
if ¢5 > 0 then ¢3 > 0 and so é& = ¢y — v(hg)T2 > |é2] — v(hs)|é2| > 0 and if ¢, < 0 then
¢o < 0 and so ¢y = o + v(ha)Te < —|é| + v(hg)|é2| < 0. Hence, sgn ¢; # sgn és.

Additionally, since |¢;| < £ by (4.22), we have that

‘52 — 61| = |62| < |C2| + U(hQ)TQ < |CQ| + U(hg)(|02| + ’62|) <To+711+ R

o4

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

4.2. RADIAL SYMMETRY PROPERTY OF STATIONARY STATES

and
—nml <& <)é-¢|+R
To =T > 3 Co—C1 )
as required.

Case 2: ¢1 # ¢

Suppose ¢; # co. We choose T = c,lﬁ* such that ¢; = 0 and sgn c¢; # sgncy. Now, let

71 =0 and 7 = § min{|es|, 7, 8, R} > 0. Then we have that

MO ([(F 4 ¢y,71)) = I(F + &, 1) and M2 ([(F + ¢, 15)) = I(Z + &, 72) where
¢ =0 and & = ¢y — v(hg)Tsgn cs.

If Co > O, then ¢y = ¢y — U(hg)TQ > |CQ| — U(h2)|02| > 0.
If ¢; < 0, then é, = ¢y + ’U(hg)TQ < —|CQ| + U(h2)|62| < 0.

Hence, sgn ¢; # sgn ¢o. Furthermore, by continuity of 1y, we have that
a<THc+r =T+ +r <T+cy+ry<b

Now, if cg >0, thena < T4+ +rm=T+r <T+é +1r1 <IT+cC +1ry<b. Hence,
Sinceb—a§%,wehavethati+5g+r2—(i+61~l—r1)S%andso

Eg—élgrl—r2+§<r1+r2+R.
Ifeg<0,thena < T4+ 4+r=T+rm <T+é+ro=3+co+v(ha)Ta+719 <
T+ co + v(ho) & + 1o < b+ v(ho)E. Hence, b+ v(he)§ —a < & +v(he)% < R and so
T+é+1y— (T4 ¢ + 1) < R, which yields
Gy —C1 <1ri+re+ R.

Furthermore, for both ¢ > 0 and ¢, < 0, we see that
To — T <51—(~32+R§ |62—61‘+R,

as required.

Hence, for both cases 1 and 2 it follows that XMoo (I(ch, L) and X pzo(ha)m (I(2. r2.)
satisfy the asumptions of Lemma 4.14.2 for all 7y € [y, 72].

Thus, for s sufficiently small and 7 = v(h)7m + s, we have that

d+ d+
EI(U(]’L)TO) = EIK [XM“(’Ll)TO(U;L,l)’ XM”(’L2)TO(U;/2)](S>|S=O
d+
> %[K [X aror)mo (I(ck,rLa))s XMoo (1(c2, ’Tﬁ*))] (8)]s=0
z ¢>0, (4.23)

for all 79 € [11, 2], by Lemma 4.14 and 4.15.
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Now, define a 1-D kernel Kj(z) = —1w(v/22 +2). For any | > 0, K; € C*(R) is even
with K;(z) < 0 for all 0 < z < R, where R :=+/1—12,[? < 1, and K;(z) = 0 for all
z > R. Then,

_ 1 _ _
15m] = 5 [ [ 55 )W ) dyda
1
-3/ /UW Xagenr (Xt ey ()W (& = ) dhadhadyd

= _/ / XM‘U(}LI)T(Uh/l)(xl)XM‘U(}LQ)T(UhIQ)(yl)KHI',—y/H<|x1 - y1|) dhldh2dyd$
D2 (R+)2 x Yy

This follows from the definition of S7p and since W(z — y) = w(||z — y||) =
W(((21 = y1)? + oo+ (22 = ya)*)'?) = =2Kjwr—yy (|21 — 1), where 0 <[] — y/|| < 1.

Now, using the definition given in (4.10), we have that

_/ / / ]Kl‘z/7y1‘|[XUhl)XUhQ](U(h)T> dhlthdy/dx/'
Dy, J Dy, J (RT)2 ! v’

Taking the right derivative, we obtain

dr ~n dr 130
_EI[S fol = /Dzl /Dyl /]R+ ] E[K\Iz’—y’l\[XU:,“XUS,Z](U(}L)T) dhidhydy'dx

- / / dr LK) sy XUhl’XUh2]( v(h)7) dy dhadz’dhy,
By /By

by Lemma 4.15. Now, for any (2’, hy) € By and (v, ha) € Bsy, by (4.23), we have that

dr_ -~
—EI[ST“O] > |Bl||BQ|C = Cl > 0,

for all 7 € [r1, 75]. Hence, by the fundamental theorem of calculus and using the fact
that S = po, it follows that

T[S o) — Z{uo) < —Chr,
for all 7 € [ry, 73]. Hence, we have that

S[M(T7 )] - g[NO] < —-Ci7 and |5[,U(T, )] - g[,u()“ < C27_2

for all 7 € [1, 7] (since 2 < dg). Now, by definition, 77 < —-. But, since

T
—Cori < Elp(r, )] = Elpo] < =Chrmy,

C
it must be that 7, > 51, a contradiction. O
2
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We show in Theorem 4.16 below that the compactness of each connected component
of supp ps follows from Theorem 4.13.1.

Theorem 4.16. Let m > 2. Assume (W1), (W2), and (W4) hold. If ps is a

stationary state of (1.1), then each connected component of supp ps is compact.

Proof. We consider an arbitrary connected component D of supp p;. We assume, for
a contradiction, that D is not compact. Since D is closed, it must be that D is
unbounded. Therefore, since p; is radially symmetric we have that D = R¢. The
proof then follows exactly the same as that of Theorem 4.7.

m

Since each connected component D of the support of p, is compact by Theorem 4.16,
we have that ps|sp = 0. Hence, as in the statement of Theorem 4.13.2, we consider

x € interior (D) and y € interior (supp ps \ D). Note that, since D and

closure(supp ps \ D) are disjoint by assumption and are compact, we have that
min{||z —y|| : x € D, y € closure(supp ps \ D)} > 0.

Proof of Theorem 4.13.2. Set ps = g = p(0,-). We consider supp po made up of two
connected components, D; and D,. Suppose for a contradiction that there exists
some z* = (z7, ™) € interior D; and y* = (y{,y"*) € interior Dy such that

|z* — y*|| < 1. Then, |2} — yi| < /1 — ||[2"* — y*||? = R, where ||z — y"*||* < 1.

Set 7 =& 4+ ¢ + 71 and yj = T + co — 79 where Z is chosen such that ¢; < 0 and
ca > 0. We claim that X7(i4c,r) and X7(z4eo,r,) Satisfy the assumptions of Lemma
4.14.2. This can be seen from the fact that |z} — y| < R implies

|ca — 19 — ¢1 — 11| < R, which gives ||ca — ¢1]| — |r2 + r1]| < R, yielding

lca — 1] <+ 1o+ Rand |ro — | <|cg — 1| + R.

Furthemore, taking 7, := 3 min{|e1], |2, |2} — yi|, do} > 0, with dy as defined in [21,
Theorem 2.2, we have that M™ (I(Z + ¢y,7m1)) = 1(Z + ¢;,71) and
M™(1(Z + c9,19)) = I(Z + ¢2,72) where

C1 = — Tmsgncy = ¢ + Ty < —|e1| + |e1] =0,
and
Co = Cy — T SN Co = Cg — Ty > |C2| - |C2| = 0.
Hence, sgn é; # sgn Co.
Also, since [T + & + 71, & + G2 — 2] C [T+ ¢1 + 71, + ¢z — 1], we have that

|62—51 —TQ—’Fll < |02—Cl —7’2—7”1‘ < R, yleldlng |52—51| <ri+ry+ R and
|1y — r1| < |éa — é&1| + R, as required.

Furthermore, setting ho = max g, we have that xyemmm (1(z4¢,,0,)) a0d
X Mot m (1(F4ea,r2)) SabISTy the assumptions of Lemma 4.14.2. for all 7 € [0, 7,,], since
v(h) < 1 for h < hy.
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Now, fix (2',hy) € D' x (0,00) and (¢, he) € D" x (0, 00), where
D = {2 e R¥"1: (2,2') € D;}, for i = 1,2 and z; € R. We define the set

Bi={(z', ) x (y/, hy) : |a — 8] < R, a € interior D¥, 3 € interior DY },

where D?' = {2 € R: (2,2') € D;}, for i = 1,2 and 2’ € R¥"!. We know by
assumption that B is non-empty. Furthermore, since B is an open set, it has positive
measure. Hence, using the same approach as in the proof of Theorem 4.13.1, we find
that

dr - d*
——I[57 = —I h)T) dhydhydx'dy'
dr (57 pa /(Rdl)z /(R+)2 dr K””“"*y’”[XU;“XU;L'Z](U( J7) dindhzdz dy

> ¢|B| >0 forall 7€l0,7,],

by Lemma 4.14 and 4.15. Thus, there exists a C' > 0 such that

E[S o] — Efpo) < —CT <0 (4.24)

for all 7 € (0, 7,,,]. However; using the fact that p is a stationary state of (1.1) we
have that
€T, )] = Elpol| < Cor?, (4.25)

for all 7 € [0, 7,,], as discussed in the proof of Theorem 4.13.1. Combining Inequality

C
(4.24) and (4.25) and taking 7 = 5o We see that
2

C? C?
< I — _
10, = Sl )l = &l < =5

a contradiction. O

Hence, from the theorems in this chapter, we have provided a proof for Theorem 4.3.

o8
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Mass-independent boundedness of stationary

states

In this chapter, we prove that for m > 2 and for attractive kernels with both compact
and infinite support, stationary states of Equation (1.1) possess a mass-independent
upper-bound. That is, regardless of the size of the support of W, there exists an
upper-bound of any stationary solution to (1.1) that does not depend on the initial
condition. Furthermore, we provide numerical simulations that confirm our analytical
results on stationary states given in both the current and the previous chapter.

5.1 A theoretical upper-bound

Theorem 5.1. Let m > 2. If p, is a stationary state of (1.1) with W satisfying
assumptions (W1), (W2), and (W4), then

)
for all z € R

) 1/(m—2

. m—1
pula) < ot 1= (Wl qay

Proof. Since p; is a stationary state of (1.1),

me

p— 1p;”_1(x) + (W * ps)(x) = C; for all x € Dy,

where C; may be different on each connected component D, of supp p;. Now, let
z € 0D;. Then,

- Pl ) + (W pg)(x) = %p;n_l(Z) + (W x ps)(z) for all z € D;.

m—1

Since p, € C(RY) by Theorem 4.11 and p, is compactly supported by Theorem 4.7,
we have, for z € 0D;, that p,(z) = 0. Hence, for any x € Dj,

me

— 1/)2”*1(:6) (W s p)(z) = (W % ps)(2).

Furthermore, by (W4), we have that

29
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W p)(:) = [ W= g)ply) dy <0
R
Therefore, for all x € Dj;,
me .
T ) < (W pu) (@) < NIl ey,
which implies that
m1(2) < W gl 04 (5.1)
Ps \T) > me LY(R) || Ps || Loo (R .

for all x € D;. Since D; is an arbitrary connected component of supp p, and the
upper-bound of p™~! is independent of D;, then Inequality (5.1) holds for any
D; C supp ps and, thus, for any z € RY. This yields

1/(m—2)
m —1
Mol < (W llgen

as required. 0

It is quite interesting that this boundedness property can be extended to the case of
w’ strictly positive on (0, 00). More precisely, the following theorem holds true.

Theorem 5.2. Let m > 2. If ps is a stationary state of (1.1) with W satisfying
assumptions (W1)-(W3), then

1/(m—2
pole) < o= (

—1 )
m for all z € R

gy

me

Proof. Since p; is a stationary state of (1.1) and is radially decreasing up to a
translation on R?, by [21, Theorem 2.2], we have that
me

TP2 (@) + (W py) () = € = const, for all « € supp ps.
-

Since p, € C(RY) by [21, Lemma 2.3] and p, is compactly supported by [26, Lemma
3.2], we have, for z € d(supp ps), that ps(z) = 0. Hence,

me

m— 102”—1(:15) + (W x pg)(z) = (W * ps)(2) < 0.

This follows from the fact that w is strictly increasing on (0, 00) and lim, ., w(r) = 0.

Therefore,
me

——=0 7 (2) < =W po) (@) < IW Lz e llos| | e e
for all x € supp ps. Hence,

m— 1 1/(m—2)
|[0s] oo (may < (WHWHD(HW)) ,

as required.
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5.2 Numerical simulations

In this section we present numerical simulations for Equation (1.1) to illustrate the
results in Theorems 4.13, 5.1, and 5.2. We consider two examples of attractive
kernels, one with bounded and the other with unbounded support. We show that in
both cases the numerical solutions converge towards stationary states that are
radially decreasing up to a translation and compactly supported.

Furthermore, we demonstrate that when m > 2 the stationary states have an
upper-bound independent of the mass. In particular, we are able to confirm
numerically that m = 2 is a threshold such that for m > 2 there exists a
mass-independent upper-bound for the density, while for m < 2, the maximal density
increases without bound as more mass is added to the system. In addition, we see
that for m > 2 and sufficiently large mass, the stationary states are approximately
constant in the interior of their support. In this case, we show that, for any

W € LY(R?), we can approximate the maximum height of the density by minimizing
the energy functional. We consider numerical results in one dimension for both
Examples 1 and 2. For the initial data, we use a characteristic function, defined on a
symmetric real interval. That is, pg = X[—q,q), for some a > 0.

In addition, we provide simulations in two-dimensions for the particular case of W
compactly supported. We demonstrate that for this choice of interaction kernel, we
can obtain stationary solutions which exhibit pattern formation. For these
experiments in 2D, we vary the choice of initial data in order to illustrate the range
of patterns that can be obtained. For our numerical computations, we set do = 0.4
and dt = dx, where dr and dt denote the sizes of the spatial and time steps,
respectively. Unless specified otherwise, for all numerical results, we have set ¢ = 1.

Example 1 Consider

(z) = —5e!/(eP=1 |z < 1
o, |z > 1.

We can clearly see from Figures 5.1, 5.2, 5.3, and 5.4 that the existence of a
mass-independent upper-bound is dependent on the value of the diffusion exponent
m. More precisely, we see in Figure 5.1 that, for m = 2.1 and sufficiently large mass,
the maximal density of the stationary state remains constant as the mass of the
population is increased. That is, for M > 40, the maximal density remains at a value
of max py ~ 2.443, with only the support increasing as the mass of the initial data is
increased. The same behaviour occurs in Figure 5.2, where the maximal value that
the density obtains for any mass is max p; =~ 1.19.

Furthermore, our numerical results agree with the upper-bound p? of p,, derived in
Theorem 5.1. Here, pf &~ 3.942 for m = 2.1 and p} ~ 1.726 for m = 2.5, where ||W||
is computed numerically using the same spatial step size as the computations for p,.
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Figure 5.1: Example 1: Stationary solutions of Equation (1.1), where m = 2.1. For
M > 40 we have max p; ~ 2.443.
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Figure 5.2: Example 1: Stationary solutions of Equation (1.1), where m = 2.5. For
M > 20 we have max p; ~ 1.19.
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Figure 5.3: Example 1: Stationary solutions of Equation (1.1), where m = 2. The
maximum density continues to increase with the mass, while the support remains
constant.
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Figure 5.4: Example 1: Stationary solutions of Equation (1.1) where m = 1.5. The
height of the density increases and the support decreases as the mass is increased.
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Figure 5.5: Example 1: Stationary solution of Equation (1.1), where m = 2.1, depicting
the formation of multiple connected components.

In contrast, in Figures 5.3 and 5.4 we see that, for m = 2 and m = 1.5, respectively,
the maximal density continues to grow with the mass of the initial data, implying the
absence of a mass-independent upper-bound. Using the same mass as in Figures 5.1
and 5.2, we obtain convergence towards stationary solutions that do not reach a
plateau where the internal density is approximately constant, as is the case for

m > 2. Furthermore, for stationary states with mass that is well above that of the
stationary states depicted in Figures 5.1 and 5.2, the maximum height of the density
continues to grow with the mass, suggesting that the maximum height is dependent
on the mass for any M > 0. It is also interesting to note that for m = 2, the support
of the stationary state remains constant as the mass is increased, while for m = 1.5,
as the mass increases, the size of the support decreases.

The emergence of multiple clumps can be seen in Figure 5.5. Indeed, we see that, for
initial data with sufficiently large support, the support of the stationary solution is
made up of multiple connected components. Figure 5.6 gives another example of a
stationary state with multiple connected components. We choose a randomly
distributed initial condition with mass large enough such that some of the swarms in
the stationary state reach their preferred maximum density with approximately
constant interior. In Figure 5.7, we provide a close up view of the two swarms in
Figure 5.6 with the shortest proximity, that is, the second and third swarms from the
left. We see that the distance between these two swarms is no smaller than the radius
of supp W, confirming the analytical result given in Theorem 4.13.2.
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Figure 5.6: Stationary solution of Equation (1.1), where m = 3 and W (z) = — max(1—
|z|?,0). The initial condition is randomly distributed with mass M = 55. The mass of
the initial condition is large enough to allow for some swarms to reach their preferred
maximum density, where their interior is approximately constant.
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Figure 5.7: Close up of the two closest swarms of the stationary state depicted in
Figure 5.6, that is, the second and third swarms from the left. The distance between
these two swarms is not smaller than the radius of supp W, confirming the analytical
result given in Theorem 4.13.2.
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Finally, we comment on the fact that, in all figures for Example 1, the stationary
states are compactly supported and radially decreasing up to a translation on each
connected component of their support, agreeing with the analytical results given in
Section 4.2.

Example 2 Consider

W(z) = —ell 2 € R.

In Example 2, we consider the case of w with unbounded support. Similarly to
Example 1, we see in Figures 5.8, 5.9, 5.10, and 5.11 that m = 2 acts as a threshold
value separating stationary states that possess a mass-independent upper-bound with
those that do not. In Figures 5.8 and 5.9, where m = 2.1 and m = 2.5, respectively,
we obtain stationary states that are bounded above independent of the mass of the
initial data with the internal density approximately constant, while in Figures 5.10
and 5.11, where m = 2 and m = 1.5, respectively, we obtain stationary states whose
height continues to increase regardless of the mass of the initial data. Hence, for W
with either bounded or unbounded support we obtain the same dichotomy of
behaviour as we vary m.

As in Example 1, our numerical results have an upper-bound less than the theoretical
upper-bound p? of p,, derived in Theorem 5.1. Indeed, in our numerical simulation
we obtain a mass-independent upper-bound for m = 2.1 and m = 2.5, respectively,
given by, max ps ~ 1.1 and max p; ~ 1.0117. Comparing this to our analytical result,
where p¥ ~ 1.59 for m = 2.1 and p} ~ 1.44 for m = 2.5, we see that our numerical
upper-bound remains below our analytical upper-bound, regardless of the mass.

Furthermore, we obtain stationary solutions that are compactly supported and are
radially decreasing up to a translation, agreeing with the analytical results given in
[21] and [26]. Moreover, we see in Figure 5.12 that, using the same initial data as in
Figure 5.5, Example 1, we obtain a stationary state whose support consists of a single
component. This is expected, since the attractive kernel W has infinite support.
Hence, we are able to obtain different stationary solutions by varying the size of the
support of W.

In particular, attractive kernels with compact support can be considered
advantageous over kernels with infinite support, since they allow for the formation of
patterns, as can be seen in Figures 5.13, 5.14, and 5.15. In addition, compactly
supported interaction kernels can be considered as more realistic with regard to
modelling physical and biological aggregations, as the sensing mechanisms of agents
in nature do not have an infinite range.

We note that, for both Examples 1 and 2, our numerical simulations of the stationary
solutions are in line with the analytical result given in [31, Corollary 2.3] where it is

proved that, for the particular case of the Newtonian kernel, where m > 2 — f—i, and for
two stationary states p; and po, with masses M; > Ms, the following properties hold:
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Figure 5.8: Example 2: Stationary solutions of Equation (1.1), where m = 2.1. For
M > 40 we have max ps ~ 1.1.

(a) If m > 2, then p; has a bigger support and bigger height than p,.
(b) If m = 2, then p; and py have the same size support.
(c) If2— % < m < 2 then p; has a smaller support and greater height than ps.

We remark that Property (a) holds unless M; and M, are large enough so that both
stationary states reach their preferred maximum density. In this case, both stationary
states will have the same height and p; will have a larger support than ps.

Additionally, we see that, in both examples, our numerical results satisfy the
properties of conservation of mass and the preservation of positivity of the solution,
as expected. Furthermore, when we make the domain large enough to accommodate
the mass of the initial condition, we observe that the centre of mass is conserved as
the solution evolves. In particular, for the case of W with unbounded support, the
centre of mass acts as a centre for the radially decreasing stationary solution.

By our numerical simulations for both Examples, we see that, for sufficiently large
mass, the stationary states are approximately constant in the interior of their
support. This is in agreement with the numerical results obtained in [42], where
stationary states corresponding to a special case of Equation (1.1), where m = 3, are
considered. In particular, the authors derive an approximation for the stationary
states using the energy functional (3.1) for the case when the mass is large enough
such that the stationary states are approximately constant inside their support. We
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Figure 5.9: Example 2: Stationary solutions of Equation (1.1), where m = 2.5. For
M > 20 we have max p; ~ 1.0117.

extend this approximation to stationary states of Equation (1.1) with diffusion
coefficient m > 2 as follows:

We consider the energy functional (3.1) and assume that the mass is large enough
such that the stationary states are approximately constant inside their support. Then,

1
elp) = g [ordee s [ pWap) ds
2 Rd

2
2 Ps

1P;n/ dr — EHWHLl(Rd)/ dx
m — supp ps Supp pPs

2
£ m P
= a1l | supp psfa — §||W||L1(Rd)| SUpp s|a-

Q

Now, since we assume p; is approximately constant in its support, we have that

M= ps dx = ps|supp ps|a-
sSupp Ps

Hence, | supp ps|q &~ pMs, and so
£ Ps
Elps] = —— "M~ S Wl @ay M.

Now, since p; is a stationary state of (1.1), it is a stationary point of the energy
functional, by Theorem 4.12. Therefore,

M
epl *M — 7|’WHL1(Rd) ~ 0,
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Figure 5.10: Example 2: Stationary solutions of Equation (1.1), where m = 2. The
maximum density continues to increase with the mass, while the support remains
constant.
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Figure 5.11: Example 2: Stationary solutions of Equation (1.1) where m = 1.5. The
height of the density increases and the support decreases as the mass is increased.
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Figure 5.12: Example 2: Stationary solution of Equation (1.1), where m = 2.1. The
support of ps consists of a single component, contrasting the stationary state with the
same initial data given in Figure 5.5.

yielding

1
N (HWHLl(Rd)) 2
ps | oo :
5

in supp ps. Denoting the above approximation by pg, we find that, for Example 1,
pE ~ 2.476 if m = 2.1 and pg ~ 1.2 if m = 2.5, where we have used the trapezoidal
rule, with spatial step size dz = 0.4, to approximate the integral of W, obtaining
[[W |1 ey ~ 2.1898. Additionally, for Example 2, we find that pp ~ 1 for both

m = 2.1 and m = 2.5.

In Table 5.1, a summary of the results obtained in this section regarding the
mass-independent upper-bound of stationary states of (1.1) for m = 2.1 and m = 2.5
is given. In addition, we include results for cases m = 3 and m = 3.5. We note that
the numerical solution for m = 2.1 and m = 2.5 goes above pg, implying that pg is
not an upper-bound for stationary states of (1.1). However, we conjecture that this is
a numerical error as the numerical stationary state moves above pr when
approaching the threshold value m = 2.

1 W 1
We also note that lim,, (mm—_alHWHLl(Rd)) m=2 — 1 and lim,, . (”||2+1<Rd>) mZ

showing that our theoretical upper-bound p? and the energy approximated
upper-bound pg agree in the limit of large m.
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Figure 5.13: Pattern formation of a stationary solution of Equation (1.1), where m = 3
and w(r) = —5e"/*~ for 0 < r < 1 and w(r) = 0 for r > 1. The initial condition is
made up of a linear combination of step functions of the same height that are evenly
distributed throughout the domain.
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Figure 5.14: Pattern formation of a stationary solution of Equation (1.1), where m = 3
and w(r) = —5e"/*~ for 0 < r < 1 and w(r) = 0 for r > 1. The initial condition is
randomly distributed.
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Figure 5.15: Pattern formation of a stationary solution of Equation (1.1), where m = 3,
e=>5and W = —(1 —||z||*)+. We choose a randomly distributed initial condition
with mass large enough to allow for some swarms to reach their preferred maximum
density, where their interior is approximately constant.
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Table 5.1: Approximation of the maximal value of p, for Equation (1.1).

Example 1
o numerical | pg
max pg
m=2.1 3.942 2.443 2.476
m=2.5 1.726 1.19 1.2
m=3 1.333 1.0925 1.0949
m=3.5 1.333 1.0589 1.0623
Example 2
o numerical | pg
max ps
m=2.1 1.59 1.1 1
m=2.5 1.44 1.0117 1
m=3 1.333 0.99933 1
m=3.5 1.27 0.99742 1

5.3 The aggregation-diffusion equation with a time
dependent attractive kernel

In this section, we consider the case where the attractive kernel W is dependent on

both space and time. In particular, we provide numerical results in two dimensions of

Equation (1.1) with the addition of an exogenous force V'(z,t). That is, we consider
the equation given by

Op=cAp™ +V - (pVW xp+V)). (5.2)

In many biological swarms, such as locusts or fruit flies, the aggregation of the species
does not occur constantly over time [43]. For example, the species will aggregate to
find a potential mate, but then disperse to forage for food. Hence, it is noteworthy to
consider how the behaviour of the swarm evolves when the strength of the
aggregation is dependent on time. For our numerical simulations, we consider two
choices of attractive kernels, given by Examples 1 and 2 below.

Example 1

—Lell=ll forte A
W(x,t):{ 2r® T 0TV E

0, otherwise

Example 2

( t) _(1 - Htz)-i-? forte A
Wi(x,t) =
0, otherwise
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In both examples, we denote A to be some union of disjoint intervals.

We first consider solutions to Equation (5.2) where W is given by Example 1, that is,
where W has infinite support. We choose the exogenous force V(x,t) to be a cluster
of four Gaussian functions situated at the bottom left corner of the domain, which
disappears when t € A, that is, when the attractive kernel is "switched on”. In a
biological setting, we make this choice of V' in order to model the presence of a food
source. However; other choices of V' can be considered to model other exogenous
forces such as wind, gravity, or light sources.

We pick the initial condition to be a single Gaussian function located away from the
exogenous force V', depicted in Figure 5.16 (a). In (b), we see the time evolution of
the solution as a result of the attractive kernel being switched off and the exogenous
force being switched on. We see that the population breaks away from a single swarm
and moves towards the food source. As a result of the diffusion term and the limited
food source, some of the population remains close to the site of the initial aggregation.

After a certain time, the aggregation term is switched on and the exogenous force is
switched off. As a result, two separate swarms are formed, as illustrated in (c). As
time passes, we see in (d) that the two swarms merge into a single swarm. This is a
consequence of the attractive kernel having infinite support. We comment that the
state in which the solution is comprised of two separate swarms is long-lived. This
meta-stable behaviour is a well-known attribute of solutions to non-linear aggregation
diffusion equations where the attractive kernel decays quickly over space, as shown in
[18] and references therein. A video providing an example of this metastable
behaviour in the dynamics of Equation (1.1) may be found in [12].

Lastly, we note that the final swarm in (d) is in a different location to the initial
condition, attributed to the presence of an exogenous force. Indeed, in the absence of
the exogenous force, the final state of the swarm would be in the same location as the
initial condition in (a). Hence, the exogenous force allows for the swarm to travel in
space over time.

Figure 5.17 illustrates the evolution of the solution of Equation (5.2), where W is
given by Example 2, that is, where W is compactly supported, and where V(x,t) is a
random distribution in space and vanishes when ¢t € A. We pick the initial condition
to be a single Gaussian function situated in the centre of the domain. In (a), we see
the time evolution of the solution as a result of the attractive kernel being switched
off and the exogenous force being switched on. The population breaks away from a
single swarm and moves towards the randomly distributed food source.

When the aggregation term is switched back on and the exogenous force is switched
off, multiple swarms of varying size are formed, as illustrated in (b). Because of the
metastability behaviour, we terminate the simulation before the stationary state is
reached; however, from our analytical results given in Chapter 4, we expect that the
solution will converge in time towards a stationary state where each swarm has a
compact and circular support. We refer to [12] for a video representation of the
dynamics of Equation (5.2) for both Examples 1 and 2.
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Figure 5.16: Simulation of aggregations of a population over time where the time-
dependent attractive kernel W of Equation (1.1) has infinite support and the model
incorporates a space and time-dependent exogenous force V. (a) Depiction of the
initial condition given by a Gaussian function. (b) The attractive kernel is switched
off and the exogenous force, modelling food sources is switched on. The population
breaks away from a single swarm and moves towards the food source. (¢) Two separate
swarms are formed when the aggregation term is switched on and the exogenous force
is switched off. (d) The two swarms merge into a single swarm, which has a different
location to the initial condition.
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(b)

10

Figure 5.17: Simulation of aggregations of a population over time where the time-
dependent attractive kernel W of Equation (1.1) is compactly supported and the model
incorporates a space and time-dependent exogenous force V. (a) The attractive kernel
is switched off and the exogenous force, modelling food sources, randomly distributed
over the domain, is switched on. The population breaks away from a single swarm and
moves towards the food sources. (b) Multiple swarms of varying size are formed when
the aggregation term is switched on and the exogenous force is switched off. We expect
the swarms to converge towards a stationary state where each swarm has a compact
and circular support.
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5.3.1 Numerical procedures used

For all numerical results in one dimension, an implicit-explicit (IMEX) scheme,
presented in [16], is used. This scheme is based on the explicit scheme devised in [19].
The convective term is approximated in space using the same second-order upwind
scheme as presented in [19], while the diffusive term is approximated in space by
second order central finite differences. The discrete convolution is evaluated using a
fast Fourier transform algorithm [28].

In our simulations, we use the forward Euler’s method to discretize time. The
diffusive term is discretized implicitly in time while the the convective term is
disctretized explicitly in time, resulting in the Euler IMEX method, given by

Pttt = p" +dt(C(p") + D(p"H)),

where C(p) and D(p) are the spatial discretizations of the convective and diffusive
terms, respectively. The resulting nonlinear problem is solved using Newton’s method.

The benefit of the diffusive term being handled implicitly is that less restriction is
needed for the CFL condition, compared to explicit schemes. In addition, under a

suitable CFL condition, it is proved in [16] that this Euler IMEX scheme is
positivity-preserving.

For all numerical simulations in two dimensions, we again use the Euler IMEX
scheme presented in [16], as well as the Alternating-Direction implicit (ADI) method
to handle the implicit in time diffusive term [34]. The ADI method is used here to
allow for a good compromise between accuracy and speed.

Finally, we note that in all simulations presented in this dissertation, we have used
periodic boundary conditions. Since the problem is posed on R or R?, periodic
boundary conditions are convenient as they account for the fact that we are not
interested in any boundary effects. For efficiency, in our 2D simulations we made use
of the Sherman-Morrison formula, which treats our system of equations generated by
our finite difference scheme as a tridiagonal system plus a correction [40].
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Model of non-local aggregation and non-local

repulsion

In this chapter, we investigate a model incorporating both non-local repulsion and
non-local attraction. Similarly to Equation (1.1), we aim to model the behaviour of
individuals as a result of long-range attraction and short-range repulsion; however, as
opposed to modelling the repulsion using non-linear diffusion, we consider a non-local
term where the kernel, denoted R, has a shorter range of interaction compared to the
attractive kernel W. We consider the following non-local integro-differential equation
given by

0up =V - (pV(W x p+eRx (Rxp)" %) + ——=(Rxp)" ™). (6.1)

Recalling the property of the Dirac measure given in Section 2.1.4, if R is the Dirac
measure, then

(R p)e) = [ olo) dButo) = o)

For this choice of R, Equation (6.1) reduces to Equation (1.1). Hence, (6.1) can be
considered as a generalization of (1.1).

It is proved in [20] that under certain regularity conditions on R and W, and for

m > 2, we have global existence and uniqueness of weak solutions to Equation (6.1),
where test functions are taken in C§° so that weak solutions of (6.1) lie in the dual
space of Cg°.

We note that Equation (6.1) looks rather complicated. The motivation to have it in
such a form is the fact that the corresponding energy functional is conveniently given
by

€ -~ 1
el = = [ oRepy e [ o7 p) a
Rd Rd

m —1
as shown in [20]. Furthermore, the energy functional is a Lyapunov functional for the
dynamics of (6.1). Indeed, suppose first that p is a classical solution of (6.1). Taking
the derivative of £[p] with respect to time, we see that

0Elp| = /]Rd pt(W % p) dx + Ll /]Rd O [p(R * p)m’l} dx

m —
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where the first term on the right is obtained using the same argument given for the
proof of the dissipation of (3.1) in Section 3.1. Now, considering the second term on
the right, we see that

/]Rd O [P(R * P)m—l} dr = /Rd pr(R % p)™ 1+ (m — D)p(R % p)™ 2(R * p;) da.

Using the assumption that R is even and making a slight abuse of notation by
suppressing the ¢t dependence of p, we have that

[otwsprmepyde = [ [ om0 @)Re = i) dydo
= [0 [ Ru= o) B0 @) dody
= /Rd peR* ((R*p)"?p) du,

by change of variables. Hence,
0,E]p] = (W & (Rxp)™ R ((R*p)™ %)) d
Elpl = | p(Wp+ (R*p)" ' +eRx ((R*p)"?p)) du.
Rd m—1

Now, using the fact that p satisfies equation (6.1) and applying integration by parts,
we find that

0€p| = —/deV2 dx <0,

where

V = V(W * p+ %(R*p)m_l +eRx ((R* p)m_Qp)>.

This property of energy dissipation is extended in [20] to hold for weak solutions in
the dual of C§°. Hence, similarly to Equation (1.1) and its corresponding energy, the
energy functional (6) may provide insights into stationary states of (6.1).

6.1 Stationary states for m =2

Recall that for Equation (1.1), for the particular case of m > 2 and for any attractive
kernel W satisfying (W1), (W2) and either (W3) or (1W/4), we obtain stationary
states that are physically and biologically relevant. That is, they have an
upper-bound that is independent of the mass of the initial condition, they are
compactly supported with sharp edges, and their internal density is approximately
constant for sufficiently large mass. Hence, it is natural to consider whether we
obtain the same result for stationary solutions to Equation (6.1).

In this section, we consider the case when m = 2 so that Equation (6.1) reduces to

p =V (p(VQ *p)) (6.2)
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6.1. STATIONARY STATES FOR M =2

30 T

251

20

Figure 6.1: Stationary solution of Equation (6.2), where W given by (6.3) with G = 0.4
and L = 4. The initial condition is a step function centred at 0.

where Q : R? — R is the interaction kernel incorporating both attractive and
repulsive parts, given by ) = W + 2¢R. Examples of attractive-repulsive interaction
kernels found in the literature include the attractive-repulsive power-law kernels [24],
given by . .
z|® xz|"
Q(Q?) - a r )
as well as the Morse potential,

Qz) = —Coe I/t 4 eIt

Considerable research has been done in the existing literature on Equation (6.2) for @
equal to the Morse potential [8, 33]. In particular, for the special case of the Morse
potential, given by

W (z) = —GLe "/t 4 7ol where L > 1, (6.3)

the authors of [33] provide numerical results depicting solutions to (6.2) that either
decay to zero, blow up in finite time or converge in time to a compactly supported
stationary state.

More precisely, for the case when solutions exist globally in time, that is when G <1,
it is proved numerically in [33] that the value GL? = 1 acts as a threshold value.
That is, for GL? > 1, solutions converge to compactly supported stationary states
whose maximum height doubles by doubling the mass of the initial condition. These
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numerical results imply that stationary solutions in this regime do not have a
mass-independent upper-bound and thus are not physically and biologically realistic.
In contrast, for GL? < 1, solutions decay to zero on an unbounded domain, implying
the absence of non-trivial stationary solutions. Hence, we may conclude that, for the
case of m = 2, we do not obtain stationary solutions of (6.1) that are physically and
biologically relevant.

6.2 Stationary states for m > 2

In this section, we obtain numerical results on the stationary solutions to Equation
(6.1) for m > 2. We consider two choices of the interaction kernels R and W - one
where both kernels have compact support and one where both have infinite support.
We see that, just as for stationary solutions of Equation (1.1) for m > 2 and for both
choices of W, numerical solutions of Equation (6.1) converge to stationary states that
are compactly supported with steep edges and have a mass-independent
upper-bound, as depicted in Figures 6.2 and 6.3. Figure 6.2 illustrates stationary
states where R are W are compactly supported, while Figure 6.3 gives an illustration
of stationary states where R and W have infinite support. In addition, we see that for
large enough mass, the stationary states have a constant internal density. Hence, we
obtain stationary states of Equation (6.1) with the same characteristics as those of
Equation (1.1). Therefore, we can conclude that m = 2 is a threshold value such that
for m > 2 we obtain stationary solutions that are physically and biologically realistic.

We note that for all numerical simulations of Equation (6.1), we have set € = 1.
Furthermore, we have used the upwind scheme presented in [19], where we have
chosen dx = 0.267 and dt = dx”.

Remark 6.1. We recall that Equation (6.1) is a generalization of Equation (1.1). In
fact, it is proved in [20] that for m > 2, solutions of Equation (6.1) converge in the
sense of distributions to solutions of Equation (1.1) as the interaction potential R is
localized. More precisely, considering the repulsive kernel

R.(z) = rR(r 'z,

and for all » > 0 where p, is a weak solution to Equation (6.1) and p is a weak
solution to Equation (1.1), it is proved that

[omttio de= [ ottp0 da

as r — 0, for all ¢ € C°(R?) and for almost every ¢ > 0.
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Ps
1 T
08+
06
04 (
— M =80
02 .
M =40
0 I

-50 0 50

Figure 6.2: Stationary solutions to Equation (6.1) for m = 3. We choose W = —(1 —
|z|)y and R=271(1—27"|z]),.
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Figure 6.3: Stationary solutions to Equation (6.1) for m = 3. We choose W = —%e"“
and R = e2l.
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6.3 Approximation of stationary states using the
energy

In this section, we derive an approximation for the stationary solutions to Equation
(1.1) for m > 2 and when the mass of the swarm is sufficiently large so that
stationary solutions have a constant internal density. Similarly to Equation (1.1), we
can approximate the maximum height of these stationary states by minimizing the
energy functional of Equation (6.1). Indeed, for ps a stationary state of (6.1) with
internal density approximately constant, we have that

€ 1
Elps] = / ps(Rx ps)™ " da + —/ ps(W x ps) dw
m—1 Supp pPs 2 supp ps

2

Eps’ Ps

~ oo HRHLl (RY) / dr — _HWHLl(Rd)/ dx
supp ps supp ps
epy’

= IR gy suPP psla - _HWHLl(Rd | supp psla.

Since M = fRd ps dx = ps| supp pslq, we have that | supp psls = pMS. Hence,

6M ]\4pS

Elps] =

SR ey — =5 W11 ray.

Using the fact that £ is a Lyapunov functional for the evolution of (6.1), we have that

eMp || RI[T gy = BW || o), which yields

1

T\ 2ellRIE ’

in supp ps-
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6.3. APPROXIMATION OF STATIONARY STATES USING THE ENERGY

In Table 6.1, we summarize the results obtained for stationary states of (6.1) for varying
m and for both examples of interaction kernels. In particular, we provide a comparison
between the numerically obtained maximum height of stationary states and the mass-
independent upper-bound pg derived from the energy functional.

Table 6.1: Approximation of the maximal value of p, for Equation (6.1).
R and W with compact support

numerical | pg
max pg
m=2.5 0.25 0.25
m=3 0.498 0.5
m=3.5 0.61 0.63

R and W with infinite support

numerical | pg
max pg
m=2.5 0.207 0.25
m=3 0.45 0.5
m=3.5 0.58 0.63

We expect that the numerical maximum of p, will converge to 1 as m — oo, since

1

W m—2
tim (Ve ”fj_l — 1.
oo \ 2¢||R||7:
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7

Conclusion and Future work

In this dissertation, we extend the theory of stationary solutions to Equation (1.1) to
compactly supported attractive kernels. We prove that, for m > 2, stationary
solutions are compactly supported and radially decreasing up to a translation on each
connected component of their support. Furthermore, we prove that, if the support of
the stationary solution is made up of more than one component, then the distance
between any two connected components must be greater than the radius of the
support of the attractive kernel. In addition, for m > 2 and for attractive kernels
with either bounded or unbounded support, we prove that stationary solutions have a
mass-independent upper-bound.

Additionally, we obtain numerical results that agree with our analytical results. We
note that our analytical and numerical results agree with characteristics of physical
and biological aggregations [38, 39, 42]. That is, the population aggregates to form a
group whose spatial extent is bounded, the density has a mass-independent
upper-bound and, for sufficiently large mass, the internal density of the population is
approximately constant, implying a preferred inter-organism spacing that is
independent of the mass of the population. More precisely, for the case of a domain
that is large enough to accommodate the mass, increasing the population beyond a
certain point does not cause over-crowding, but rather an increase in the support of
the population.

Furthermore, we find that there is an advantage to consider attractive kernels with
compact support over those with infinite support, as they allow for the formation of
patterns, where multiple disjoint ”clumps” are formed, in comparison to a single
connected ”clump” for the case of an attractive kernel with infinite support. We also
consider the case where the attractive kernel is dependent on time and where a term
modelling an exogenous force is incorporated into the model. When the attractive
kernel has compact support, numerical results show the formation of multiple
aggregations that can change location over time due to the presence of the exogenous
force and the fact that the attractive kernel is time-dependent.

Finally, we consider a model, given by Equation (6.1), where the diffusion is replaced
by a non-local repulsive term. Just as for stationary solutions to Equation (1.1),
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numerical results show that m = 2 acts as a threshold value such that for m = 2
stationary states of (6.1) either decay to zero or double in height as we double the
mass of the initial condition, whereas, for m > 2, stationary states are bounded above
independent of the mass of the initial condition. Moreover, for sufficiently large mass,
the internal density is approximately constant. Lastly, we obtain an approximate
upper-bound for stationary states of (6.1) for m > 2 by minimizing the equation’s
corresponding energy functional.

As a result, we can conclude that for both Equations (1.1) and (6.1), with m > 2 and
no restriction on the support of the attractive kernel, we obtain stationary states with
characteristics that are physically and biologically realistic. We also show that by
considering an attractive kernel with compact support, solutions of Equation (1.1)
form spatial patterns over time.

There are several lines of research arising from this work which can be pursued. For
instance, an extension of the current theory can be made where Equations (1.1) and
(6.1) are defined on a bounded domain. Interestingly, in [8] it is proved through
numerical and analytical results that, for Equation (6.1) with m = 2 and when the
domain of definition is bounded, solutions with sufficiently large mass will converge to
a stationary state with internal density almost constant and with an accumulation of
mass on the boundary in the form of delta-like functions. In addition, our own
numerical results in one dimension show that, for Equation (6.1) with m > 2, we also
obtain an accumulation of mass on the boundary of our domain when no-flux
boundary conditions are used. This occurs when the mass of the initial data is larger
than what the domain can accommodate to allow for stationary states to reach their
preferred maximum density over the whole domain.

It is interesting to note that this accumulation of mass on the boundary does not
occur for Equation (1.1), which results in stationary solutions that do not reach their
preferred maximum density for the mass sufficiently large. Hence, the non-local
repulsion may provide an advantage over non-linear diffusion in the modelling of
collective behaviour on a bounded domain. This is because it is more biologically
realistic that individuals would not tolerate a density higher than their preferred
maximum, resulting in individuals on the periphery of the swarm being forced to
accumulate on the boundary. However, to our knowledge, no theoretical analysis has
been done regarding stationary states of Equation (6.1) for m > 2 on a bounded
domain. Hence, this can be considered as a possible line of research for the future.

Additionally, since the uniqueness result for stationary solutions to Equation (1.1)
where W has unbounded support relies on the radial symmetry property, one may
expect that the result on radial symmetry given here may open a window to obtain
uniqueness of stationary states on each connected component of the support for the
case of compactly supported attractive kernels.
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